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Abstract 

 

Background: New therapeutics is urgently needed by those melanoma patients who do not 

benefit from the current treatment. This thesis uses two approaches to find therapies for these 

patients: (1) using oncology drugs in a new combinatorial way and (2) using drugs that have 

not yet been classified as oncology drugs with the new purpose for cancer treatment. 

Methods: We first characterised a panel of 102 NZM melanoma cell lines derived from 

metastatic melanoma patients in New Zealand. We then investigate the effects of 3 different 

statins in these NZM cell lines using genome-scale CRISPR-Cas9 knockout screens to define 

mechanisms by which statins affected the melanoma cells. Finally, we examined the potential 

for synergy between VEGFR and BRAF in the growth of melanoma tumours and if this link 

could be targeted to improve the treatment efficacy.  

Results: The mutational landscape of NZM cell line panel is representative of what has been 

observed in melanoma patients in term of the major drivers BRAF, NRAS and NF1 and the 

deletion of tumours suppressors such as PTEN and CDKN2A. Melanoma cells were 

particularly sensitive to statins, including BRAF mutant and BRAF WT cells. The studies 

identified molecular mechanisms of resistance to statins involving multiple genes, including 

CAB39, KDM6A and MBTPS2. Importantly, the combination of simvastatin and vemurafenib 

overcame vemurafenib resistance. Next, we identified a link between BRAF and VEGFR 

which was essential to the growth of melanoma tumours. Strikingly, co-inhibition of BRAF 

and VEGFR with vemurafenib and axitinib suppressed the growth of BRAF mutant and 

BRAF WT melanoma tumours. Whole transcriptome analyses revealed synthetic lethality 

occurring in the combination group with upregulation of TP53 and downregulation of EMT in 
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melanoma cells and downregulation of angiogenesis and TGF-beta pathways in the stromal 

cell population.  

Conclusions: NZM lines are very representative of melanomas in patients in terms of 

mutational spectrum and drug responses. The combination of VEGFR and BRAF inhibitors 

synergistically suppressed the growth of BRAF mutant and BRAF WT melanoma tumours. 

And, finally, statins strongly inhibited the growth of NZM cells in a multiple-gene 

mechanism. Clinical evaluation of these findings is warranted.  
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Chapter 1. Introduction 

 

 

1.1 Melanoma Introduction 

1.1.1 History 

LONDON 1787. A 35-year-old man involved in a drunken bar brawl was struck on his jaw by 

a stick. In this very area of his jaw was located a tumour that had been slowly growing back 

after the primary tumour had been surgically removed three years before [1]. After being hit 

by the stick, the recurrent tumour suddenly enlarged quickly, doubling in size over the next 

few weeks and subsequently being removed by Dr John Hunter (Figure 1.1), the same surgeon 

who previously removed a primary tumour at the same site three years before. Dr Hunter 

described the tumour to be “soft and black”, which resembled “a cancerous fungous 

excrescence” [2]. The tumour was preserved in his specimen collection, which was labelled as 

the sample P.219 [3], although the surgeon still had no idea about the nature of this tumour at 

that time. After nearly two centuries, the sample was examined again in 1968 by Bodenham, 

who confirmed that the specimen was a metastatic tumour of melanoma [3]. 

Although that was the first melanoma surgery documented in the Western medical literature, 

description of melanoma was found very early in the history of medicine in manuscripts of 

Hippocrates of Kos (460 – 375 BC) and Rufus of Ephesus (60 – 120 AD) [3]. However, it was 

Rene Laennec who was the first to recognize melanoma as a distinct disease, which he named 

melanosis in 1812, a word that is derived from the Greek word melas meaning black [4]. In 

1820, William Norris was the first to describe the heterogeneity and the inherent susceptibility 
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of melanoma, which he referred to as a fungoid disease [5]. Sir Robert Carswell was the first 

to use the term melanoma in 1826 [6, 7]. 

 

Figure 1.1 The Scottish surgeon John Hunter (1728 – 1793). Dr John Hunter was the first surgeon to remove a 

tumour of then-unknown nature. Thanks to his preservation of the specimen, the tumour was pathologically 

confirmed nearly 200 years later as metastatic melanoma. Copyright 2018 DeSesso [8]. Reproduced under the 

term of the Creative Commons Attribution-NonCommercial License (CC BY NC).   

 

Even until today, surgery is still the best option for melanoma treatment if the resection is 

performed early enough [9, 10]. This principle was first highlighted in 1844 by Samuel 

Copper [11]. A question that remained at that time, though, was how much tissue the excision 

should remove. In 1905, Handley proposed that melanoma lesion should be excised with a 

broader margin coupled with the removal of the local lymph nodes [12]. This approach would 

be the backbone of melanoma treatment for the next 50 years until the role of sentinel lymph 

node removal was open to debate [13] because its benefit in survival was not obvious [14]. 

For example, in a clinical trial by Morton et al. (2006), the presence of sentinel lymph nodes 

was associated with shortened disease-free survival and melanoma-specific survival (Figure 
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1.2 C and D, respectively). However, removing those sentinel lymph nodes did not help to 

improve the survivals of patients (Figure 1.2 A and B) [14, 15]. This raised the question of 

whether surgical removal of sentinel lymph nodes should be considered as standard care for 

melanoma patients [16, 17].  

 

Figure 1.2 Role of sentinel lymph node removal in the survival of patients. Removing sentinel lymph nodes 

did not improve the disease-free survival (A) or melanoma-specific survival (B), although patients with sentinel 

lymph nodes were associated with shorter disease-free survival (C) and melanoma-specific survival (D). Reused 

with permission from Morton et al. (2006) [14], Copyright 2006 Massachusetts Medical Society. 

 

Lancaster was the first to introduce the influence of sunlight exposure on the development of 

melanoma in 1956 [18]. A model for staging melanoma based on its invasion level was first 

developed in 1966 by Clark [2]. Clark level I means the melanoma is still contained in the 

epidermis, while Clark level IV means the melanoma cells already penetrate the subcutaneous 
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tissue where lymphatic and blood vessels are abundant. The Breslow scale is another staging 

model for melanoma and was first introduced in 1970 by Breslow. This scale classifies 

melanomas based on the thickness of the tumour. Both the scales are still in use until today 

[19]. 

In the late 20th century, three drugs were approved for melanoma treatment. Dacarbazine was 

approved in 1976 and remained the only cytotoxic agent for the treatment of advanced 

melanoma [20]. In 1976, a lymphocyte-derived hormone IL-2 was found to be a potent growth 

factor for T cells [21]. High-dose IL-2 was approved by the FDA in 1998 for the treatment of 

metastatic melanoma [22]. In 1996, interferon-alpha 2 was approved by the FDA for adjuvant 

treatment of melanoma [23]. In the early 21st century, two new groups of therapies have been 

developed for melanoma treatment. The first group, targeted therapies, includes mutant-BRAF 

inhibitors such as vemurafenib and MEK inhibitors such as trametinib [24-27]. The second 

group of medicines, immune checkpoint inhibitors, includes CTLA-4 inhibitors such as 

ipilimumab and PD1/PD-L1 inhibitors such as pembrolizumab [28-31]. All of these drugs 

have been approved by the FDA for melanoma treatment in the last ten years.    

More than 2,500 years ago, Hippocrates wrote that  medical treatment for any disease was 

composed of three principal components, including medicaments, knife, and searing fire1. The 

importance of the knife component was long established in the history of melanoma treatment 

and remains true until today, especially with the help from early diagnosis techniques that 

allow melanomas to be detected when the malignant cells are still contained within the 

epidermis layer. Emerging only very recently, the medicament component has shown 

 
1 What cannot be cured by medicaments is cured by the knife, what the knife cannot cure is cured 
with the searing fire, and whatever this cannot cure must be considered incurable. (Hippocrates: 
460 – 375 BC) 
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efficacies and resulted in treatment outcomes that have never been seen before in the history 

of cancer treatment, especially for those patients whom the knife option is no longer 

beneficial. However, as the following sections of this chapter will show, many patients still 

did not respond to any of these new treatments in the first place or develop resistance quickly 

after achieving an initial response. The search for better medicaments, therefore, is still really 

urgent.   

1.1.2 Origin  

Melanoma is cancer that originates from melanocytes - a particular type of cells that are 

derived from the neural crest and produce melanin (Figure 1.3) [32]. Melanocytes are located 

in different tissues in the body, including the skin, uvea, and mucosal membrane. Melanoma 

can arise from these tissues, with skin being the most frequent starting site for this disease 

[33].  

Most of the melanocytes in the body are found in the basal membrane of the epidermis [33]. 

This membrane is composed mainly of basal keratinocytes and melanocytes at the number 

ratio of approximately 10:1 (Figure 1.3). Melanomas originating from these melanocytes are 

called cutaneous melanomas, which is the most common type of melanoma, accounting for 

more than 90% of total cases [34]. Cutaneous melanoma, basal cell carcinoma, and squamous 

cell carcinoma are the three most frequently diagnosed skin cancers [34]. Although cutaneous 

melanoma is only responsible for about 20-25% of the total incidence of skin cancers, it 

causes 75-80% of the total deaths by skin cancers [35].  

Melanocytes are also distributed in mucous membranes lining cavities, tracts, and internal 

organs in the body [33, 36]. Melanomas originating from these melanocytes are referred to as 
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mucosal melanomas, which account for approximately 1% of the total cases of melanoma 

[34]. Mucosal melanomas were most frequently found in the head and neck areas (55%), anal 

and rectal regions (18 – 24%), and female genital region (18 – 40%) [37].  

Melanocytes are also found in the uveal tract of the eyes [38]. The uveal tract consists of the 

iris, the ciliary body, and the choroid. Corresponding to these three parts are the three 

populations of iridal, ciliary, and choroidal melanocytes [39]. The iris contains two layers: the 

front pigmented fibrovascular (stroma) and the pigmented epithelial cells. Iridal melanocytes 

are located in the stroma of the iris and the main deciding factor for the iris colour. The ciliary 

body includes ciliary muscle, which controls the shape of the lens, and a highly vascularized 

fibrous connective tissue which also contains melanocytes. The choroid is a connective tissue 

layer in between the retina layer and the sclera layer, which is responsible for supporting and 

nourishing the retina.  

Although distributed in different parts of the uveal tract, iridal, ciliary, and choroidal 

melanocytes are all derived from the neural crest – the same origin of the melanocytes located 

in the skin [38, 39]. Melanomas that arise from uveal melanocytes are referred to as uveal 

melanomas, which account for 3% of the total incidence of melanoma [40]. Importantly, more 

than 95% of uveal melanomas originate from the choroid and ciliary body – where the 

melanocytes are not in direct exposure to visible light and UV radiation [41].     

1.1.3 Etiology and Risk Factors 

1.1.3.1 UV 
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Any factor that results in ultraviolet (UV) radiation exposure can impose a higher risk of 

melanoma [42]. The primary UV radiation source comes from sunlight, and this is consistent 

with the fact that sun exposure is accountable in a large proportion of melanoma cases [43, 

44]. Studies indicate that acute, intense, and intermittent sun exposure in youth is associated 

with a higher risk of melanoma [43, 45, 46]. Geographically, melanoma risk increases with 

the proximity to the equator [47, 48]. In addition to solar UV exposure, UV exposure can also 

come from non-solar sources [49, 50]. Studies suggest such non-solar UV sources such as 

those generated from sun-bed or psoralen UV-A radiation photochemotherapy could also 

increase the risk of melanoma [51, 52].  

 

Figure 1.3 Skin melanocytes. Most of the melanocytes (arrowed) are located in the membrane layer of the 

epidermis and responsible for producing melanin, which is then transfered to the upper layers of the skin. 

Reproduced with permission from Lin and Fisher (2007) [53]. Copyright 2007 Springer Nature. 

 

1.1.3.2 Genetic Risk Factors 

Inherited mutations of the cyclin-dependent kinase inhibitor 2A (CDKN2A) gene is the most 

well-known risk factor for familial melanoma [54]. CDKN2A encodes two negative regulators 

of the cell cycle, p16INK4A and p14ARF and germline mutations in this gene is the most 
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common genetic abnormality found in families with multiple melanomas [55]. CDKN2A 

germline mutations account for 20% of families with three or more melanoma patients; it was 

also reported that CDKN2A mutations were found in 100% of families with more than seven 

melanoma patients [55-57].   

The cyclin-dependent kinase 4 (CDK4) gene encodes for cyclin-dependent kinase 4, a 

member of Ser/Thr protein kinase family. CDK4 is required particularly for the progression 

from G1 phase to S phase in the cell cycle [58]. Mutations in CDK4 were found to be 

associated with some cancers [59]. CDK4 is also considered a high-risk oncogenic susceptible 

gene for melanoma [55]. However, germline mutations of this gene were more rarely found in 

families with multiple melanomas [60].  

Melanocortin-1 receptor (MC1R) gene encodes for the MC1R, a G protein-coupled receptor 

with its specific ligand being the melanocyte-stimulating hormone (MSH) [61, 62]. MC1R 

regulates which type of melanin to be produced. Activated MC1R results in eumelanin 

production, whereas blocking it switches the output over to pheomelanin. MC1R variant 

carriers have an increased risk of melanoma [62, 63]. However, the impact of MC1R on the 

genetic susceptibility to melanoma is much lower than CDKN2A or CDK4 [64].  

1.1.3.3 Other Host Risk Factors 

Several phenotypic characteristics are shown to be associated with a higher risk of melanoma, 

including red or blonde hair, light-coloured skin, the presence of freckles [65]. People with 11 

to 25 nevi have a 1.5 times higher risk compared to those with less than 10 [65-67]. Larger 

nevi also impose greater risks compared to smaller ones. Atypical melanocytic nevi, also 
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known as dysplastic nevi, are also a risk factor of melanoma [66, 67]. People with atypical 

nevi and germline mutations in CDKN2A have a higher risk of melanoma [68, 69].   

Organ transplant patients always have to have their immune system suppressed by 

immunosuppressive therapies to avoid transplant rejection [70]. The state of immune 

deficiency could be a triggering factor for a wide range of diseases to develop, one of which is 

skin cancer [71]. Most skin cancers developing in immunosuppressed patients are squamous 

cell cancers [72]. These patients also have higher risks of developing melanoma [73, 74]. 

People with personal or family histories of melanoma also have increased risks of developing 

melanoma [67, 75]. 

1.2 Current status of melanoma 

1.2.1 Incidence 

In contrast to many other cancers whose incidences have plateaued and started decreasing 

over the last several decades, the incidence of melanoma continues to increase. The incidence 

of melanoma in the United States increased faster than any other cancers; on average each 

year, the melanoma incidence increases 4.6% from 1975 to 1985 and 2.7% from 1986 to 2007 

(Figure 1.4) [76]. In 2012, approximately 76,250 new cases of melanoma were diagnosed in 

the United States, which included 44,250 males and 32,000 females [77]. 

New Zealand has the highest incidence of melanoma in the world [78]. Therefore, we 

gathered data about melanoma incidence and burden in New Zealand using the Global Burden 

Diseases Study 2016 (GBD2016) data source, which was the most updated source at the time 

this thesis was being written. We found that, in 2016, non-melanoma skin cancers (NMSC) 

and malignant skin melanoma were in the first and fourth position in the list of most 
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frequently diagnosed cancers for both sexes in New Zealand (Figure 1.5 A,B). Remarkably, 

melanoma was the most common cancer in males and females below 35 years of age (Figure 

1.5 C,D).  

1.2.2 Mortality 

In 2012, approximately 9180 people (6060 males and 3120 females) died from melanoma in 

the United States [79]. In New Zealand, 8,216 people died of melanoma during 1990 - 2016, 

accounting for 76% of total skin cancer deaths in this period. The number of male melanoma 

deaths in New Zealand increased 2.7 times from 1990 (102; 92 – 121) to 2016 (273; 213 - 

323). Similarly, the number of female melanoma deaths in New Zealand also increased 2.7 

times from 1990 (88; 69 – 119) to 2016 (153; 94 – 189). 

 

 

Figure 1.4 The lifetime risk of an American developing invasive melanoma. Reused with permission from 

Rigel et al. 2012 [76]. 
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Figure 1.5 Ranking of cancer incidence in New Zealand in 2016. Analysis was performed using the Global 

Burden of Disease Study 2016 [80]. 
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1.3 Biology of melanoma 

1.3.1 Ultraviolet radiation 

Multiple epidemiological studies have proved that exposure to ultraviolet (UV) radiation is the 

most important cause of skin cancers, including melanoma [43, 49]. Sources of UV radiation 

include solar UV radiation from sunlight and artificial UV radiation from human-made 

devices that create UV radiation mainly for beautifying purposes [81]. The solar UV radiation 

is the major source of UV exposure for humans and therefore the major cause of skin cancers, 

including melanoma [43, 82]. The solar UV radiation is composed of UV-A (320 – 400 nm), 

UV-B (280 – 320 nm), and UV-C (100 – 280 nm). UV-C is completely absorbed by the ozone 

layer, while UV-A and UV-B can reach the earth’s surface where human beings are living 

[83]. UV-B can be strongly absorbed by DNA and proteins and consequently cause direct 

DNA damage. Interestingly, all DNA damages caused by UV-B have the same characteristic: 

C -> T transition or CC -> TT transitions [84]. On the other hand, UV-A can penetrate deeper 

layers of the skin and can cause DNA indirectly by creating reactive oxygen species [83]. 

Multiple studies have noticed the difference in exposure patterns that are associated with 

increased risk of melanoma and non-melanoma skin cancers such as basal and squamous skin 

cancers. While the risk of non-melanoma skin cancers is associated with accumulative 

exposure to UV radiation over a lifetime, the risk of melanoma is more associated with 

intermittent exposure to UV radiation, especially during childhood [42, 43, 82-84]. 

Melanomas originating from the skin areas that are associated with this intermittent exposure 

pattern usually are accompanied by BRAF mutations [85, 86]. In contrast, melanomas 

originating from areas that are either constantly in exposure or never in exposure to UV 
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radiation rarely harbour these mutations. Instead, a significant proportion of those melanomas 

have KIT mutations [87, 88].               

1.3.2 Nevi 

Normally, melanocytes are under tight control by the surrounding keratinocytes [33]. 

Keratinocytes produce MSH, which regulates melanin production in melanocytes via its 

receptor MC1R on the surface of melanocytes. UV radiation also triggers different cell types 

in the skin to involve to regulate the activity of melanocytes by secreting a wide range of 

factors, including neuropeptides (POMC-derived MSH, ACTH, beta-endorphin), growth 

factors (bFGF, IGF1, TGF), and cytokines (TNF-alpha, GM-CSF, IL-1, IL-6, IL-8) [33]. 

Those growth factors bind to their corresponding receptors and results in Ras GTPase binding 

to GTP and activate downstream cascades, including BRAF/ERK and PI3K/AKT cascades. 

BRAF functions downstream of RAS and, once activated, can phosphorylate MEK, which in 

turn activates ERK. In melanocytes, this pathway is activated by growth factors such as stem 

cell factor, fibroblast growth factor, and hepatocyte growth factor [32, 33, 36]. Individually, 

each of these factors can only induce weak and transient activation of ERK. Therefore, they 

can only induce transient and weak mitogenic stimulations for melanocytes instead [32, 33, 

36].  

When a mutation occurs in one of the critical genes regulating the growth of melanocytes, the 

mutated melanocytes can escape from the control from keratinocytes and proliferate into nevi 

[33, 89]. The most common reason that makes the Ras/Raf/MEK/ERK pathway to become 

hyperactive is the occurrence of mutations in the BRAF gene [85, 90]. Together with AFRAF 

and CRAF, BRAF encodes Raf kinases. As a result, mutated BRAF results in sustained 
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activation of Raf kinases, which in turn leads to prolonged activation of ERK and 

overproliferation of melanocytes. BRAF mutations are found in 70% of benign nevi [91, 92]. 

In 2002, Davies et al. reported that BRAF mutations were found in a wide range of human 

cancer lines, especially in melanoma where 66% of the melanoma cell lines harboured BRAF 

mutations [93]. In 99% of those BRAF mutations, valine (V) is substituted for by glutamic 

acid (E) at codon 600. Mutated BRAF activates MEK continuously without the presence of 

ligand binding to the RTKs, resulting in overproliferation of the melanocytes and the 

formation of nevi [93]. 

Another common reason that causes the prolonged activation of survival and growth signals in 

melanocytes is the development of NRAS mutations [85]. NRAS is one of the three genes 

(NRAS, KRAS, HRAS) that encodes Ras proteins. Mutated NRAS results in Ras GTPase 

becoming hyperactive, which in turn activates its downstream signalling cascades, including 

BRAF/MEK/ERK and PI3K/AKT [94]. NRAS mutations were found in 15-20% of benign 

nevi and 15 – 30% of melanomas [95]. Congenital nevi - nevi that are already present when a 

person is born – is a typical example for nevi the development of which is not associated with 

exposure to UV radiation. Nevi of this type usually contain NRAS mutations and rarely have 

BRAF mutations [96]. NRAS mutations frequently occur at codon 61, and Q61K and Q61R 

are the two most common NRAS mutations in cutaneous melanoma [97].  

1.3.3 Senescence of nevi  

Most of the nevi remain benign for the whole life of the host. In this benign state, the nevus 

cells lose their ability to divide – a state that is referred to as senescence, derived from the 

Latin word “senescent” that means to grow old [98]. Senescence can be induced either by the 
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presence of mutations in critical oncogenes in the nevi or by the hyperactivity of the 

telomerase enzyme, which allows melanocytes to bypass the physiological limit of cell 

division number [99, 100].  

Oncogene-induced senescence was frequently found in benign nevi, which was associated 

with the presence of mutations in BRAF and NRAS genes [92, 95]. Mutations in these 

oncogenes lead to aberrant oncogenic signalling, which increases DNA replication activity 

and cell proliferation. DNA hyper-replication also results in DNA prematurely terminated 

replication forks and consequently creates DNA damages [101]. Furthermore, mutations in 

oncogenes such as RAS can cause increased levels of reactive oxygen species, which damage 

the integrity of DNA [101, 102]. DNA damages trigger growth arrest and senescence in the 

cells in a p16-dependent or a p53-dependent mechanism [103-105].   

Telomerase shortening-induced senescence is another common mechanism of senescence in 

somatic cells [106]. A telomere is a non-coding DNA sequence containing TTAGGG repeats 

at the ends of each chromosome. Telemore protects chromosomes from degradation in the 

same way that a plastic cap at the end of a shoelace protects it from tearing [100]. After each 

time a cell divides, the telomere is shortened. Telomerase is a ribonucleoprotein polymerase 

that maintains cái telomere by adding TTAGGG repeats into the telomere and therefore 

maintain the telomere length [100, 107]. However, most somatic cells usually lack telomerase 

activity due to tight transcriptional repression from the enzyme’s catalytic subunit - 

telomerase reverse transcriptase (TERT), which is encoded by the gene hTERT [108, 109]. As 

a result, telomere gradually becomes shortened and eventually becomes so short that further 

division of the cell would result in DNA damages. This induces cell growth arrest and cellular 

senescence [110].  
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1.3.4 Bypassing of nevi senescence in melanogenesis 

Most of the nevus cells can remain in growth-arrested senescence for several decades [101, 

104]. However, some nevus cells can also escape this condition to recenter the cell cycle and 

become malignant melanoma cells. So far, three most studied molecular mechanisms have 

been reported to promote melanocytes bypassing senescence, including prolonged 

hyperactivity of telomerase, loss of DNKN2A functions, and loss of PTEN functions.      

Increased activity of the enzyme telomerase was found in more than 90% of cancer tumours 

[111, 112]. This is the opposite to untransformed human tissues where telomerase is not active 

due to transcriptional silencing of TERT after cells become differentiated [113]. The only 

exceptions for this are undifferentiated cells at the early stages of the development, including 

embryo cells, stem cells, and progenitor cells [114]. Increased activity of telomerase results in 

continuous addition of TTAGGG repeats to the end of the telomere. This addition neutralizes 

the process of shortening in telomere length after each cell division – an important mechanism 

of senescence. As a result, the cells can divide in an unlimited number of cycles, escape 

senescence, and become immortalized [100, 113].  

TERT is the gene that encodes the catalytic subunit of the telomerase enzyme complex, which 

under normal conditions exerts a transcriptional silencing on the activity of the enzyme [100, 

113]. In 2013, two independent research groups reported the same finding that the majority of 

melanomas contain one of the two somatic mutations within 100 bp of the transcriptional site 

of TERT promoter [115, 116]. These two mutations are mutually exclusive and are both C to 

T transitions, including C250T and C228T. The two mutations create an identical 11 bp 

sequence  CCCGGAAGGGG [115, 116]. Interestingly, TERT promoter mutations are most 

frequently found in cancer with low self-renewal rates, including melanoma, glioblastoma, 
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bladder cancer, hepatocellular carcinoma, basal and squamous cell carcinomas [100, 110]. 

Melanoma patients whose tumours contain both TERT promoter mutations and BRAF 

mutations were associated with decreased disease-free progression and with poorer survival 

outcome. Similarly, patients of thyroid cancer whose tumours contain both these two types of 

mutations were usually associated with more aggressive clinical manifestation and with a 

higher risk of recurrence and distant metastasis [100, 109, 110, 113, 115, 116].         

Another mechanism by which melanocytes bypass the senescence is the inactivation of the 

two CDKN2A-relating pathways, including INK4A/Rb and ARF/p53 pathways [117]. 

CDKN2A encodes for two distinct product as a result of alternative splicing, including the 

inhibitor of kinase 4A (INK4A, also known as p16) and the alternate reading frame (ARF, 

also known as p14). INK4A functions as a tumour suppressor protein in a mechanism where it 

binds to cyclin-D-dependent protein kinases (CDKs), including CDK4 and CDK6 [118]. This 

binding results in inhibition of these CDKs, which in turn prevents Rb phosphorylation. The 

other CDKN2A product, ARF, also functions as a tumour suppressor protein, which binds and 

inactivate MDM2, which is a p53-specific E3 ubiquitin ligase and the major antagonist of p53 

[119]. Deletion of INK4A and ARF was found in 50% of primary melanomas and in the 

majority of melanoma cell lines [120]. This deletion was associated with the inactivation of 

the two tumour suppressor pathways Rb and p53 [121].  INK4A was demonstrated to have an 

important role in the transformation of melanocytes into melanoma cells as INK4A deficiency 

was required for V600E BRAF mutation to transform mouse melanocytes and for Ras-

induced melanoma in mice [122-124]. In contrast, when INK4A was fully expressed, the 

BRAF V600E mutation was not sufficient to transform human melanocyte [122-124].   
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PTEN deletion and loss-of-function mutations were found in about 40% of melanoma cell 

lines and 15% of primary melanoma tumours [125-127]. PTEN locates in chromosome 10q23, 

a region where deletions and loss of heterogenicity were frequently found in many cancers, 

including melanoma [125, 127]. Normally, extracellular growth factors such as VEGF and 

EGF bind to their corresponding receptors, leading to activation of phosphatidylinositol-4,5-

bisphosphate 3-kinase (PI3K). Activated PI3K catalyzes the production of  

phosphatidylinositol-3,4,5-trisphosphate (PIP3), which intern leads to AKT phosphorylation. 

PTEN dephosphorylates PIP3 and therefore negatively regulates AKT activity [128]. As a 

result, PTEN loss causes sustained activation of AKT. Approximately 60% of melanomas 

were found to overexpress AKT [129]. Tsao et al. also reported that 80% of PTEN-alternated 

melanoma cell lines also harboured BRAF mutations [130]. In contrast, co-existence of both 

PTEN and NRAS alterations are rare. Tsao et al. noticed 50% (27/53) of the melanoma cell 

lines had either PTEN or NRAS mutations, but only one cell line had both these two types of 

mutations [130]. One possible hypothesis is that BRAF/MEK/ERK and PTEN/PI3K/AKT are 

both activated downstream of Ras, therefore when NRAS mutations are already present, 

additional mutations in BRAF/MEK/ERK and PTEN/PI3K/AKT might probably be not 

necessary [131, 132].   

1.3.5 Local invasion of melanoma 

In the early stages after being transformed from melanocytes into melanoma cells, the 

majority of melanoma cells were found to remain in their physiological site, which means that 

the melanoma cells were still under tight control from surrounding keratinocytes [32, 33, 133]. 

After that, the melanoma cells gradually spread under the surface of the skin and are mainly 

confined to the epidermis layer (Figure 1.6). This local progression is called the radial growth 
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phase [134]. In the next phase, a significant number of melanoma cells cross the basal 

membrane and penetrate into the dermis and subcutaneous tissues, which contains a rich 

network of lymphatic and blood capillaries. This phase is referred to as the vertical growth 

phase [135, 136]. Crucial mechanisms for these two local invasion phases are dependent on 

integral membrane adhesion molecules, including cadherins, immunoglobulins, and integrins 

(Figure 1.6).  

E-cadherin is one of the most important adhesion molecules involving cell-cell interaction. 

Previous studies showed that downregulation of E-cadherin was frequently present in 

melanomas [133]. Downregulation of E-cadherin promotes melanoma cells to escape control 

from the surrounding keratinocytes [137]. In the opposite direction, ectopic E-cadherin 

expression resulted in inhibition of the invasion of melanoma cells into the dermis in a 

mechanism relating to downregulation of invasion molecules such as MCAM/MUC18 and 

beta3 integrin subunit [138].  

N-cadherin is another important adhesion molecule that controls the cell-cell interaction. N-

cadherin is a 130 kDa integral membrane glycoprotein and was found to be upregulated in 

many cancers, including melanoma [137]. N-cadherin is particularly important for the 

interaction between melanoma cells and dermal fibroblasts and vascular endothelial cells. N-

cadherin generally promotes the motility and invasion capacity of melanoma cells [139]. 

Blocking of N-cadherin intracellular interaction bu using N-cadherin specific antibodies 

inhibited the migration of melanoma cells and induce them to go through apoptosis [140].   

Melanoma cell adhesion molecule (MCAM), also known as MUC18, is one of 

immunoglobulin superfamily members that involve in melanoma invasion [141]. Strong 
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expression of MCAM was observed in metastatic melanomas. When MCAM was transfected 

into MCAM-negative melanoma SB2 cells, these cells transformed from a non-metastatic 

phenotype into a new metastatic phenotype [141]. Neural cell adhesion molecule (NCAM) is 

another immunoglobulin mediating the invasion of melanoma cells. Silencing of NCAM 

stopped melanoma cell invasion in cAMP-dependent and PI3K-dependent pathways [142].   

 

Figure 1.6 Development stages of melanoma from normal melanocytes. Reproduced with permission from 

Miller and Mihm (2006) [143], Copyright Massachusetts Medical Society. 

1.3.6 Metastasis of melanoma 

Like most other cancers, melanomas metastasize via two primary routes: lymphatic and 

hematogenous vessels [144]. Melanoma cells can secrete a number of cytokines that stimulate 
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the formation of new blood vessels toward the tumours. Vascular endothelial growth factors 

are a family of cytokines crucial for tumour angiogenesis [145]. The VEGF family includes 

VEGF-A, VEGF-B, VEGF-C, and VEGF-D [146]. Their corresponding receptors are 

VEGFR-1, VEGFR-2, and VEGFR-3. VEGFR-2 is most abundant in vascular endothelial 

cells and lymphatic endothelial cells [147]. VEGF-A signalling through VEGFR2 is the most 

prominent pathway that promotes the survival, proliferation, and migration of endothelial cells 

[147]. VEGFR3, on the other hand, locates mainly in lymphatic endothelial cells and mediates 

signals mainly from binding with VEGF-C and VEGF-D, which promotes the formation of 

new lymphatic vessels [147]. The walls of lymphatic and blood capillaries are thin enough for 

melanoma cells to cross and enter the circulation [148, 149]. Almost all circulating melanoma 

cells are immediately destroyed. Survived melanoma cells can follow the circulation to some 

distant organ in the body. Those cells are referred to as disseminated tumour cells (DTCs) 

[149, 150]. The melanoma DTCs can survive in the new tissue for a long time in a reversible 

growth arrest without developing into a new tumour. Autopsy studies identified melanoma 

cells with Ki67 in different tissues of the body [151, 152]. This condition is also known as 

quiescence, a word derived from the Latin word quies, which means rest or quiet. 

Corresponding to this stage is the progression-free survival in the clinical course of the 

disease, a stage also known as metastatic dormancy [153, 154].  

One possible mechanism by which the DTCs can escape quiescence and re-enter the cell cycle 

is that the DTCs gain new genetic or epigenetic alterations that favour the DTCs to proliferate 

again [155, 156]. This might explain why metastatic tumours often have a different mutational 

profile compared to that of the primary tumour [150]. Escaping immunosurveillance is another 

mechanism by which the DTCs can grow again into new tumours. Melanoma cells are among 
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the most immunogenic cells among cancer cells due to the high burden of genetic changes in 

melanoma cells [157, 158]. This high immunogenicity triggers immunosurveillance over 

DTCs in which cytotoxic T lymphocytes find and destroy those cells [159]. After a long 

process of destroying DTCs, there might be a possibility that the constant immunosurveillance 

might select a certain clone of DTCs with relatively less immunogenicity and those with 

immunosuppressive capacity [160, 161]. These clones of cells might gradually escape the 

immunosurveillance and proliferate again into a new tumour [161, 162]. Finally, the killing of 

melanoma cells by cytotoxic T lymphocytes is mediated by two death factors, Fas ligand 

(FasL) and TNF, and their corresponding receptors, Fas and TNFR1 [163]. The ligand binding 

of these two death factors results in apoptosis induction in a caspase-8 and caspase-3 

dependent mechanism [164, 165]. One possible hypothesis was proposed that melanoma cells 

could evade immunosurveillance by ceasing to express the receptors for these death factors. 

Consistent with this hypothesis, expression and functions of Fas were found to decrease in 

melanomas [166]. In addition, melanomas that lack Fas expression were often associated with 

poorer prognosis [167, 168].   

1.3.7 Natural course of melanoma progression 

At the early stages of melanoma, the malignant cells are contained only in the epidermis layer 

of the skin as this is where the majority of melanocytes are normally located. Melanomas at 

this stage are usually referred to as in situ melanomas [169]. One important feature of the 

epidermis layer is that it does not have blood or lymph vessels. As a result, melanoma cells at 

early stages cannot be carried via streams to other areas. Symptoms at this stage merely 

morphologically change in the surface of the skin, and malignant cells can be completely 

removed by surgery [169, 170]. 
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After the in situ stage, melanoma cells pass through the basal membrane of the epidermis and 

migrate down to the dermis layer where blood and lymph vessels are present. Therefore, a 

new scenario arises in which melanoma cells could follow the lymph streams to the regional 

nodes. Melanomas at these stages are referred to as regional or localized melanomas [135, 

136]. Symptoms of these stages might include extra signs in the regional lymph nodes in 

addition to the morphological changes in the skin lesion [171]. Currently approved options for 

adjuvant treatment of localized melanomas are adjuvant radiation and adjuvant 

immunotherapy with high-dose interferon alpha or more recently ipilimumab [172]. Once 

melanoma cells spread beyond the regional lymphatic system, they could metastasize at 

distant areas of the body. The most common sites of melanoma metastasis are skin (13 – 

38%), distant lymph nodes (5 – 34%), distant subcutaneous tissues (32%), lung (18 – 36%), 

liver (14 – 20%), central nervous system (2 – 20%), bone (4 – 17%), and gastrointestinal tract 

(1 – 8%) [173].  

1.4 Molecular targets for current melanoma treatment 

1.4.1 The RAS/RAF/MEK pathway 

Ras proteins are small GTPases that bind to GTP and activate effector pathways, including the 

Raf/MEK/ERK and PI3K/Akt pathways, which plays central roles in cell survival and 

proliferation [174]. Normally, Ras proteins are regulated by guanine nucleotide exchange 

factors (GEFs) that turn Ras on by promoting GDP dissociation and GTP binding. In addition, 

Ras proteins are also regulated by GTPase-activating proteins (GAPs) that turn Ras off by 

accelerating activity of the intrinsic Ras-GTPase, an enzyme that catalyzes the hydrolysis of 

Ras-GTP complex [94, 174, 175].  
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Ras proteins are encoded by HRAS, KRAS, and NRAS genes, all of which are proto-

oncogenes and commonly found in human cancers [94, 175].  Mutations in NRAS have been 

reported in 15-30% of melanomas [176-178]. NRAS mutations frequently occur at codon 61, 

and Q61K and Q61R are the two most common NRAS mutations in cutaneous melanoma. 

NRAS mutations are associated with more aggressive behaviour of the tumours and poor 

prognosis for the patients [178]. S-trans, Trans-farnesylthiosalicylic acid (FTS) is a RAS 

antagonist that competes with the activated form (GTP-bound form) of RAS proteins for 

specific binding sites on the cytoplasmic membrane [179]. It was demonstrated that FTS (5-50 

μM) reduces the amounts of activated NRAS and wildtype Ras in human melanoma cells in 

vitro and reversed their transformed phenotype. FTS also inhibits the growth of human 

melanoma xenografts in SCID mice [179, 180]. Therefore, NRAS has become a potential 

target for cancer treatment, although no selectivity and potent inhibitors NRAS have been 

validated (Figure 1.11).  

The proto-oncoprotein RAF functions downstream of RAS in transducing signals from RTKs 

[181]. Once activated, RAF phosphorylates MEK, which in turn activates ERK. RAF kinases 

are encoded by the three proto-oncogenes ARAF, BRAF, and CRAF [182]. BRAF mutations 

were found in 50-60% of melanomas, with V600E being the most common BRAF mutations 

[93, 182, 183]. Targeting mutated BRAF, therefore, is an efficient approach to stop the cancer 

cells from differentiation, proliferation, and migration. The BRAF kinase inhibitor 

vemurafenib has proved to be able to improve overall survival for patients with metastatic 

melanoma [24, 25]. More recently, MEK inhibitors such as trametinib and cobimetinib have 

been shown to improve the efficacy of BRAF inhibition therapies [26, 184]. 

 



 

25 

 

1.4.2 Receptor Tyrosine Kinases 

Receptor tyrosine kinases (RTKs) are a major family of cell-surface receptors (Figure 1.7). All 

RTKs are composed of an extracellular domain containing a ligand-binding site, a single 

hydrophobic transmembrane α helix, and an intracellular catalytic domain that contains an 

ATP-binding that catalyzes receptor autophosphorylation and tyrosine phosphorylation of 

RTK substrates. Amplification, overexpression, and mutation of RTKs have been known to be 

associated with various cancer types, one of which is melanoma.  

 

Figure 1.7 The Ras/Raf/MEK pathway. Reproduced by permission from Gibney et al [185], Copyright 2013 

Nature Springer.  

Mutations in the KIT gene were also found in melanomas. Curtin et al. (2006) reported 

mutations and amplification of KIT in 39% of mucosal melanomas, 36% of acral melanomas, 

and 28% of cutaneous melanomas that were associated with chronical sun exposure [176]. 
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Interestingly, no KIT abnormality was found in any melanomas on the skin without chronic 

sun damage. Increased levels of KIT protein were found in 79% of tumours with KIT 

mutations and in 53% of tumours with multiple copies of KIT [176]. In addition, downstream 

signalling of KIT by microphthalmia-associated transcription factor (MITF) was also found to 

be amplified in metastatic melanoma samples [186-189]. These indicate that KIT could be a 

realistic therapeutic target for the treatment of metastatic melanoma. A single-group, open-

label, phase II trial was carried out to study the efficacy the KIT inhibitor imatinib on a subset 

of patients with c-Kit mutations or amplifications and with advanced unresectable melanoma 

arising from acral, mucosal, and chronically sun-damaged sites [190]. The 1-year overall 

survival (OS) was 51.0% and the median OS for the patients who had partial response was 15 

months [190].  

Abnormalities of the epidermal growth factor receptor (EGFR) gene have been frequently 

found in various human cancers [191-193]. EGFR overexpression is associated with tumour 

progression and poor prognosis in many human neoplasms [194]. Therefore, EGFR is an 

important target for drug development, including antibodies that target the extracellular 

domain of EGFR such as cetuximab and panitumumab [195, 196], and small molecules that 

inhibit the kinase activity of EGFR such as erlotinib and gefitinib [197, 198]. Data on the role 

of EGFR mutations in melanoma is limited. EGFR protein expression was more frequently 

observed in patients with melanoma cells already spreading to the sentinel lymph node [199]. 

Treatment of melanoma cell lines with the EGFR inhibitor, cetuximab, reduced the 

invasiveness of the cells but did not inhibit cell viability and growth [199].   

A sub-population of melanoma patients also had activation of c-Met, which is a receptor 

tyrosine kinase involved in cell proliferation, invasion, and tumour angiogenesis [200]. The 
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natural ligand of c-Met is the hepatocyte growth factor (HGF). HGF is a multifunctional 

cytokine that involves in the regulation of cell proliferation, motility, and morphogen [201]. 

HGF is known to stimulate the proliferation of melanocytes and melanoma cells [202]. 

Melanoma cells, but not melanocytes, produce HGF, suggesting an autocrine loop of c-

Met/HGF in melanoma cells, which is suggested to induce melanoma metastasis and 

progression [203, 204]. In addition, expression levels of c-Met in metastatic melanoma 

samples were shown to correlate with the progression of melanoma cells [204]. It has been 

demonstrated that inhibition of c-Met in c-Met positive melanoma cell lines by a c-Met 

inhibitor or c-Met siRNA inhibits cell survival, migration, Akt activation, and induces cell 

apoptosis [201]. Taken together, these data suggest that c-Met could potentially be another 

therapeutic target for melanoma treatment.  

 1.4.3 PI3K/Akt Pathway 

There is growing evidence that the PI3K/Akt pathway (Figure 1.8) is constitutively activated 

in melanoma [205-208]. PI3K/Akt pathway plays a critical role in cellular physiology and 

activation of this pathway is one of the most common events in human cancers [209, 210]. 

Mutations of PI3K have been identified in some melanoma cell lines and specimens, although 

the frequency of PI3K mutations in melanoma is low [205, 211]. Similarly, Akt1 and Akt2 

point mutations are reported in 1% of melanoma, with the mutations occur at position 17 of 

the PH domain of Akt1 and Akt2. A novel Akt3 E17K mutation is also detected in melanoma 

cell lines [212]. A study at MD Anderson Cancer Center examining specimens from 504 

patients with a wide range of cancers shows that PI3K mutations are most frequently found in 

squamous cervical (5/14, 36%), uterine (7/28, 25%), breast (6/29, 21%), and colorectal 
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cancers (18/105, 17%). PI3K is only found in 1 of 55 melanoma patients (2%), while NRAS 

and BRAF are found in 30% (12/40) and 44% (23/25) of melanoma patients [213].  

 

Figure 1.8 The PTEN/PI3K/Akt pathway. Reproduced with permission from Bryan et al. (2005) [214], 

Copyright 2005 Nature Springer. 

 

PTEN loss plays a key role in the PI3K/Akt activation, which is frequently found in human 

cancers [209, 215]. Unlike PI3K and Akt, of which the mutations in melanoma are rare, PTEN 

mutations are commonly identified in melanoma cell lines [125]. It was first reported in 1997 

that 43% (15/35) of melanoma cell lines harboured PTEN mutations [216]. In addition, Teng 

et al. (1997) reported PTEN mutations were detected in 50% (7/14) of examined melanoma 
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cell lines, which included four cases (28%) of homozygous deletions [217]. PTEN mutations 

were less frequently identified in primary melanoma samples [126]. A growing number of 

studies indicate that PTEN functions as a tumour suppressor in melanoma. In a study by 

Hwang et al. (2001), B16F10 murine melanoma cells were transfected with pcDNA3-PTEN 

plasmids to obtain PTEN-overexpressing melanoma cells [218]. Those PTEN-overexpressing 

cells were shown to have decreased tumourigenicity and metastatic capacity and lowered 

secretion of metalloproteinases (MMPs), insulin-like growth factors (IGFs), and VEGF. This 

suggested that PTEN inhibits tumourigenesis and metastasis in a mechanism related to MMPs, 

IGFs and VEGF modulation. PTEN-loss is also reported to be associated with BRAF inhibitor 

resistance [219].  

1.5 Current options for adjuvant treatment of melanoma  

1.5.1 Dacarbazine  

To date, dacarbazine (DTIC) is the only cytotoxic agent that is approved by the FDA for the 

treatment of metastatic melanoma. Dacarbazine is an alkylating agent, acting on cancer cells 

by attaching alkyl group (CnH2n+1) to the guanine base of DNA, thereby preventing cancer 

cells from proliferating. Dacarbazine, often administered by intravenous infusion, is converted 

to its active form 5-(3-methyl-1-triazeno)imidazole-4-carboxamine. Clinical benefits of 

dacarbazine have been demonstrated through three trials in the early 1970s, based on which 

FDA approval was granted in 1976. In those trials, treatment with DTIC resulted in response 

rates between 19% and 28%. However, improvement in overall survival has never been 

demonstrated in randomized trials [220]. To improve the efficacy of dacarbazine in melanoma 

treatment, dacarbazine was used in combinations with vinblastine, bleomycin, cisplatin, and 
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lomustine [221-224]. However, when tested in phase II and phase III clinical trials, none of 

the combinations demonstrated any superiority over dacarbazine alone [225, 226]. For 

example, the combination of the four drugs dacarbazine, cisplatin, carmustine, and tamoxifen, 

also known as the Dartmouth regimen, was initially found to have a 55% response rate in 20 

melanoma patients [227]. However, when the Dartmouth regimen was compared with 

dacarbazine alone in a phase III randomized trial, no difference in survival time of the patients 

was seen (Figure 1.9). 

 

 

Figure 1.9 Effects of DTIC and Dartmouth regime. No difference was found in the median survival of patients 

treated with the Dartmouth regime (dacarbazine, cisplatin, carmustine, and tamoxifen) and dacarbazine (DTIC) 

alone. Reused with permission from Chapman et al. (1999) [228]. Copyright 1999 American Society of Clinical 

Oncology. All rights reserved.  
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Table 1.1 Current treatment options for melanoma 

Target Drug Survival 

benefit 

FDA approval 

Mutant BRAF Vemurafenib 

Debrafenib 

Encorafenib 

OS, PFS 2011 

2013 

2018 

MEK Trametinib 

Cobimetinib 

Binimetinib 

PFS 2013 

2015 

2018 

CTLA-4 Ipilimumab 

Tremelimumab 

OS 2011 

2018 

PD1/PDL1 Pembrolizumab PFS 2014 

Nivolumab PFS 2014 

Nonspecific immune Interleukin-2 

High dose IFN-alpha 

Not 

established 

1998 

1998 

Systemic chemotherapy Dacarbazine Not 

established 

1976 
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1.5.2 Systemic immunotherapy  

Interleukin-2 (IL-2) is approved by the FDA in 1998 for the treatment of metastatic 

melanoma. The approval was granted based on an analysis of 270 patients from 8 clinical 

trials. Overall, those studies showed the response rate (RR) of 16% and partial response (PR) 

rate of 10%. Most importantly, 6% of patients achieved complete and durable responses (CRs) 

[229]. However, biomarkers for a patient population who most likely to gain a durable 

response from IL-2 remain unknown.    

High-dose interferon alpha-2b (HDI) HDI was approved by the U.S. Food and Drug 

Administration (FDA) for adjuvant treatment of melanoma [230]. The approved regimen is 

composed of intravenous (IV) induction therapy with 20 million international units [MIU]/m2 

daily, five times per week for 4 weeks, followed by 10 MIU/m2 subcutaneously, three times 

per week (TIW) for 48 weeks as maintenance. Adjuvant treatment with HDI has shown 

improvements in both relapse-free survival (RFS) and overall survival (OS) in the clinical trial 

coded E1684, a large, randomized trial by the Eastern Cooperative Oncology Group (ECOG) 

(Figure 1.10) [231]. In this trial, 287 patients with resected stage IIB and III melanomas were 

randomized either to HDI group or to observation group. The E1684 trial demonstrated an 

improvement of median RFS in the HDI group (1.72 years) compared to the observation 

group (0.98 years). Most importantly, the study also showed that the HDI group has a 

significantly increased OS (3.82 years) compared to the observation group (2.78 years) [231].  
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Figure 1.10 High-dose interferon alpha-2b significantly increased the median survival. Reproduced with 

permission from Kirwood et al. (1996) [231]. Copyright 1996 American Society of Clinical Oncology. All rights 

reserved.  

1.5.3 Targeted therapies 

The finding that 50-60% of melanomas harbouring BRAF mutations led to the development of 

a new group of inhibitors for melanoma treatment: BRAF inhibitors (Table 1.1). To date, three 

BRAF inhibitors have been approved for melanoma treatment, including vemurafenib 

(approved in 2011), dabrafenib (approved in 2013), and encorafenib (approved in 2018). 

Vemurafenib is approved by the FDA in 2011 to treat patients with unresectable melanomas 

or metastatic melanomas. It has been demonstrated that patients treated with vemurafenib had 

increased overall survival. In a randomized open-label trial, 675 patients with naive 

unresectable or metastatic melanoma and with BRAFV600E mutation were randomized 
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assigned to vemurafenib treated group (960 mg orally twice daily) and dacarbazine treated 

group (1000 mg/m2 IV once every 3 weeks) [24]. The results of the study showed that overall 

survival was significantly improved in the vemurafenib treated group. Another group of 

targeted therapies is inhibitors of MEK, which is a key mediator downstream of BRAF 

signalling. To date, three MEK inhibitors have been approved by the FDA for melanoma 

treatment, including trametinib (approved in 2013), cobimetinib (approved in 2015), and 

binimetinib (approved in 2018). Importantly, combinations of BRAF and MEK inhibitors 

have been shown to further increase the median survival of the patients compared to when 

each inhibitor was used alone (Figure 1.11) [26, 27].  
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Figure 1.11 Effects of vemurafenib. (A) Vemurafenib significantly increased median survival compared to 

dacarbazine. Reproduced with permission from Chapman et al. (2011) [24]. Copyright 2011 Massachusetts 

Medical Society. (B) Combination of BRAF and MEK inhibitors further increased the efficacy of the BRAF 

inhibition therapy. Reproduced with permission from Robert et al. (2015) [26]. Copyright 2015 Massachusetts 

Medical Society. 
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1.5.4 Immune checkpoint inhibitors 

Cytotoxic T lymphocytes (CTLs) possess antitumour immune response once they are 

activated [232]. Their activation requires at least two signals coming from the interaction 

between the T lymphocytes and antigen-presenting cells (APC). The first signal comes from 

the binding between T-cell receptors (TCR) and major histocompatibility complexes (MHCs) 

on APCs [233, 234]. The second signal comes from the binding between the CD28 receptor 

on T cells and B7-1 and B7-2 molecules on APCs [235-237]. Once T cells are activated by 

these two signals, CTLA-4 is upregulated and translocated to the cell surface within 2-3 days 

following the activation. CTLA-4 has a higher affinity towards B7 molecules on APCs [238] 

and therefore can bind B7 molecules and disrupt the association between CD28 and B7 

molecules [237, 239]. Without the signal resulted from the interaction between CD28 and B7, 

the activation of T cells is stopped and therefore their antitumour activity is suppressed [232, 

238]. Inhibition of the checkpoint CTLA-4 by inhibitors such as ipilimumab and 

tremelimumab prevents CTLA-4 from binding to B7 molecules. Consequently, B7 molecules 

are free again for CD28 to bind to. This results in continued activation of T cells, leading to 

antitumour efficacy of T cells against the tumour cells.  

Other immune checkpoints are programmed death 1 (PD-1) and its ligand PD-1 ligand 1 (PD-

L1). PD-1 is usually upregulated on T cells while PD-L1 is found expressed a number of 

normal cells of the host [240]. The binding of PD-L1 to its receptor PD-1 triggers inhibitory 

signals by which the normal cells of the host avoid self-immune attacking [241]. However, 

tumours cells can also express PD-L1 and therefore escape antitumour immunity [241]. 

Inhibition of PD-1 and PD-L1 by checkpoint inhibitors such as pembrolizumab and 
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nivolumab has shown increased efficacy of the treatment and delay the progression of 

melanoma (Figure 1.12) [30, 242].  

 

Figure 1.12 Effects of ipilimumab. Ipilimumab monotherapy or in combination with gp100 significantly 

increased the median survival of melanoma patients compared with gp100 alone. Reused with permission from 

Hodi et al. (2010) [28]. Copyright 2010 Massachusetts Medical Society. 

1.6 Challenges of current treatment for melanoma 

1.6.1 Lack of targets 

Despite the emergence of new treatment options for melanoma in the last 10 years, there 

remain populations of patients who do not benefit from any of the treatment options because 

their melanomas do not have the targets required for those therapies. BRAF inhibitors such as 

vemurafenib and dabrafenib are indicated only for patients with BRAF mutant melanomas, 
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who account for approximately 50 - 60% of all melanoma patients [24, 184]. This also means 

that 40 – 50% of melanoma patients have BRAF wildtype melanoma tumours and therefore 

are not included in the treatment spectrum of the BRAF inhibition therapy [24]. Even MEK 

inhibitors, which inhibit the signalling downstream of BRAF regardless of the status of BRAF 

mutations, are currently indicated mainly for BRAF mutant melanomas [24, 243]. 

Importantly, of those patients with BRAF wildtype melanoma tumours and therefore being 

left out of the BRAF inhibition therapy, approximately 50% contain the oncogenic NRAS 

mutations, which are usually associated with more aggressive progression and poorer 

prognosis for the patients [97]. Similarly, immune checkpoint inhibitors such as 

pembrolizumab were shown to be less effective in PD-L1 negative patients [244].      

1.6.2 Innate resistance 

Even when patients have the targets required for the inhibitors, approximately 30 – 50% of 

them would not respond to any of the current treatment options in the first place. For example, 

half of the patients with BRAF mutant melanoma did not experience any detectable decrease 

in tumour size after being treated with vemurafenib [24]. Similarly, a phase III trial has shown 

that trametinib used as a single agent could only lead to an objective tumour response rate of 

22% in the treated patients [243]. Although the response rate was significantly increased to 

67% when trametinib was combined with the BRAF inhibitor dabrafenib, there remained over 

30% of the treated patients not responding to the treatment [245]. The recent development of 

new immune checkpoint inhibitors has resulted in breakthroughs in melanoma treatment in 

that stable response was achieved in a certain proportion of melanoma patients. However, 

many patients still did not respond to those new treatment options. In a phase 3 trial, patients 

were treated with ipilimumab alone, ipilimumab plus the melanoma vaccine gp100, or gp100 
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alone. Results of this trial showed that more than 50% of patients did not respond to any of 

these three regimes. Rates of progressive disease were 51% for ipilimumab alone and 59% for 

ipilimumab plus gp100 [28]. In another trial, melanoma patients with BRAF-wild type 

tumours were treated with either nivolumab or DTIC. The results of the study showed that 

60% of the treated patients did not achieve an objective response [242]. 

1.6.3 Acquired resistance 

Almost all the patients who responded to vemurafenib treatment would eventually develop 

resistance after 6 to 12 months of treatment [246, 247]. One possible mechanism for this 

resistant development is the increase in the BRAF-mutant copy number [248]. Contrary to the 

initial prediction, vemurafenib resistance does not seem to result from secondary BRAF 

mutations. Instead, additional mutations often occur in NRAS or MEK genes [249, 250]. 

Overexpression of RTKs, including PDGFR-β, IGF-1R, and COT were also found to 

contribute to the resistance mechanism of melanoma cells to vemurafenib [249, 251-253]. 

These secondary genetic alterations lead to reactivation of the survival pathways, including 

the MAPK and PI3K/AKT pathways [249, 251-253].     

Acquired resistance to immune checkpoint inhibitors was also reported in clinical trials [254-

256]. Mechanisms for resistance to immunotherapies are still unclear. One possible hypothesis 

is that some melanoma tumours might lack immunogenicity due to having insufficient 

neoantigens or impaired antigen processing or presenting processes [255]. Besides, chronic 

exposure and interactions between PD1 and PD-L1 might result in T cell exhaustion, which in 

turn leads to resistance to T-cell-mediated actions of immunotherapies [255]. More recently, 

some other inhibitory receptors, including TIM3, LAG3, CTLA4, and BTLA were found to be 
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co-expressed with PD1 and associated with immunotherapy resistance [257]. Furthermore, 

acquired resistance to PD1 and PD-L1 inhibitors could result from a PD1/PD-L1-independent 

mechanism, in which other immunosuppressive pathways such as that of indoleamine 2,3 –

dioxygenase might compensate the impact caused by PD1/PD-L1 inhibition treatment [258, 

259]. 

1.7 Thesis Aims 

As discussed in the previous sections, although there have been breakthroughs in the treatment 

of melanoma, there is still an unmet need in melanoma treatment in that there are still 

significant percentages of melanoma patients who are not benefiting from the current 

therapies because they either lack the treatment targets or are resistant to the treatment. More 

treatment options are urgently needed, especially ones that are affordable for the majority of 

the patients and useful for patients without BRAF mutations or patients who are already 

resistant to all the current therapies. In this line of effort, the studies included in this thesis 

were performed to identify new combinations using existing drugs that could be effective in a 

broad range of melanoma tumours, including those with wildtype BRAF or those that are 

resistant to BRAF inhibitors. To do that, first, we looked into the mutational landscape of a 

unique collection of 102 melanoma cell lines developed from melanoma patients in New 

Zealand to determine whether this cell line panel is representative to the broad spectrum of 

mutation burdens of melanoma (Chapter 3). Based on the results of this study, we continued to 

study the combinations using the affordable statins in Chapter 4. Finally, we investigated 

whether using VEGFR inhibitors could improve the efficacy of the current BRAF inhibition 

therapies in Chapter 5.  Together, this thesis presented an overview insight into a 
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comprehensive panel of cell lines derived from New Zealand patients and proposed two novel 

combinatory approaches for melanoma treatment that could be further followed up by 

clinicians into clinical trials. 
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Chapter 2. Materials and Methods 

 

2.1 Cell culture 

2.1.1 Sources of cell lines 

Human melanoma cell lines used in this thesis were 102 NZM cell lines, which were 

developed from metastatic melanoma tumours of patients in New Zealand. Cell line 

development was performed by Professor Bruce Baguley, Ms Elaine Marshall and Mr Wayne 

Joseph [260]. The patients gave written consents before the tumours were surgically removed 

and used for cell line establishment, which was approved by the Auckland Area Health Board 

Ethics Committee. Other cancer cell lines were obtained from ATCC, including DU145, 

H460, H1299, HCT116, MCF7, MDA-MB-468, OVCAR-3, PC3, PC9, SKOV3, T47D, and 

BT549.  

2.1.2 Materials for cell culture 

Reagents used in cell culture included culture medium and supplement reagents. Equipment 

used in cell culture included a low-oxygen incubator, a class II tissue culture hood, and a 

microscope. Details of these materials are presented in Table 2.1. 
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Table 2.1 Chemicals, reagents, and equipment 

Material type Name Supplier Catalogue number 

Culture medium  MEM-α powder Life Technologies 12000063 

Buffer NaHCO3 Sigma S5761 

Serum FBS Moregate FBSF 

Supplement ITS  Life Technologies 11074547001 

Antibiotic and 

antimycotic 

Antibiotic-

Antimycotic 100X 

Life Technologies 15240062 

Saline  NaCl Sigma 746398 

Saline KCL Sigma 7447407 

Buffering agent Na2HPO4 Sigma 7558794 

Bufferring agent KH2PO4 Sigma 7778770 

Buffering agent NaHCO3 Sigma S5761 

Dissociation reagent  Tripsin-EDTA Life Technologies 25200072 

Filter Capsule Filter with 

Supor Membrane 

PALL Laboratory PALL12941 

Culture incubator Forma Series II 

Water Jacketed CO2 

Thermo Fisher 

Scientific 

3310 
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Incubator 

Microscope EVOS XL Core 

Imaging System 

Thermo Fisher 

Scientific 

AMEX1100 

Culture flask Cell culture flasks 

(25cm2 and 175 cm2) 

Invitrogen FAL353108 and 

FAL353112 

Culture hood HERAsafe KS Class 

II Cabinet 

Thermo Fisher 

Scientific 

51023322 

MEM-α: Minimum Essential Medium-α. FBS: Fetal Bovine Serum. ITS: Insulin-Transferrin-Selenium. 

 

Table 2.2 Recipes of culture medium and buffer solution 

Solution Reagent Procedure 

MEM-α (recipe for 10 L) MEM-α powder: 1 bottle  

NaHCO3: 22 g 

Milli-Q water: 10 L 

MEM-α and NaHCO3 were 

dissolved in ultrapure water. The 

pH of the medium was measured 

and adjusted to 7.2 if required. The 

medium was sterilized by filtration 

and stored at 4oC.   

PBS (recipe for 1L) NaCl: 8 g 

KCL: 0.2 g 

Na2HPO4: 1.44 g 

All the chemicals were dissolved 

completely in the ultrapure water. 

The pH of the solution was 
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KH2PO4: 0.24 g 

Milli-Q water: 1 L 

adjusted to 7.4 if required. PBS was 

sterilized by autoclaving and stored 

at 4oC.    

Supplemented MEM-α FBS: 10% 

ITS: 0.1% 

Antibiotic-Antimycotic 

100X: 1%. 

The supplements were added to 

MEM-α for all routine cell culture. 

Complete MEM-α was also stored 

at 4oC. 

2.1.3 Cell culture methods 

Cell lines were grown in filter cap tissue culture flasks in a humidified incubator supplied with 

5% CO and 5% O2 at 37oC. Culture medium was renewed every three days. When cell 

confluency reached 80-90%, old medium was removed and the cell layer washed with 

phosphate buffered saline (PBS). The cells were then incubated with trypsin, resuspended in 

fresh medium, and a small proportion of the cell suspension transferred to and cultured in a 

new flask. All cell lines were passaged less than 30 times during the experiment period. Cell 

morphology was monitored by a digital, transmitted light EVOS XL Core Imaging System 

(Thermofisher). Culture medium recipes for cell lines were presented in Table 2.2. 

2.2 Cell viability assay 

2.2.1 Materials for cell viability assay  

In addition to the materials for cell culture listed in section 2.2.1, the cell viability assay also 

required reagents for fixing and staining cells and a microplate reader to quantitate the cell 
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viability. Details of these additional materials and the working solutions used in the cell 

viability assay are presented in Table 2.3 and Table 2.4.  

Table 2.3 Materials used in the cell viability assay 

Material type Name Supplier Catalogue 

number 

Cell fixation Trichloroacetic acid (TCA) ECP 0414-500G 

Protein staining Sulforhodamine B (SRB) Sigma S1405 

Staining disolving Tris base Sigma 107089760001 

Culture plate 96-well tissue culture plate In Vitro 

Technologies 

CORNB3603 

Quantification Synergy 2 Multi-Mode 

microplate reader 

Biotek  

 

Table 2.4 Working solutions for the cell viability assay 

Solution Reagent Procedure 

40% (w/w) TCA TCA: 500 g 

Milli-Q water: 750 ml 

An amount of 500 g of TCA 

was dissolved completely in 

750 ml of milli-Q water and 

stored at 4oC.    
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10% (w/w) TCA 40% (w/w) TCA 10% (w/w) TCA was 

prepared by 4-fold dilution of 

40% (w/w) TCA. 

0.4% SRB in 1% acetic acid SRB: 5 g 

Acetic acid: 12.5 ml 

Milli-Q water: 1233 ml 

All the chemicals were 

dissolved completely in the 

water and stored at room 

temperature 

10 mM Tris based Tris base: 1.2 g 

Milli-Q water: 1 L 

Tris base was dissolved 

completely in the water and 

stored at room temperature 

 

2.2.2 Methods of cell viability assay  

The sulforhodamine B (SRB) assay developed by Skehan et al. (1990) was used to assess the 

effect of different drugs on cell viability in vitro [261]. The assay was based on the principle 

that SRB binds stoichiometrically to basic amino acid residues of protein molecules inside the 

cell under mildly acidic conditions. Reversely, in basic conditions, SRB dissociates from these 

residues and can be dissolved [262]. First, cells were seeded into a 96-well plate (5,000 cells 

per well) in 100 µl of medium and allowed to adhere to the well overnight. Cells were then 

incubated with different concentrations of test drugs at 37oC in a humidified incubator with 

5% CO2 for 72 hours. At the end of the treatment duration, the media was removed and cells 

were fixed with 10% (w/v) trichloroacetic acid at 4oC for 1 hour, washed with water, and then 

stained with 0.4% SRB in 1% acetic acid at room temperature for 30 minutes. Excessive 
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unbound SRB was removed by rinsing the plate five times with 1% (v/v) acetic acid. The 

protein-bound SRB remained in the well was solubilized with 10 mM Tris base solution (100 

µl per well) on a gyratory shaker for 10 minutes. Optical density (OD) was measured by a 

Synergy 2 Multi-Mode microplate reader (BioTek) at 565 nm. Recipes of all the working 

solutions are presented in Table 2.4. Results were expressed as percentages of vehicle control 

as previously described by Vichai and Kirtikara (2006), in which inhibition values over 100% 

indicate cell-killing effects of the drug tested, inhibition values of 0 - 100% indicate growth 

reduction effects compared to the control wells, and inhibition values less than 0% indicate 

cell growth promotion of the drug treatment [263].   

2.3 Generation of resistant cell lines 

2.3.1 Materials for resistant cell line development 

Vemurafenib was purchased from the LC Lab (Catalogue number: V2800). ZSTK474 was 

purchased from SelleckChem (Catalogue number: S1072). Melanoma cell lines were 

randomly selected from the panel of 102 NZM lines.  

2.3.2 Methods of resistant cell line development 

The development of resistant cell lines was performed by Mrs Sharada Kolekar in our lab.  A  

group of 10 BRAF mutant NZM lines that were originally sensitive to vemurafenib was 

selected for the establishment of vemurafenib resistant cell lines. The cell lines were then 

continuously cultured in increasing concentrations of vemurafenib (0.5 – 10 µM) over a 

period of up to 3 months. Resistance establishment was confirmed when the inhibition at 10 

µM was less than 20%. After that, resistant-NZM7 and resistant-NZM12 cell lines continued 
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to be cultured in increasing concentrations of ZSTK474 (0.5 – 10 µM) for an additional period 

of up to 3 months to develop cell lines that were resistant to both vemurafenib and ZSTK474.      

2.4 Scratch assay  

Scratch assay was used to measure the migration of cells in vitro [264]. Cells were seeded into 

a 12-well plate (3 x 105 cells per well) and allowed to grow for 2-3 days to create a confluent 

monolayer. The cell monolayer was scraped in a straight line with a 200-ml pipette tip to 

create a scratch. Cell debris was removed by washing the well twice with 1 ml of PBS. Images 

of the scratch were acquired and referred to as Time 0. Cells were incubated with test drugs 

for 48 hours. At the end of the treatment (Time 48h), the well was washed twice with 1 ml of 

PBS, images of the scratch at taken and compared to the images at time 0. Cell migration of 

cells after 48 hours was calculated using the formulae:  

Cell migration (% of Time 0) = 100 * D48/D0 

where D48 and D0 are the widths of the scratch at Time 48h and Time 0, respectively. 

2.5 Cell cycle analysis 

2.5.1 Materials for cell cycle analysis  

Materials used for the cell cycle analysis included propidium iodide, RNAase A, ethanol, and 

a benchtop flow cytometer (Table 2.5).  

2.5.2 Methods of cell cycle analysis  

Cells were seeded into a 12-well plate (2 x 105 cells per well) and treated with different 

concentrations of test drugs. After 48 hours, cells were washed with PBS, incubated with 
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trypsin for 2 minutes, resuspended with fresh medium, and centrifuged at 1,000 rpm for 5 

minutes. After the supernatant was removed, cells were washed with PBS and fixed in ice-

cold ethanol (80%) for 1 hour at 4oC. Cells were then washed again with PBS and stained in 

20 µg/ml propidium iodide and 0.2 mg/ml RNAase A. Flow cytometry data was acquired and 

analyzed using an Accuri™ C6 flow cytometer coupled with the Accuri C6 Software.  

Table 2.5 Materials for the cell cycle analysis 

Material type Name Supplier Catalogue number 

DNA stain Propidium iodide Sigma P4864 

Removal of RNA 

contamination 

RNAase A Life Technologies 12091021 

Cell fixation Ethanol Merck 1070172511 

Flow cytometer BD Accuri C6 Plus BD Biosciences  

 

2.6 Apoptosis analysis 

Cells were seeded into a 12-well plate (6 x 105 cells per well) and treated with different 

concentrations of test drugs. After 48 hours, cells were trypsinized and washed with ice-cold 

PBS. The cells were incubated with 1% Alexa Fluor® 488 annexin V and 1 µg/ml propidium 

iodide for 15 minutes at room temperature. Flow cytometry was performed using an Accuri™ 
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C6 flow cytometer. The proportion of apoptotic cells was analyzed using the Accuri C6 

Software.  

2.7 Western blot analysis 

2.7.1 Western blot materials 

Materials and the working solutions used in the Western blot analysis are presented in Table 

2.6 and Table 2.7. 

Table 2.6 Western blot materials 

Material type Name Supplier Catalogue number 

Buffer Tris Life Technologies 15504020 

Amino acid Glycine Sigma G7126 

Compound SDS Biorad 1610302 

Gel preparation 40% Acrylamide Biorad 1610147 

Gel preparation TEMED Merck 110732 

Gel preparation APS Sigma A3678 

Lysis buffer HEPES Sigma H4034 

Lysis buffer EDTA Biorad 1610729 

Lysis buffer Na4P2O7 Sigma S6422 
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Lysis buffer Np40 BioChemika 74385 

Protease Leupeptin Sigma L8511 

Protease Pepstatin A Millipore 516481 

Protease AEBSF Sigma A8456 

Protease Aprotinin Merck 816370 

Protease ALLN Merck US1208719 

Protease DTT Biorad 1610611 

Protein kit BCA protein assay 

kit 

Life Technologies 23225 

Solution Tween 20 Sigma P2287 

Albumin BSA Life Technologies 30063572 

Substrate Clarity Western ECL 

substrate 

Biorad 1705061 

SDS: Sodium dodecyl sulfate. TEMED: N,N,N,N-tetramethylethylene-diamine. APS: Ammonium persulfate. 

HEPES:  (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid). EDTA: Ethylenediaminetetraacetic acid. Np40: 

4-Nonylphenyl-polyethylene glycol. AEBSF: 4-(2-Aminoethyl)benzenesulfonyl fluoride hydrochloride. ALLN: 

N-Acetyl-L-leucyl-L-leucyl-L-norleucinal. DTT: Dithiothreitol. BSA: Bovine serum albumin. 
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Table 2.7 Working solutions for Western blot  

Solution Stock solution Working solution 

Running 

buffer 5X 

Tris: 30.2 g.  

Glycine: 188 g.  

SDS (10%): 100 ml.  

Mili-Q water: topped up to 2 L.  

The working solution was prepared 

from the 5X stock by 5-fold dilution in 

milli-Q water. 

Transferring 

buffer 5X 

Tris 181.7 g.  

Glycine 112.6 g. 

Mili-Q water: topped up to 1L. 

Working solution for gel side: 5X stock 

(20 ml), milli-Q water (80), and 20% 

SDS (0.5 ml). 

Working solution for membrane side: 

5X stock (20 ml), absolute ethanol (20 

ml), and milli-Q water (60). 

TBS 10X NaCl: 80 g 

KCl: 2g 

Tris: 30 g 

Milli-Q water: 1L 

The pH was adjusted to 7.5 if required. 

Working solution TBS 1X was prepared 

by 10-fold dilution of the 10X stock. 

Working solution TBS-T was prepared 

from TBS 1X by adding 10% Tween  

SDS gel 

(10%) 

Resolution gel (for 4 gels) 

Milli-Q water: 14.4 ml 

40% acrylamide: 7.5 ml 

Stacking gel (for 4 gels) 

Milli-Q water: 8.7 ml 

40% acrylamide: 1.5 ml 
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Tris-HCl (1.5M, pH8.8): 7.5 ml 

10% SDS: 300 µl 

TEMED: 300 µl 

APS: 12 µl 

Tris-HCl (1.5M, pH6.8): 1.5 ml 

10% SDS: 120 µl 

TEMED: 120 µl 

APS: 12 µl 

Lysis buffer HEPES (1M): 5 ml 

NaCl (1.5M): 10 ml 

EDTA (0.5M, pH8): 2 ml 

Na4P2O7 (0.1M): 10 ml 

NaF (1M): 10 ml 

Np40 (10%): 10 ml 

Milli-Q water: up to 100 ml 

The working solution of lysis buffer: 

Stock lysis buffer: 5 ml 

Leupeptin: 2 µl 

Pepstatin: 5 µl 

AEBSF: 5 µl 

Aprotinin: 2 µl 

ALLN: 10 µl 

DTT: 5 µl 

Loading dye 

5x 

SDS: 3g 

Tris (1M, pH6.8): 7.5 ml 

Bromo blue: 0.03 g 

Glycerol (100%): 15 ml 

DTT: 3.32 g 

Milli-Q water: up to 30 ml 

A volume of the loading dye 5x was 

mixed with four volumes of protein 

samples for gel loading. 
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2.7.2 Western blot methods 

2.7.2.1 Protein extractions from cells 

Cells for protein extraction were seeded into an appropriate cell culture vessel depending on 

experiment design. When an experiment was completed, cells were washed twice with ice-

cold PBS and incubated with lysis buffer for 10 minutes on ice. The cells were then scraped 

off and the total lysate collected into a 1.5 ml microfuge tube and incubated on ice for another 

20 minutes. To remove the cell debris from the lysate, the tube was centrifuged at 14,000 rpm 

at 4oC for 15 minutes and the supernatant was pipetted into a new 1.5 ml tube. Compositions 

of the lysis buffer are presented in Table 2.7. 

2.7.2.2 Protein content quantification  

Total protein concentrations of the lysate samples were determined by a bicinchoninic acid 

(BCA) assay using a kit purchased from Life Technologies (Table 2.6). The principle of this 

assay is that protein molecules can bind to CuSO4 under acidic conditions and reduce Cu++ to 

Cu+, which results in a purple colour. The density of this colour can be measured and used to 

interpolate the concentration of a protein sample based on a standard curve built from protein 

standards [265]. Protein samples were quantified using the manufacturer’s protocol [266].   

2.7.2.3 Sample preparation 

After protein concentrations of the lysate samples were determined by using the BCA assay, 

an amount of 30 µg protein from each lysate sample was transferred to a new Eppendorf tube. 

The samples were then mixed with the loading dye and heated to 99oC for 5 minutes. After 

this step, the samples were ready for gel loading. The recipe of the loading dye is presented in 

Table 2.7. 
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2.7.2.4 Gel casting protocol 

Western blot gels were prepared by using a Mini-PROTEAN Tetra hand cast system [267]. 

Compositions of the resolution gel and stacking gel used for Western blot are presented in 

Table 2.7. First, the reagents required for the resolution gel were measured to the desired 

amounts and mixed together. The gel mixture was then filled into the casting compartment 

between two casting plates to the horizontal line. A thin layer of 75% ethanol was gently 

placed on top of the gel solution to flatten the gel surface and prevent evaporation during the 

waiting time for the gel to set.  

The gel was allowed to set for 30 minutes, which was checked by using the leftover of the gel 

mixture. After that, the overlay ethanol was poured out. The stacking gel solution was 

prepared using a recipe detailed in Table 2.7 and filled into the rest of the casting cassette on 

top of the resolution gel. A plastic comb was quickly inserted into the stacking gel and the gel 

was allowed to set for another 30 minutes.  

2.7.2.5 Gel loading and running protocol 

Western blot gels were placed in a Mini-PROTEAN® Tetra Vertical electrophoresis cell (Bio-

Rad) filled with the running buffer (Table 2.7). The plastic comb was gently removed from the 

stacking gel. Lysate samples were transferred from the Eppendorf tubes to the corresponding 

wells in the gel by using a Hamilton syringe with a long and fine needle (Sigma, catalogue 

number 20737). Positive and negative electrodes were plugged in and gel running was 

performed at a voltage of 125 V until the blue line formed by the loading dye reach the bottom 

of the gels. 
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2.7.2.6 Transferring protein from gel to membrane 

Once gel electrophoresis was complete, a PVDF membrane (Biorad) was activated with 

methanol and rinsed with the membrane-side transfer buffer (Table 2.17). A transferring 

sandwich was made from several layers. In the bottom layer were 2 filter papers soaked with 

the membrane-side transfer buffer. On top of this layer was the membrane and then the gel. 

The top layer was another 2 filter papers soaked with the gel-side transfer buffer. The whole 

sandwich was placed in a Trans-Blot Turbo cassette and run at 12 V for 15 minutes.  

2.7.2.7 Blocking the membrane and incubating it with primary antibody  

After the transferring step was complete, the membrane was submerged in a blocking buffer 

made of 3% bovine serum albumin (Table 2.6) in TBS-T (Table 2.7) for 1 hour. Primary 

antibodies were prepared in 3% bovine serum albumin at the dilution ratios recommended by 

the manufacturers. The membrane was then incubated with the antibody of interest overnight 

at 4oC on a rocker.  

2.7.2.8 Incubating the membrane with a secondary antibody 

Primary antibody was removed from the container of the membrane. The membrane was then 

washed with TBS-T (3 x 5 minutes) before being incubated with the corresponding secondary 

antibody for 1 hour at room temperature. After that, the membrane was washed again with 

TBS-T (3 x 5 minutes).  

2.7.2.9 Imaging the membrane 

To visualize the protein band of interest in the membrane, the membrane was incubated with 

Clarity Western ECL substrate for 4 minutes and then developed by using an ImageQuant 
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LASS 4000 digital imager (GE Healthcare Life Sciences). Data was acquired and analyzed by 

using a Multi-Gauge v3.0 software (FUJIFILM).   

2.8 Cytokine measurement  

2.8.1 Principle of the cytokine measurement method 

2.8.1.1 Types of bead 

Cytokine secretion from cells was measured using microsphere-based multiplex 

immunoassay, which allows multiplexing of up to 100 different assays within a single sample 

[268]. An essential component of microsphere-based multiplex immunoassay is microsphere 

bead, which can either be polystyrene or magnetic. Each polystyrene bead is 5.6 µm in 

diameter and composed of a polystyrene divinylbenzene core, a polymer layer formed by 

polystyrene methacrylic acid, and a carboxylated-modified polymer thin layer on the surface. 

A magnetic bead, on the other hand, has an additional magnetite layer and therefore is 6.5 µm 

in diameter [269]. Magnetic beads can be separated from the solution by a magnetic separator, 

which improves the recovery rates during handling and wash steps [270]. Therefore, we 

selected magnetic beads for cytokine measurement in our study. 

2.8.1.2 Methods of detection 

Each microsphere is color-coded by being emerged in a mixture of two spectrally different red 

and infrared fluorophores, which can be recognized using either a red laser (635 nm) or a red 

LED (635 nm) (Figure 2.1). Once a sample is mixed with a mixture of beads, a cytokine 

molecule will be captured by one of its specific capture antibodies pre-coated on the surface of 

a bead. The capture antibody is next bound to a biotin-conjugated detection antibody and 
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forms a sandwich-like complex. After the unbound detection antibodies are removed by wash 

steps, the complexes are incubated with streptavidin-phycoerythrin conjugates, which results 

in strong non-covalent links between streptavidin and biotin (in biotinylated detection 

antibody) due to their high affinity to each other.  

Complexed beads are then processed by either one of Luminex® flow cytometry-based 

systems (Luminex® 100/200™, FLEXMAP 3D®) or a more recently developed MAGPIX® 

CCD-based system. MAGPIX® immobilizes the beads by magnetic force, illuminates them 

with light-emitting diodes (LEDs), capture images of the beads by a CCD camera, and 

identify beads using an xPONENT® software (Luminex Corp, Austin, TX, USA). MAGPIX® 

has been reported to provide more robust and compact results, reduce the time for calibration 

and verification steps, not sensitive to motion and temperature changes, and more affordable 

to purchase and maintain [270-272]. We, therefore, selected MAGPIX® for cytokine analysis 

in this study.  

2.8.2 Cytokine measurement method  

2.8.2.1 Sample collection 

Melanoma cells were seeded into a 24-well plate, 2 x 105 cells per well in 0.5 ml of MEM-α 

medium supplemented with FBS (5%), penicillin (100 units/ml), streptomycin (100 µg/ml), 

and amphotericin B (2.5 µg/ml), insulin (1 mg/ml), transferrin (0.55 mg/ml), and sodium 

selenite (0.00067 mg/ml). 
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Figure 2.1 The principle of xMAP technology for cytokine analysis. The xMAP Technology based on 

internally dyed microspheres. Different concentrations of red and infrared fluorophores were used to create 100 

distinct microsphere sets. Each set is able to conjugate to a specific target molecule (yellow and orange lines = 

nucleic acid; green star = fluorescent reporter). Copyright © 2017 Reslova, Michna, Kasny, Mikel and Kralik 

[269]. Reprinted under the terms of the Creative Commons Attribution License (CC BY).  

 

After 24h, the existing medium was removed, cells were washed with PBS, and 0.5 ml of 

fresh MEM-α medium without serum was added to each well. The cells were allowed to grow 

for an additional 48 hours. The culture supernatant was then harvested into an Eppendorf tube. 

Debris was removed by centrifugation of the tube at 14,000 G at 4oC for 10 minutes. The 

supernatant sample was pipetted to a new 1.5 ml microfuge tube and stored at -80oC. 

2.8.2.2 Fluorescence bead-based immunoassay: Day 1 

Cytokines were measured using fluorescence bead-based immunoassay kits purchased from 

EMD Millipore Corporation (Billerica, MA, USA). A 96-well plate (Millipore) was incubated 

with Assay Buffer supplied in the kits, 200 µl per well on a plate shaker for 10 minutes at 

room temperature, followed by decanting of the Assay Buffer. Individual antibody bead vials 

were sonicated for 30 seconds, vortexed for 1 minute, and diluted in Bead Diluent supplied in 
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the kits. Quality controls and standards were dissolved in deionized water. Each of the 

designated wells for backgrounds, standards, quality controls, or samples received 25 μl of 

Assay Buffer, standards, quality controls, or samples, respectively. Next, another 25 μl of 

serum-free MEM-α was added to each background, standard, or quality control well and 25 μl 

of Assay Buffer to each sample well. Finally, beads were added to all wells, 25 μl per well. 

The plate was wrapped with foil and incubated with agitation on a plate shaker for 18 hours at 

4oC to allow binding of analytes to antibody-bound beads.  

2.8.2.3 Fluorescence bead-based immunoassay: Day 2 

The following day, the plate contents were removed by placing the plate on a handheld 

magnetic separator block (EMD Millipore Corporation, Billerica, MA, USA) for 60 seconds 

to allow complete settling of magnetic beads. With the magnet separator block still attached, 

the plate was decanted into an appropriate waste container and gently tapped on absorbent 

pads. Next, the plate was washed three times with Wash Buffer, each of which involving 

adding 200 µl of Wash Buffer to each well, shaking the plate for 30 seconds at room 

temperature in the dark, and removing the well contents using the similar technique as 

described above.  

After the wash steps, detection antibody was added to each well (25 µl per well), followed by 

incubation of the plate on a shaker for 1 hour at room temperature in the dark. Streptavidin-

phycoerythrin was added to each well (25 µl per well) and the plate was further incubated on a 

shaker for 30 minutes at room temperature in the dark. The plate was then decanted and 

washed three times using similar techniques as described above. Finally, each well was added 

with 100 µl of Drive Fluid supplied with the kit before the plate was run on a MAGPIX® 
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instrument (EMD Millipore Corporation, Billerica, MA, USA) using a Luminex® 

xPONENT® acquisition software and a Milliplex® Analyst 5.1 analysis software.  

2.9 DNA extraction and purification 

DNA extraction was performed using a QIAamp® DNA Blood Mini Kit (Qiagen) following 

the manufacturer’s instruction.  

2.9.1 Cell collection 

Cells were cultured in a T-75 flask to a confluency of 75%. Cells were trypsinized, 

resuspended in fresh medium and centrifugated for 5 min at 300 x G. Supernantant was 

removed and the cell pellet resuspended in 200 µl PBS. 

2.9.2 DNA extraction  

Next, 20 µl QIAGEN Protease and 200 µl AL lysis buffer were subsequently added to the cell 

suspension. The sample was thoroughly mixed by pulse-vortexing for 15 s, incubated at 56oC 

for 10 min, and mixed with 200 µl ethanol (100%).  

2.9.3 DNA purification 

The mixture was applied to the QIAamp Minispin column. The column was centrifugated and 

subsequently washed with 500 µl AW1 and 500 µl AW2 wash buffers.  The filtrate was 

discarded and the column incubated with 200 µl distilled water for 5 min and centrifugated for 

at 6000 x G for 1 min. DNA purity in the eluate was measured by absorbance at 260 nm and 

280nm using a NanoDrop spectrophotometer (Thermofisher) and DNA yield measured using 

a Qubit Fluorometer (Invitrogen).  
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2.10 RNA extraction 

RNA extraction was performed using a mirVana™ miRNA Isolation Kit (ThermoFisher) 

following the manufacturer’s instructions.  

2.10.1 Cell collection 

Cells were cultured in a T-75 flask to a confluency of 75%. Cells were trypsinized, 

resuspended in fresh medium and centrifugated for 5 min at 300 x G. Supernatant was 

removed and the cell pellet washed gently with 1 ml PBS. The cell suspension was 

centrifugated again for 5 min at 300 x G, the supernatant removed, and the cell pellet placed 

on ice ready for RNA extraction steps. 

2.10.2 Organic extraction 

The cells were mixed with 1/10 volume of miRNA Homogenate Additive and the lysate left 

on ice for 10 min. A volume of Acid-Phenol : Chloroform equal to the lysate volume was 

added. The mixture was vortexed and centrifuged for 5 min at 10,000 x g at room temperature. 

The aqueous (upper) phase was collected to a microcentrifuge tube. 

2.10.3 Total RNA isolation 

The aqueous phase was mixed with 1.25 volumes of 100% ethanol. The lysate/ethanol mixture 

was pipetted onto the Filter Cartridge, which was then centrifuged for 15 sec at 10,000 x g. 

Next, the Filter Cartridge was subsequently washed with wash solutions provided with the kit 

and then incubated with nuclease-free water for 1 min. Finally, the Filter Cartridge was 

centrifuged for 30 sec at 10,000 x g. The RNA-containing eluate was collected and stored at -

20oC.  
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2.11 Sequenom analysis 

DNA samples extracted from NZM lines were sent to the Liggins Institute Sequencing Service 

(University of Auckland, New Zealand) for Sequenom analysis. The cell lines were genotyped 

using Agena Bioscience Oncocarta V1.0 and Melacarta MassARRAY panels, which 

respectively interrogated 238 mutations in 19 genes (Table 2.8) and 72 mutations in 20 genes 

(Table 2.9).  

Table 2.8 List of mutations in OncoCarta Panel V1.0  

Oncocarta panel Mutations 

ABL1 G250E, Q252H, Y253H, Y253F, E255K, E255V, D276G, F311L, T315I, 

F317L,M351T, E355G, F359V, H396R 

AKT1 E17K, Q43X, V167A, E319G, L357P, P388T, V461L 

AKT2 S302G, R371H 

BRAF G464R, G464V/E, G466R, F468C, G469A, G469E, G469R, G469S, G469V, 

D594V/G, F595L, G596R, L597Q, L597R, L597S, L597V, T599I, V600E, 

V600K, V600L, V600R, K601N, K601E 

CDK4 R24C, R24H 

EGFR R108K, T263P, A289V, G598V, E709A/G/V, E709K/H, G719A, G719S/C, 

E746_A750del, E746_T751del, E746_T751>A, E746_T751>S, 

E746_T751>V, E746_S752>V, E746_S752>D, E746_S752>A, 

E746_S752>I, L747S, L747_E749del, L747_A750del, L747_A750>P, 



 

65 

 

L747_T751del, L747_T751>P, L747_S752del, L747_P753>Q, 

L747_P753>S, A750P, T751A, T751P, T751I, S752F, S752_I759del, 

P753Q, M766_A767insAI, S768I, V769_D770insASV, V769_D770insCV, 

D770_N771>AGG/N771>GF, D770_N771insG, D770_N771insGF, 

D770_N771insGL, D770fs*61/D770_N771insAPW, N771T, 

P772_H773insV, H773N, H773_V774insNPH, H773_V774insPH, 

H773_V774insH, V774_C775insHV, T790M, L858R, L861Q 

ERBB2 L755P, A775_G776insYVMA, G776S/LC, G776VC/VC, 

S779_P780insVGS, P780_Y781insGSP 

FGFR1 S125L, P252T 

FGFR3 G370C, Y373C, A391E, K650Q/E, K650T/M 

FLT3 D835H/Y, I836de 

HRAS G12V/D, G13C/R/S, Q61H/H, Q61L/R/P, Q61K 

JAK2 V617F 

KIT D52N, Y503_F504insAY, K550_K558del, P551_V555del, M552L, 

Y553_Q556del, W557R/R/G, K558_V560del, K558_E562del, V559del, 

V559D/A/G, V559I, V559_V560del, V560D/G, V560del, E561K, Y568D, 

Y570_L576del, L576P, D579del, F584S, P585P, K642E, D816H/Y, D816V, 

V825A, E839K 

KRAS G12A, G12C, G12D, G12F, G12R, G12S, G12V, G13V/D, A59T, Q61E/K, 
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Q61H/H, Q61L/R/P 

MET R970C, T992I, Y1230C, Y1235D, M1250T 

NRAS G12C/R/S, G12V/A/D, G13C/R/S, G13V/A/D, A18T, Q61E/K, Q61H, 

Q61L/R/P 

PDGFRA V561D, S566_E571>K, T674I, F808L, D842_H845del, D842V, 

I843_D846del, I843_S847>T, D846Y, N870S, D1071N 

PIK3CA R38H, R88Q, N345K, C420R, P539R, E542K, E545K, Q546K, H701P, 

C901F, M1043I, H1047R/L, H1047Y 

RET E632_L633del, C634R, C634W, C634Y, A664D, M918T 

 

Table 2.9 List of mutations in Mela Carta Panel 

MelaCarta panel Mutations 

AKT3 E17K 

BRAF G466E, G466A, G466V, G469S, G469E, G469A, G469V, G469R, L597Q, 

L597R, L597S, L597V, V600E, V600K, V600R, V600L ,K601E 

CDK4 R24C, R24H 

CTNNB1 S45F, S45Y 

CXCR4 V160I 
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EPHA10 E124K 

EPHB6 G404S, R679Q 

ERBB4 R393W, E452K 

GNA11 R183C 

GNAQ  R183Q, Q209L, Q209P 

KIT  W557R, W557G, V559A, V559D, V559G, L576P, K642E, D820Y 

KRAS  G12V, G12A, G12D, G12C, G12S, G12R, G12F, Q61L, Q61P, Q61R 

MEK  Q56P, P124L 

MET  T992I, R1170Q 

NEK10  E379K 

NRAS  G12S, G12R, G12C, G13S, G13R, G13C, Q61K, Q61L, Q61R, Q61H, Q61E, 

Q61P 

PDGFRA  E996K 

PIK3CA  R88Q 

PTK2B  G414V, G414E, R429C 

ROR2  A793S 
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2.12 Whole-exome sequencing 

Whole-exome sequencing was performed in a panel of NZM melanoma cell lines in order to 

investigate the mutational landscape of the melanoma cell lines derived from New Zealand 

patients. The sequencing was performed by the Liggins Institute Sequencing Service 

(University of Auckland, New Zealand) using an Ion Proton next-generation sequencing 

platform (Thermo Fisher) using the manufacturer’s protocol.  

2.12.1 Amplification of target regions 

DNA samples were extracted and purified as described in section 2.9. A master mix was 

prepared for each DNA sample by mixing 100 ng DNA and 5X Ion AmpliSeq™ HiFi Mix. 

The master mix was dispensed into 12 wells, which contained 12 different primer pools. 

Altogether, these 12 primer pools contained approximately 294,000 primer pairs that 

corresponded to all target regions of the human exome. The target regions in the DNA sample 

were amplified using a thermal cycler. Finally, the PCR products from all the 12 wells were 

combined into a single well.  

2.12.2 Partial digestion of amplicons and generation of exome library 

After the amplification step, each amplicon contained a target-corresponding sequence in the 

middle and two primer-corresponding sequences at either end. These two primer-

corresponding sequences were partially digested by adding FuPa reagent (Thermo Fisher) to 

the amplicon well.  

An exome library was generated from each amplicon pool by ligating two barcode adapters, X 

and P1, to either end of all amplicons. First, a mixture of the two barcode adapters and DNA 

ligase were added to the amplicon pool. The exome library was generated by running the 
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mixture on a thermal cycle (Table 2.10) and stored at -20oC before proceeding to the next 

steps.  

  

Table 2.10 Thermal cycle for generation of exome library 

Temperature Time 

22oC 30 minutes 

68 oC 5 minutes 

72 oC 5 minutes 

10 oC Hold 

2.12.3 Chip loading, and sequencing 

Amplicons in an exome library were mixed with a pool of different types of micro-beads. 

Each type of bead contained similar primers so that they could specifically attach to and 

clonally amplify only one type of amplicons in the exome library. The mixture of bead-

amplicon complexes was then loaded into an Ion PI™ Chip (Thermo Fisher) where each 

microwell received only one particular amplicon. Sequencing of amplicons was performed 

using an Ion Proton next-generation sequencing system. Detailed principles of Ion Torrent 

sequencing has been previously described [273]. Briefly, microwells were introduced with one 

single nucleotide at a time. When its complementary nucleotide was found in a molecular 

template, the nucleotide was incorporated into a nucleic acid and a H+ was released into the 

microwell and detected by an ion sensor below each microwell using a pH-based mechanism.     
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 2.12.4 Data analysis 

Raw data analysis, alignment, and variant calling were performed by the Liggins Institute 

Sequencing Service (University of Auckland, New Zealand) using a Torrent Suite Software 

(Thermo Fisher). We further performed downstream analyses using an Ion Reporter Software 

v5.6 and Integrative Genomics Viewers software (Thermo Fisher) 

2.13 RNA sequencing 

Quality of RNA samples extracted from NZM cell lines was assessed by a TapeStation 

system (Agilent) before being sent to Otago Genomics Facility for sequencing (Professor 

Mike Eccles lab). Bioinformatics analyses were performed by Professor Mike Eccles team 

and Mr Peter Tsai (University of Auckland). 

2.14 Animal models 

2.14.1 Animal welfare 

Effect of drugs in vivo was investigated using xenograft models and a synergic model. All 

experiments were in compliance with the New Zealand Welfare Act 1999 and ethical 

approvals R1190 and R1781 from the Animal Ethics Committee of the University of 

Auckland. Mice had free access to water and standard certified diet (Tekland). Mice were kept 

in a pathogen-free facility with controlled temperature (22oC) and a 12-hour light/dark cycle.    

2.14.2 Xenograft models  

In our xenograft models, human melanoma cells were inoculated into mice. Due to the species 

difference between the host (mouse) and the injected cells (human), rejection responses would 
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be likely to occur if the mice have a fully functional immune system. To avoid that, athymic 

and hairless NIH-III mice were used as this strain of mice lacks normal functions of T, B, and 

natural killer (NK) cells due to a number of mutations of genes regulating their functions, 

including Foxn1nu (for T cells), Btkxid (for B cells), and Lystbg-J (for NK cells). NIH-III mice 

were purchased from the Vernon Jansen Unit at the University of Auckland. Cell lines used in 

xenograft models were NZM cell lines. To obtain enough cells for xenograft studies, NZM 

cells were bulked up in culture using 175 cm2 culture flasks. The cells were harvested by 

trypsinization and washed with PBS. A number of 5 x106 NZM cells contained in 100 µl of 

PBS was then inoculated to the right flank of each mouse.   

2.14.3 Syngeneic model 

To investigate the effect of drugs when a fully functional immune system is present, we used a 

mouse melanoma cell line B16-F10, which allowed us to inject these cells into C57BL/6 mice 

without the risk of graft rejection. B16-F10 cells were bulked up and also inoculated to the 

right flank of each mouse (1 x 105 cells per mouse). 

2.14.4 Animal handling  

Mice body weight was monitored daily. Tumour volumes in mice were measured by 

electronic caliper measurement of two orthogonal dimensions (length and width) using the 

formula: volume = 0.5 x length x width2. Tumours were grown to the treatment size of 100 – 

200 mm3 and divided into treatment groups in such a way that mean tumour volumes between 

groups were equivalent. Drugs were formulated in 0.4% methylcellulose and administered via 

oral gavage.  

 



 

72 

 

2.15 Immunohistochemistry 

2.15.1 Materials for immunohistochemistry 

Materials used in immunohistochemistry analysis are presented in Table 2.11. 

2.15.2 Immunohistochemistry methods 

2.15.2.1 Slide preparation 

Tumors were collected from mice and fixed with 10% formalin for 48 hours. The tumors were 

then placed in ethanol with increasing concentrations from 10% to 100 %. The tumors were 

then embedded in paraffin blocks and cut into 10-µm sections, which were then placed on a 

Superfrost slide (Thermo Scientific).  

To remove paraffin from sections, the slide was baked in a dry oven at 65oC for 10 minutes so 

that the paraffin was melted. To dissolve and wash off the melted paraffin, the slide was 

submerged in xylene twice, 5 min each. The slide was then submerged in 100% ethanol twice, 

5 min each, then washed in TBS twice, 10 min each.  

Table 2.11 Materials for immunohistochemistry 

Material type Name Supplier Catalogue number 

Tumour fixation Formaldehyde 

solution 

Sigma F8775 

Deparaffinization Xylene MERCK 180681 

Antigen retrieval Citric acid Sigma 251272 
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Mounting medium Prolong Diamond 

Antifade Mountant 

Invitrogen P36965 

Microscope ZEISS Confocal 

Laser Scanning 

Miscroscope 

ZEISS LSM710 

 

2.15.2.2 Antigen retrieval 

During the fixation of a tumor, cross-links could be formed between different amino acids 

within an antigen or between that antigen and other peptides nearby. This may alter the 3D 

structure of the antigen and stop or reduce the affinity between the antigen and its specific 

antibody. Antigen retrieval, therefore, was performed in order to remove those cross-links and 

restore the binding capacity of an antibody to its antigen sites in the tumor section. First, the 

slide with the tumor section was submerged in citric acid at 95oC for 30 min. The slide was 

then left to cool down to room temperature for 30 min. Finally, the tumor section was washed 

in TBS 3 times, 5 min each, and TBS-Triton for 10 min.   

2.15.2.3 Primary antibody incubation 

Non-specific binding might happen during antibody incubation due to hydrophobic 

interactions. In addition, secondary antibody might potentially cross-react with endogenous 

immunoglobulins. These non-specific binding and cross-reactions could increase the 

fluorescence background and interfere with the imaging results. This was minimized by 
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blocking the tumor section first with blocking buffer for 1h at room temperature. The tumor 

section was then incubated with primary antibodies overnight at 4oC.  

2.15.2.4 Secondary antibody and imaging 

After incubation with primary antibodies overnight, the tumor section was washed in TBS-

Triton 3 times, 20 min each, and incubated with the corresponding secondary antibody for 2h 

in the dark at room temperature. The tumor section was washed again 3 times, 20 min each. A 

coverslip was mounted on the slide using a DAPI-containing mounting medium. Nail polish 

was used to seal the gap between the coverslip and the slide. Images were acquired using a 

Zeiss Axioplan2 fluorescence microscope and analyzed using Zeiss Efficient Navigation 

software.  

2.16 RNAscope 

2.16.1 RNAscope principle 

Human xenograft tumors grafted into mice not only contain human tumor cells but are also 

infiltrated with the murine tumor stroma, which supports tumor cell growth and metastasis. To 

identify and quantify human- and mouse-derived gene transcripts in the tumors, we utilized 

the novel RNAscope® in situ hybridization technology (Advanced Cell Diagnostics) using 

species- and RNA-specific probes for the mRNAs of interest. Hybridization was initiated 

between the probes and their corresponding target mRNAs to form binding sites for 

preamplifiers. The complexes were further hybridized to a cascade of signal amplification 

molecules to achieve culminating signal for detection (Figure 2.2).  
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2.16.2 RNAscope methods 

2.16.2.1 Tissue preparation 

Xenograft tumors were fixed in 10% neutral buffered formalin for 24h at room temperature, 

washed in PBS, and dehydrated by a series of increasing concentrations (30%; 50%; 70%; 

95%; and 100%) of ethanol.  The tumors were then submerged in xylene to replace the ethanol 

before being embedded in paraffin. The paraffin-embedded tumors were cut into 10 µm 

sections, which were mounted on Superfrost® Plus Slides.   

2.16.2.2 Slide pretreatment 

Slides were baked in a dry oven for 1h at 60oC. Paraffin was removed from the slides by 

incubating the slides in xylene for two times, 5 minutes each. Xylene was replaced by placing 

the slides in 100% ethanol for two times, 1 minute each. Target retrieval was performed by 

boiling the slides in RNAscope® Target Retrieval for 15 minutes at 100oC. The cells were 

subsequently permeabilized using a protease to allow probe access to the RNA target.  

 

Figure 2.2 Principle of the amplification in the RNAscope technique. Reprinted from Wang et al. (2012) 

[274] under the terms of the Creative Commons Attribution License (CC BY). Copyright © 2012 American 

Society for Investigative Pathology and the Association for Molecular Pathology. Published by Elsevier Inc. All 

rights reserved. 
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2.16.2.3 RNAscope® assay  

Hybridization of probes to the corresponding RNA targets was performed by incubating the 

sections with the appropriate probes in a humidified chamber for 2 hours at 40oC. The sections 

were washed twice with the RNAscope® wash buffer before following four consecutive 

amplification steps, each of which included incubation with a different amplifier and two 

washes. The slides were counterstained and mounted using the Prolong® Diamond Antifade 

Mountant with Dapi (Life Technologies).  

2.17 Tumor RNA sequencing 

Xenograft tumours were harvested from NIH-III mice and then snap-frozen in liquid nitrogen. 

Next, the tumours were sectioned into 10-µm layers. RNA was extracted from the tumour 

sections using a mirVana™ miRNA Isolation Kit (Thermo Fisher Scientific). Quality of the 

RNA samples was assessed by a TapeStation system (Agilent). The RNA extraction work was 

done with help from Dr Cherie Blenkiron (University of Auckland). The RNA samples were 

then sent to Macrogen Sequencing Facility (Korea) for sequencing. A bioinformatics analysis 

pipeline was written by Professor Cristin Print (University of Auckland).  

2.18 Generation of genome-scale CRISPR-Cas9 knockout libraries 

2.18.1 Overview 

We used genome-scale CRISPR-Cas9 knockout (GECKO) screens to investigate molecular 

mechanisms of simvastatin in melanoma cells. To prepare for GECKO screens, GECKO 

libraries were generated by Dr Francis Hunter and Mr Dan Li (University of Auckland) 

through two major steps: amplifying the required plasmid libraries and packaging these 
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plasmids into lentiviral vectors. Foundations for the GECKO work used in this thesis have 

been established by earlier studies by Dr Francis Hunter, Mr Dan Li, Mr Naveen Joshi, Ms 

Indumati Sharma, and Ms Kyla Siemens [275-277]. The use of lentiviral vectors in GECKO 

experiments was approved by the Institutional Biological Safety Committee and in 

compliance with the Hazardous Substances and New Organisms Act 1996 (approval number 

BO1362-GMO14-UA007). All lentivirus-related experiments were performed in Physical 

Containment 2 laboratories.   

2.18.2 Materials for generation of GECKO libraries 

Materials required to generate GECKO libraries are presented in Table 2.12.  

2.18.3 Amplification of lentiviral plasmids 

The LentiCas9-Blast plasmid was purchased as a bacterial stab and colonized in Luria agar. 

Single colonies of the bacteria were amplified in Luria Broth media. LentiCas9-Blast plasmids 

were extracted from the amplified culture by a PureLink Quick Plasmid Maxiprep kit (Life 

Technologies). The purified plasmids were verified by digestion with the restriction enzyme 

Apa1.  

GECKOv2 LentiGuide-Puro library was purchased as two separate half-libraries (A and B). 

Details of the GECKOv2 library are presented in Table 2.13. Each GECKOv2 half-library was 

electroporated into Endura ElectroCompetent Escherichia coli (Lucigene) using a Gene Pulsar 

Xcell electroporation system (Biorad). The bacteria were amplified in Luria agar and 

harvested for plasmid extraction using a PureLink Quick Plasmid Maxiprep kit (Life 

Technologies). The purified plasmids were verified by digestion with the restriction enzymes 
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EcoR1 and BamH1. After that, equimolar concentrations of each half-library of plasmids were 

combined to generate the complete GECKOv2 plasmid library.  

Table 2.12 Materials for generation of GECKO libraries 

Material type Name Supplier Catalogue number 

Plasmid LentiCas9-Blast Addgene 52962 

Plasmid GECKOv2 library Addgene 1000000049 

Plasmid pMD2.G Addgene 12259 

Plasmid psPAX2 Addgene 12260 

Plasmid extraction PureLink Quick 

Plasmid Maxiprep kit 

Life Technologies K210010 

Competent cells Endura 

ElectroCompetent 

cells 

Lucigen 602421 

Restriction enzyme Apa1 New England Biolabs R0114L 

Restriction enzyme EcoR1 New England Biolabs R0101L 

Restriction enzyme BamH1 New England Biolabs R0136L 

Restriction enzyme SalI New England Biolabs R0138L 

Transduction ViraPower Lentiviral Life Technologies    K497500 
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Packaging Mix 

 

Table 2.13 GECKO library details.  

 GECKOv2 human library 

Number of targeted genes 19,050 

Targeting constructs per gene 6 per gene (3 in library A and 3 in library B) 

Number of targeted miRNA 1,846 

Targeting construct per miRNA 4 per miRNA 

Non-targeting sgRNAs 1,000 

Total sgRNA constructs 122,411 

Reproduced with permission from Sanjana, Shalem and Zhang (2014) [278]. 

2.18.4 Lentiviral packaging 

Purified plasmids of GECKOv2 library and LentiCas9-Blast and TRIPZ vectors were 

packaged into lentiviruses using a packaging plasmid psPAX2 and an envelope plasmid 

pMD2.G. First, psPAX2 and pMD2.G plasmids, supplied as bacteria in stab culture format, 

were amplified in Luria broth medium. The cultures were harvested and the plasmids were 

extracted using a PureLink Quick Plasmid Maxiprep kit (Invitrogen). The purified plasmids 

were verified by digestion with the restriction enzyme EcoR1. Next, HEK293FT cells were 

transduced with the psPAX2 packaging plasmids, the pMD2.G envelope plasmids, and a 

certain type of transfer plasmids, which could be GECKOv2 library plasmids or LentiCas9-
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Blast plasmids or TRIPZ plasmids. Lentiviral packaging was performed using a ViraPower 

Lentiviral Packaging Mix (Life Technologies). Lentivirus-containing media was collected 

after 48 hours. After removing cell debris by centrifugation at 300 G for 5 minutes, the viral 

stock was stored at -80oC.          

2.19 Screening of TRIPZ lentiviral transduction efficiencies in NZM lines 

2.19.1 TRIPZ lentivirus production 

Transduction efficiencies of lentiviral vectors were screened in a panel of NZM melanoma 

cell lines to identify highly transducible cell lines. TRIPZ Inducible shRNA vectors 

(Dhamarcon. Catalogue number: RHS4740) was used for this purpose. TRIPZ lentivirus was 

produced by Dr Francis Hunter and Mr Dan Li (University of Auckland). First, TRIPZ 

plasmid was purchased as a bacterial stab and amplified in LB broth medium. Next, the grown 

culture was pelleted and the plasmids were extracted by using a PureLink Quick Plasmid 

Maxiprep kit (Life Technologies). The purified plasmids were verified by digestion with the 

restriction enzyme SalI. Finally, TRIPZ plasmids were co-transfected to HEK293FT cells 

psPAX2 packaging plasmids and pMD2.G envelope plasmids using a ViraPower Lentiviral 

Packaging Mix (Life Technologies). Lentivirus-containing media was collected after 48 hours. 

After removing cell debris by centrifugation at 300 G for 5 minutes, the viral stock was stored 

at -80oC.   

2.19.2 Transduction of cell lines 

Melanoma cells were seeded in 24-well plates at indicated densities in a complete MEM-α in 

the presence of an indicated concentration of polybrene. Virus preparations were added at the 



 

81 

 

indicated volume into the wells when cells were still floating. After 24 or 48 hrs, the media 

was removed and the cells were washed with warm PBS and further incubated in fresh media 

containing doxycycline at the indicated concentration for an additional 48 hrs. The RFP 

expression in transduced cells was accessed with a fluorescence microscope and measured by 

flow cytometry. 

The melanoma transduced cells were identified by using a Nikon fluorescence microscope 

equipped with a Nikon Intensilight illuminator and a digitized camera. Fluorescent and 

corresponding bright field images were captured by using a NIS Elements software (Nikon 

Instruments). Flow cytometry analysis was performed to quantify the transduction efficiency. 

Adherent cells were trypsinized, washed with PBS, and analyzed for RFP positive cells by 

using a C6 Accuri flow cytometer (Accuri Cytometers Inc., Ann Arbor, MI, USA). Non-

transduced cells were used as control cells.  

2.20 Transduction of the GECKOv2 sgRNA library  

2.20.1 First vector transduction 

Initially, GECKO screens were performed by single transduction of cells with lentiviral 

vectors that contained both Cas9 and sgRNA [279]. More recently, Sanjana, Shalem and 

Zhang [278] developed a novel two-vector system, in which the cells were first transduced 

with a Cas9 containing vector and then the Cas9-transduced cells, in turn, were transduced 

with a second vector containing sgRNA. The two-vector system was shown to be more 

efficient and safer in term of potential biohazards [278]. Therefore, we selected the two-vector 

system for our study. The first vector is LentiCas9-Blast, which contains Cas9 and blasticidin 

resistant marker. Different sets of NZM cells were transduced with different amounts of 
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lentiCas9-Blast virus. Since transduced cells contained blasticidin resistant marker while non-

transduced cells did not, non-transduced cells were removed from transduced cells by 

blasticidin selection. A multiplicity of infection (MOI) index was calculated for each set of 

NZM cells by dividing the transduced cells number by the total cell number. We only selected 

the NZM cells that had the MOI index around 0.3 as this MOI index range was shown to 

avoid the possibility of one cell receiving more than one construct [275-277]. After selection, 

the transduced cells continued to be grown in the presence of blasticidin to scale up the cell 

number.  

2.20.2 Second vector transduction  

Each second vector, lentiGuide-Puro, contained a certain sgRNA and the GECKOv2 library 

contained 122,411 sgRNAs. Using different amounts of virus, we transduced the GECKOv2 

sgRNA library into 150 x106 NZM cells. Since only transduced cells would contain 

puromycin selection marker and therefore be resistant to puromycin, non-transduced cells 

were removed from transduced cells by puromycin selection. The MOI indexes were 

calculated for different sets of NZM cells corresponding to different amounts of virus used. 

Only the set of cells with the MOI index that was closest to 0.3 was selected as this MOI was 

shown to avoid the possibility of one cell receiving more than one sgRNA. After a set of 

transduced cells was selected, the cells continued to be cultured in the presence of puromycin 

to increase the cell number for the drug selection step.     

2.20.3 Drug screen using GECKO libraries 

After GECKO libraries were developed, we performed three independent screens 

corresponding to three different statins using those libraries. In each screen, two independent 
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GECKO libraries were cultured in increasing concentrations (0.5 – 10) of a statin in parallel 

with two GECKO libraries as a control. Once the cell populations became resistant with the 

statin, as confirmed by the cell viability assay, resistant cells and the control cells were 

harvested. Genomic DNA was extracted from the harvested cells using a QIAamp DNA 

Blood Maxi Kit (Qiagen. Catalogue number: 13362) following the manufacturer’s protocol.    

2.21 PCR amplification of sgRNA sequences  

A three-step PCR amplification was performed to isolate and amplify the sgRNA sequences 

from the genomic DNA samples obtained in section 2.23. In the first step (PCR1), we 

performed a 5-cycle amplification of a 317-bp region of the genomic DNA that contains a 

sgRNA sequence. PCR1 amplicons were combined and purified using an AMPure 

Purification Mix (Agencourt Biosciences) following the manufacturer’s protocol.  

In the second step (PCR2), the PCR1 amplicons were run a 5-cycle amplification using 

forward and reverse primers, which also contains a 3’-overhang composed by a barcode 

sequence, a stagger sequence, and an adapter for sequencing. We used a mix of 6 forward 

primers (F1 to F6) and a mix of 6 reverse primers (R1 to R6) for the PCR2, which differ from 

each other in the sequences of staggers and barcodes (Table 2.14 and Table 2.15). The 

expected amplicon of PCR2 was a 363-bp product, which contained a target sgRNA sequence 

in the middle and a barcode-stagger-adapter complex attached in each end. The PCR2 

amplicons were combined and purified using the AMPure Purification Mix. In the final step 

(PCR3), the PCR2 amplicons were amplified using a forward primer F3 and a reverse primer 

R3 and, again, the amplicons of the PCR3 were also combined and purified using the AMPure 

Purification Mix before checked on agarose gels.  
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Table 2.14 Mixture of forward primers for PCR2 

Forward 

primer 

Illumina F Stagger Barcode F Priming site 

F1 AATGATACGGCGACCACC

GAGATCT 

ACACTCTTTCCCTACACGA

CGCTCTT 

CCGATCT 

T AAGTAG

AG 

TCTTGTGGAAAG

GAC 

 

F2 AATGATACGGCGACCACC

GAGATCT 

ACACTCTTTCCCTACACGA

CGCTCTT 

CCGATCT 

AT ACACGA

TC 

TCTTGTGGAAAG

GAC 

 

F3 AATGATACGGCGACCACC

GAGATCT 

ACACTCTTTCCCTACACGA

CGCTCTT 

CCGATCT 

GAT CGCGCG

GT 

TCTTGTGGAAAG

GAC 

 

F4 AATGATACGGCGACCACC CGAT CATGATC TCTTGTGGAAAG
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GAGATCT 

ACACTCTTTCCCTACACGA

CGCTCTT 

CCGATCT 

G GAC 

 

F5 AATGATACGGCGACCACC

GAGATCT 

ACACTCTTTCCCTACACGA

CGCTCTT 

CCGATCT 

TCGAT CGTTACC

A 

TCTTGTGGAAAG

GAC 

 

F6 AATGATACGGCGACCACC

GAGATCT 

ACACTCTTTCCCTACACGA

CGCTCTT 

CCGATCT 

ATCG

AT 

TCCTTGG

T 

TCTTGTGGAAAG

GAC 

 

 

Table 2.15 Mixture of reverse primers for PCR2 

Reverse 

primer 

Illumina F  

 

Illumina Seq R Stagger Barcode R Priming 

site 

 CAAGCAGAA

GAC 

GTGACTGGAG

T 

T AAGTAGA

G 

TCTTGTG

GAAAGG
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GGCATACGA

GAT 

TCAGACGTGT

G 

CTCTTCCGATC

T 

AC 

 

 CAAGCAGAA

GAC 

GGCATACGA

GAT 

GTGACTGGAG

T 

TCAGACGTGT

G 

CTCTTCCGATC

T 

AT ACACGATC TCTTGTG

GAAAGG

AC 

 

 CAAGCAGAA

GAC 

GGCATACGA

GAT 

GTGACTGGAG

T 

TCAGACGTGT

G 

CTCTTCCGATC

T 

GAT CGCGCGGT TCTTGTG

GAAAGG

AC 

 

 CAAGCAGAA

GAC 

GGCATACGA

GAT 

GTGACTGGAG

T 

TCAGACGTGT

G 

CTCTTCCGATC

CGAT CATGATCG TCTTGTG

GAAAGG

AC 
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T 

 CAAGCAGAA

GAC 

GGCATACGA

GAT 

GTGACTGGAG

T 

TCAGACGTGT

G 

CTCTTCCGATC

T 

TCGAT CGTTACCA TCTTGTG

GAAAGG

AC 

 

 CAAGCAGAA

GAC 

GGCATACGA

GAT 

GTGACTGGAG

T 

TCAGACGTGT

G 

CTCTTCCGATC

T 

ATCGA

T 

TCCTTGGT TCTTGTG

GAAAGG

AC 

 

 

2.22 Next-generation sequencing and bioinformatics analysis 

Amplicons of the PCR3 were sent to the sequencing facility in Professor Stefan Bohlander’s 

lab (University of Auckland). Quality of the sample was assessed using a 2200 TapeStation 

system (Agilent). Next-generation sequencing was performed using a NextSeq 500/550 High 

Output Flow Cell Cartridge v2 flow cells (Illumina) and an Illumina NextSeq 500 system. 

Bioinformatics analysis was performed in the Bioinformatics group by Dr Francis Hunter and 

Mr Peter Tsai (University of Auckland).     
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2.23 RNAi transfection 

CAB39 and TP53 siRNA were purchased from Thermo Fisher Scientific. Catalogue numbers 

of TP53 siRNA were: HSS110905, HSS186390, HSS186391. Catalogue numbers of CAB39 

siRNA were: HSS122563, HSS122564, HSS122565. Transfection was performed using 

Lipofectamine 3000 (Invitrogen) following the manufacturer’s protocol.  

2.24 Real-Time PCR 

2.24.1 RNA extraction 

RNA was extracted from cell samples using a mirVana™ miRNA Isolation Kit 

(ThermoFisher) following the manufacturer’s instructions. The quantity of RNA samples was 

assessed by a Qubit RNA Assay Kit (Life Technologies) following the manufacturer’s 

instruction. Quality of RNA samples was assessed using the Agilent RNA ScreenTape assay 

in a 2200 TapeStation system. RNA integrity number equivalent (RINe) for each RNA sample 

was measured by this assay and samples with RINe more than 8 were considered high-quality 

and selected for the cDNA synthesis step.  

2.24.2 Synthesis of cDNA 

High-quality RNA samples, i.e. those with RINe more than 8, were used for cDNA synthesis 

using a SuperScript III First-Strand Synthesis SuperMix for qRT-PCR (Invitrogen). First, a 

master mix was prepared using the kit reagents as presented in Table 2.16. The master mix 

was incubated at 25oC for 10 minutes, 50oC for 30 minutes, and 85oC for 5 minutes before 

being put on ice. Finally, 1 µ of E.coli RNAase H was added to the resultant cDNA sample 

and then the cDNA sample was stored at -20oC until use.  
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Table 2.16 Generation of the master mix for cDNA synthesis 

Kit reagents Amount 

2X RT Reaction Mix 10 µl 

RT Enzyme Mix 2 µl 

RNA sample x µl (equivalent to 1 µg) 

DEPC-treated water Up to 20 µl 

 

2.24.3 Real-Time Primer Design   

CAB39 primers for qRT-PCR were designed using the Primer-BLAST [280]. Different primer 

options were manually checked by Dr Kate Lees (University of Auckland) to identify the best 

option as presented in Table 2.17.  

2.24.4 Real-Time PCR 

Real-Time PCR was performed using a Platinum SYBR Green qPCR SuperMix-UDG with 

ROX (Invitrogen). First, a master mix was prepared using the kit reagents as presented in 

Table 2.18. The master mix was pipetted to a 384-well PCR plate. Real-Time PCR was 

performed using a QuantStudio 6 Flex system (Life Technologies).  

Table 2.17 CAB39 qRT-PCR primers  

Parameters CAB39 forward primer CAB39 reverse primer 

Sequence AGCACCCTGGTAGCTGATTT ATTCTGTTGGGTGCAGATGT 
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Length 20 bp 20 bp 

Tm 58.8 oC 58.0 oC 

GC 50.0 % 45.0% 

ANY 6.0 4.0 

SELF 0.0 2.0 

3’ stability 6.9 ΔG 6.3 ΔG 

Tm: Primer melting temperature. GC: Prier GC content. ANY: Any complementarity of the primers. 3’ stability: 

3’ complementarity of the primers.  

 

Table 2.18 Generation of the master mix for qRT-PCR  

Kit reagents Amount for a single reaction 

Platinum SYBR Green qPCR SuperMix-

UDG with ROX 

5 µl 

Forward primer, 10 µM 0.2 µl 

Reverse primer, 10 µM 0.2 µl 

Template (0.1 µg cDNA) ≤ 2 µl 

DEPC-treated water to 10 µl 
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2.25 Data analysis 

Data were analyzed using the software listed in Table 2.19. Cell viability data were 

normalized as percentages of control. A one-way ANOVA analysis was used for multiple 

comparison tests coupled with a Bonferroni post hoc test. Western blot data were normalized 

based on the expression of the housekeeping gene β-actin. Exome sequencing data were stored 

in Ion Suite Server and assessed via the Ion Reporter Software Cloud System. Copy number 

variants were visualized using an Integrative Genomics Viewer software. We also applied an 

Oncoprint/ComplexHeatmap R package to analyze mutations of NZM lines to identify the 

mutational landscape of these cell lines. Bioinformatics analysis of RNA sequencing was 

performed using relevant R packages which were combined in a working pipeline by 

Professor Cristin Print and Mr Peter Tsai. The next-generation sequencing data of the GECKO 

libraries were analyzed by Dr Francis Hunter and Mr Peter Tsai using a custom-designed R 

Shiny server written by Professor Cristin Print [281]. Pathway enrichment analysis was 

performed using the KEGG Pathway Database and a PathfindR R package [282, 283]. All the 

R packages were run on a Rstudio v1.1.147 platform [284].       

  Table 2.19 Software used for data analysis 

Data type Software Source 

Cell viability GraphPad Prism v7.0 GraphPad Software, San 

Diego, CA 

Flow cytometry data Accuri C6 software BD Biosciences 

Western blot MultiGauge v3.0 software FUJIFILM 
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Cytokine MILLIPLEX Analyst v5.1 

software 

Merck Millipore 

Exome sequencing data Ion Reporter v5.6 software Thermo Fisher Scientific 

Exome sequencing data Integrative Genomics Viewers Broad Institute and the 

Regents of the University 

of California [285] 

Tumour imaging Zeiss Efficient Navigation 

software 

ZEISS 

Mutual exclusive analysis Oncoprint/ComplexHeatmap R 

package 

Gu and Schlesner [286] 

Working pipeline of 

bioinformatics analysis of 

human and mouse RNA 

sequences 

Written by Professor Cristin Print 

using established R packages  

Professor Cristin Print, 

University of Auckland 

Distinguishing human and 

mouse RNA sequences 

Disambiguate R package Ahdesmäki et al. [287] 

Differential gene 

expression analysis  

limma, Glimma, edgeR, 

preprocessCore, ggplot2, gplots, 

matrixStats, reshape2, 

org.Hs.eg.db, org.Mm.eg.db, and 

Bioconductor R packages 

[288-291] 
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FilterByExp.R 

Next-generation sequencing 

data 

R shiny Professor Cristin Print 

[281] 
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Chapter 3: Mutational landscapes of New Zealand melanoma cell lines 

 

 

3.1 INTRODUCTION 

Understanding about the genetic changes in melanomas to date has established that melanoma 

is a cancer with the most heterogenous spectrum of mutations. Melanoma cell lines developed 

from melanoma tumours of patients, too, are highly diverse in term of mutations and drug 

response. Therefore, the size and the spectrum of melanoma cell lines have a significant 

influence on the outcome of melanoma research. A large panel of melanoma cell lines may 

allow us to understand the landscape of mutations and drug responses. For this reason, the first 

study in this thesis was dedicated to investigating the New Zealand melanoma (NZM) lines 

that we plan to apply for the studies in the next chapters. This section summarizes genetic 

alterations in melanoma that are most relevant to the research in this chapter.  

3.1.1 Activating mutations of BRAF in melanoma 

Activating BRAF mutations are a group of major driver mutations for melanoma initiation, 

development, and progression. BRAF mutations were found in approximately 40 – 60% of all 

melanomas [183], primarily in melanomas associated with intermittent sun-exposure skin [93, 

176]. In contrast, BRAF mutations were more rarely found in melanomas arising from 

chronically exposed skin and melanomas that originate from areas never exposed to solar UV 

radiation such as acral and mucosal melanomas [176]. Most BRAF mutations occur at the 

codon 600 in the exon 15 of the BRAF gene, where a single nucleotide GTG encoding valine 

(V) is substituted by another nucleotide, most frequently GAG encoding glutamic acid (E), 

resulting in a BRAF V600E mutation. BRAF V600E mutation accounts for 70-90% of all 
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BRAF mutations in pathological samples [93]. In BRAF V600K mutations, glutamic acid is 

substituted with a lysine (K) at the codon 600, which is found in 10-30% of all BRAF 

mutations [292, 293]. Other less frequent BRAF mutations include V600K, V600R, V600D 

and V600M [294, 295]. BRAF mutations also occur at codon 466 such as the BRAF G466A 

mutation and codon 469 such as the BRAF G469Amutation. However, the role of these in-

V600 mutations on the response of melanoma cells to BRAF inhibition therapies remains 

unclear. 

3.1.2 Activating mutations of NRAS in melanoma 

NRAS mutations are another group of driver mutations of 15 – 20% melanomas [296, 297]. 

NRAS mutations are most frequently found in melanomas that are associated with continuous 

sun exposure such as head and neck melanomas. In addition, NRAS mutations also occur at 

lower frequencies in melanomas associated with intermittent sun exposure and melanomas in 

unexposed areas [178, 298]. The NRAS gene is most frequently mutated at codon 61, 

including Q61L, Q61K, Q61H and Q61R [299, 300]. In contrast, KRAS mutations occur most 

frequently at codon 12 and 13 such as G13D and G12C mutations. Activating NRAS 

mutations lead to activation of the BRAF/MEK/ERK pathway and the PI3K/PTEN/AKT 

pathway. This may be inconsistent with the observation that NRAS mutations rarely coexist 

with BRAF mutations or PTEN alterations in the same melanomas [177, 301], while PTEN 

alterations commonly occur in melanomas harbouring BRAF mutations [302]. Interestingly, 

due to the heterogeneity of melanoma tumours, which might contain mixed populations of 

melanoma cells, it is possible that the sequencing of some melanoma tumours might identify 

both BRAF and NRAS mutations [303].  
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3.1.3 Genetic alterations of NF1 and KIT in melanoma 

Recently, large-scale sequencing studies reported mutations of NF1 to be the main driver in a 

subset of melanomas [183, 304, 305]. NF1 mutations were found in 14 – 18% melanomas, of 

which more than 60% were loss-of-function mutations [306]. NF1 mutations are more 

common in chronically sun-exposed melanomas [304, 307]. Particularly, NF1 mutations were 

found in 45 – 93% of desmoplastic melanomas, a rare subtype of melanomas [308-310]. NF1 

mutations were found to commonly coexist with RASopathy genes such as PTPN11, RASA2, 

RASF2 [311]. Furthermore, Cirenajwis et al. (2017) reported that larger percentages of NF1 

mutations were detected in males with older ages at diagnosis of melanoma. The presence of 

NF1 mutations was also associated with increased risk of death and decreased overall survival 

of the patients [306]. Interestingly, NF1 mutations were also found to be more common (45%) 

in melanomas than wild type for BRAF and NRAS [304, 312, 313]. Therefore, melanomas 

could be categorized into four genotype groups: BRAF mutant, NRAS mutant, NF1 mutant, 

and triple WT [183]. KIT mutations and amplifications were found mainly non-exposed 

melanomas such as acral and mucosal melanomas [314]. KIT mutations are less common in 

cutaneous melanomas, which are related to sun exposure [315, 316]. The most common KIT 

mutations are L576, K642E, V559A and D820Y [316]. Hayward et al. (2017) reported that 

KIT and PDGFRA locate in the same chromosome 4 and were commonly co-amplified [315].  

3.1.4 Somatic alterations of CDKN2A in melanoma 

CDKN2A is located at chromosome 9p21-22 and encodes two different tumour suppressors 

through alternative splicing: p16INK4a (also known as INK4A) and p14ARF. The tumour 

suppressor p16INK4a negatively regulates the cell cycle by inhibiting the activities of cdk4 and 

cdk6 and, thus, activating the retinoblastoma protein [317-319]. The other tumour suppressor, 
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p14ARF, inhibits MDM2 and therefore activating p53 and its target p21, which in turn 

inactivates cyclin/CDK complexes required for cell cycle progression [319, 320]. Germ-line 

mutations of CDKN2A were found in approximately 20% of melanoma patients with family 

histories of melanoma [321]. In addition, germ-line mutations of CDKN2A were also found in 

15% of melanoma patients with multiple primary melanomas with no known history of this 

disease [321]. Homozygous deletion of CDKN2A was detected in 43% of melanoma cell lines 

and mutations of CDKN2A detected in 15% of melanoma lines tested [322]. Recent evidence 

also demonstrated that the CDKN2A locus suppressed the migration and invasion of 

melanoma cells and loss of CDKN2A gene coincided with the onset of the invasive stages of 

melanoma tumour progression via activation of E2F1 and its target BRN2 [314, 323, 324].  

3.1.5 Genetic alterations of PTEN in melanoma 

The tumour suppressor gene PTEN encodes a phosphatase that functions as a negative 

regulator of PI3K signalling by dephosphorylating phosphatidylinositol 3,4,5-triphosphate 

(PIP3) to phosphatidylinositol 3,4-bis-phosphate (PIP2) [325]. The PTEN gene is located at 

chromosome 10q23 and is one of the most frequently mutated tumour suppressor genes in 

cancers, including melanoma [326]. Inactivation of PTEN leads to accumulation of PIP3, 

which in turn activates the PI3K/AKT signaling and thus promote cell proliferation, survival 

and migration [327, 328]. Aguissa-Toure and Li (2012) detected PTEN alterations in 28% and 

15% of melanoma cell lines and metastatic melanomas, respectively [326]. Interestingly, 

PTEN alterations in primary melanomas (7.3%) were much less common than in metastatic 

melanomas (15%) [326], which probably indicates an increasing role of PTEN alterations 

when melanomas progress to late stages. Most melanomas that harbour PTEN mutations or 
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PTEN loss also have BRAF mutations [301]. In contrast, PTEN alterations rarely occur in 

melanomas with NRAS mutations.     

3.1.6 Mutations of TP53 in melanoma 

The TP53 gene, which encodes the tumour suppressor p53, was found to be inactivated in 

approximately 50% of all cancer tumours. However, mutations of TP53 were rarer in 

melanomas than other cancer types. A study by Houben et al. (2011) reported a point mutation 

of the TP53 gene in only one melanoma samples out of 180 melanoma samples [329]. 

Another study by Hodis et al. (2012) found TP53 mutations in 19% melanoma tumours, and 

most of these tumours did not harbour concurrent mutations in p14 or p16 [312]. Mutations of 

TP53 are commonly missense mutations in the central DNA binding domain. While there is 

some variation in the frequencies of TP53 mutations in melanoma samples between studies, 

all the frequencies reported were much lower than those reported in other cancer types.  

3.1.7 Rare activating mutations in melanoma 

Activating mutations of some other genes are also reported to be important for smaller subsets 

of melanomas. The MITF gene is located in chromosome 3 and encodes a microphthalmia-

associated transcription factor that is specific for melanocytes. Even when melanocytes are 

transformed into melanoma cells, expression of this gene is still retained [186]. Amplification 

of MITF was found in 20% of melanomas, which was reported to be associated with 

decreased overall survival of the patients [188]. A rare oncogenic gain-of-function mutation 

E318K of the MITF gene was found in patients with familial melanomas and some melanoma 

patients without a family history of the disease [187, 189]. Activating mutations of GNAQ 

and GNA11, which encode alpha subunits of guanine nucleotide binding proteins, were also 
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found in 80% of uveal melanomas [330], which was linked to activation of the protein kinase 

C, MAPK and YAP1 pathways [331]. Mutations of CTNNB1 were found as additional 

mutations in melanomas with driver mutations of BRAF, NRAS or KIT. The exact role of 

CTNNB1 mutations in the response of melanomas to the treatment targeting these primary 

mutations is not known, although a study suggested that additional CTNNB1 mutations made 

KIT-mutant melanoma cells to become more resistant to imatinib [332]. Mutations of 

PDGFRA were also identified in approximately 5% of melanomas, primarily acral and 

mucosal melanomas [333]. Similarly, another study found only 0.7% of patients of cutaneous 

melanomas harbouring mutations of PDGFRA [334]. 

3.1.8 TERT promoter mutations in melanoma 

TERT promoter mutations were found in about 70% of melanoma samples tested, making 

them the most common non-coding mutations in melanoma. TERT promoter mutations were 

found mainly in cutaneous melanoma (86%) and less common in acral and mucosal 

melanomas (11%). Most of TERT promoter mutations occurred at codon 228 (C228T) and 

250 (C250T). These two mutations were usually mutually exclusive. Mixed results were 

reported about the concurrent mutations of TERT promoter and BRAF. In a study by 

Fredriksson et al. (2014), TERT promoter mutations significantly coexisted with BRAF 

mutations [335]. Similarly, TERT promoter mutations were also found more frequently in 

BRAF mutant melanomas in a study by Heidenreich et al. (2013) [336]. However, more 

recently, Hayward et al. (2017) examined 167 melanoma samples by Sanger sequencing and 

found no association between TERT promoter and BRAF mutations [315].     
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3.1.9 Rationale of this study 

Cancer cell lines are an essential resource for cancer research. It is now established that any 

cancer type is, in fact, a heterogeneous group of different cancer subtypes, each of which has a 

different mutational profile. Therefore, cancer cell lines should be used in such a way that the 

cell lines included are representative of the different subtypes. Particularly, this is even more 

critical for melanoma as this cancer has the widest spectrum of mutations compared to any 

other cancer [315]. Thus, the establishment of a collection of melanoma cell lines that is 

representative of the genetic alteration landscape of melanomas is essential for understanding 

the biology of this disease and identifying effective ways to treat it. At the time when this 

study began, a total of 102 NZM lines were developed from melanoma patients in New 

Zealand. These NZM lines were preserved in a cryo-store at low passage numbers and 

importantly always maintained in 5% oxygen conditions, which is more relevant to 

physiological conditions than the atmospheric oxygen tension (20%) usually used in cell 

culture. This study was performed to understand the mutational landscape of this panel of 

NZM lines before we used them for further studies in the next chapters.  

3.2 RESULTS 

3.2.1 Oncogenic mutations of BRAF and NRAS in NZM lines 

First, we used Sequenom data to examine the presence of the two major drivers of melanoma, 

BRAF, and NRAS mutations together with a panel of other hot spot mutations, which were 

previously reported to be found in melanoma at different percentages. DNA extraction from 

102 NZM lines was done by Mrs Sharada Kolekar and sequenced at Liggins Institute 

Sequencing Service.  
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Figure 3.1 showed that activating mutations of BRAF were present in 44 out of 102 NZM 

melanoma cell lines (43%). Nearly all of the BRAF mutations (95%) occurred at codon 600 of 

the BRAF gene, of which 88% of these V600 mutations were the substitution of a valine (V) 

with glutamic acid (E) (BRAF V600E mutation). In 4 other NZM lines (4%), NZM3, NZM14, 

NZM43 and NZM100, a valine at codon 600 of the BRAF gene was substituted with a lysine 

(K) (BRAF V600K mutation). NZM79 is the only cell line that harboured V600R, in which a 

valine was substituted with an arginine (R). Furthermore, we also found two BRAF mutations 

at codon 466 (BRAF G466A mutation in NZM22) and codon 469 (BRAF G469 mutation in 

NZM28).     

Activating mutations of NRAS were present in 25 out of 102 NZM lines (25%). Importantly, 

all of these NRAS mutations were found in NZM lines that did not have an activating 

mutation of BRAF, indicating activating mutations of BRAF and NRAS were mutually 

exclusive, which is consistent to previous reports that activating mutations of BRAF and 

NRAS did not coexist in the same cell lines. Most of NRAS mutations occur at codon 61 of 

the NRAS genes (23 out of 25 NRAS mutant lines or 92%). The most common Q61 NRAS 

mutation found in NZM lines was Q61K (9 out of 25 NRAS mutant lines or 36%), in which 

glutamine (Q) was substituted with a lysine (K). Another equally common Q61 NRAS 

mutation in NZM lines was Q61R (8 out of 25 NRAS mutant lines or 32%), in which 

glutamine (Q) was substituted with an arginine (R). Less common Q61 NRAS mutations in 

NZM lines included NRAS Q61L (12%) and NRAS Q61H (12%), in which glutamine (Q) 

was substituted with leucine (L) or histidine (H), respectively. Apart from these Q61 

mutations, NRAS mutations also occurred at codon 12 and 13 in NZM24 (NRAS G12D 

mutation) and NZM63 (NRAS G13R mutation), respectively.         
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While mutant allele frequency has been assessed in melanoma tumour tissue previously, such 

analysis will be affected by the presence of wild type allele in the DNA of stromal tissue. 

Therefore, we analyzed mutant allele frequency of BRAF and NRAS in NZM line panel 

(Figure 3.2). To our knowledge, this is the first such assessment in a large panel of melanoma 

cell lines. Using this data we have made several observations that are likely of functional 

significance. First, frequencies of V600E alleles identified in the NZM lines were generally 

close to 50% while those of non-V600E mutant alleles were significantly higher (Figure 3.2 

A). This may suggest that V600E mutant alleles are more oncogenic than non-V600E 

mutations and therefore additional or duplication of the mutations at these non-V600E alleles 

may be required to achieve penetrance, which may explain why melanomas driven by non-

V600E mutations usually arise later in life [337]. Similarly, mutant alleles if the NRAS Q61K 

and Q61R mutations detected in NZM line panel were also usually in balance with wild type 

alleles in term of frequency (Figure 3.2 B). In contrast, allele frequencies of the other NRAS 

mutations, including Q61L, Q61H, G12D and G13R were significantly higher. This may 

suggest that Q61K and G61R, which together account for 68% of all NRAS mutations in 

NZM lines, are the two NRAS mutations with the most oncogenic activity compared to the 

other NRAS mutations (Figure 3.2 B). The full details of the Sequenom results are presented 

in Table 3.1. 
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Figure 3.1 Mutational landscape of the panel of 102 NZM cell lines as divided by oncogenic mutations of BRAF and NRAS. DNA extracted from 102 

NZM cell lines were genotyped by Sequenom analysis for hotspot mutations commonly found in melanomas. Lists of those mutations were presented in Table 

2.8 and Table 2.9. Top row indicates major genotype groups based on BRAF and NRAS driver mutations. Second row indicates number of hotspot mutations per 

cell line. Middle rows indicate color-coded individual mutations found in 102 NZM cell lines. Side panels indicate percentage of cell line with hotspot mutations 

per gene. Bottom row indicates cell line names.     
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Table 3.1: Summary of genetic variations detected in NZM cell line panel 

 

Line BRAF  NRAS PTEN PIK3CA KRAS GNA11 CTNNB1 PTK2B MET PDGFRA 
TERT 
C250T 

TERT 
C228T 

DNA content 

NZM01     Present               1.00   1.51, 1.99 

NZM03 
V600K 
(0.71) 

  Present                   1.65, 2.02 

NZM04 
V600E 
(0.42)T
he tab 

  Present                 0.60 2.35, 3.21 

NZM05   
Q61R 
(0.43) 

Present               1.00   0.87, 0.98 

NZM06 
V600E(
0.43) 

  Absent                   1.76, 2.35 

NZM07 
V600E 
(0.21) 

  Present         
R429C 
(0.41) 

    0.68   1.35 

NZM09     Present                   1.8, 2.45 

NZM10   
Q61K 
(0.37) 

Present                 0.69 1.87, 3.70 

NZM11 
V600E(
0.50) 

  Present       
S45F 
(0.52) 

          1.77 

NZM12 
V600E(
0.25) 

  Present               0.87   1.27 

NZM13     Present 
H1047L 
(0.20) 

G13D 
(1.0) 

              1.23 

NZM14 
V600K 
(0.92) 

  Present                 0.74 1.05 

NZM15   
Q61K 
(0.51) 

Absent               1.00 0.92 1.89 

NZM16     Present               0.62   1.52 

NZM17   
Q61K 
(0.57) 

Present               1.00   2.26 

NZM18     Present                   1.56 

NZM19     Present                   1 

NZM20 
V600E 
(0.49) 

  Present                 0.67 1.78 

NZM21     Present                   1 

NZM22 G466A   Absent                 0.79 1.93 
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(0.25) 

NZM23     Present                 0.78 1.57 

NZM24   
G12D 
(0.73) 

Present                 0.46 1.17 

NZM26 
V600E 
(0.51) 

  Present                   1 

NZM27     Present                 0.76 2.04 

NZM28 
G469A 
(0.72) 

  Present                   2.3 

NZM29     Present                   1 

NZM30 
V600E 
(0.47) 

  Absent                 0.58 1.6 

NZM31 
V600E 
(0.29) 

  Absent               1.00   1.71 

NZM32 
V600E 
(0.47) 

  Absent               0.96   1.9 

NZM33   
Q61R 
(1.00) 

Present                   1.3 

NZM34 
V600E 
(0.39) 

  Absent               0.92   1.75 

NZM35 
V600E 
(0.48) 

  Present                 0.68 1 

NZM36     Absent                 0.55 1.56 

NZM37     Present       
S45F 
(0.51) 

        0.57 1.01 

NZM38 
V600E 
(0.63) 

  Present                 0.65 2.03 

NZM39     Present                   1.06 

NZM40                   
Q61H 
(1.00) 

Present 
H1047R 
(0.47) 

              0.47 1.82 

NZM41     Present               0.15   1.19 

NZM42   
Q61K 
(0.45) 

Present               0.95   1.97 

NZM43 
V600K 
(0.73) 

  Absent                   1.16 

NZM44     Present                   1.74 

NZM45   
Q61L 
(0.52) 

Present     
R183C 
(0.68) 

            1.94 
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NZM46 
V600E 
(0.37) 

  Present                 0.60 1.57 

NZM49 
V600E 
(0.46) 

  Present                   1.62 

NZM50     Present                   1.34 

NZM52 
V600E 
(0.34) 

  Present 
H1047R(
0.45) 

              0.65 1.82 

NZM53     Present               1.00   1.13 

NZM54 
V600E 
(0.33) 

  Absent               0.88   1.69 

NZM55 
V600E 
(0.39) 

  Present                 0.46 2.07 

NZM56     Present   
G12C 
(0.60) 

              2.02 

NZM57     Present                 0.66 1 

NZM58 
V600E 
(0.21) 

  Present               1.00 0.12 1.76 

NZM59   
Q61R 
(0.49) 

Present                 0.72 1 

NZM60    
Q61H 
(1.00) 

Present                   1.57 

NZM61   
Q61L 
(0.67) 

Present                 1.00 ND 

NZM62 
V600E 
(0.33) 

  Present               0.96   1.44 

NZM63   
G13R 
(0 1) 

Present                   1.77 

NZM65 
V600E 
(0.66) 

  Present               0.88   1.02 

NZM66 
V600E 
(0.40) 

  Present                   1.18 

NZM67 
V600E 
(0.62) 

  Present                 0.95 1.77 

NZM68     Present                   ND 

NZM69 
V600E 
(0.43) 

  Present                   1.7 

NZM70     Present                 0.92 1.34 

NZM71 
V600E 
(0.26) 

  Present                   1 

NZM72     Present                 0.74 1.68 
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NZM73 
V600E 
(0.52) 

  Absent                   1.59 

NZM74   
Q61K 
(0.40) 

Present               1.00   ND 

NZM75     Present                   1.03 

NZM76 
V600E 
(0.27) 

  Present                 0.27 2.15 

NZM77 
V600E 
(0.48) 

  Present                 0.65 2.01 

NZM78   
Q61R 
(0.44) 

Present           
T992I
(0.53) 

      1 

NZM79 
V600R 
(0.66) 

  Present                 0.97 1.55 

NZM80     Present                   2.1 

NZM81 
V600E 
(0.33) 

  Present                   1.44 

NZM82 
V600E 
(0.19) 

  Absent               0.87   1 

NZM83     Present     
Q209L 
(0.37) 

            1.69 

NZM84     Present                   1.0 

NZM85 
V600E 
(0.48) 

  Present                 0.58 1.55 

NZM86   
Q61K 
(0.53) 

Present                   2.06, 2.56 

NZM87 
V600E 
(1.00) 

  Present             
E996K(0.
458 
0.542) 

0.97 0.09 1.03, 2.0 

NZM88     Present                 0.90 1.95 

NZM89   
Q61R 
(0.43) 

Present                   1.03 

NZM90 
V600E 
(0.80) 

  Absent                   1.68 

NZM91     Present 
E545K 
(0.59) 

                1.8 

NZM92   
Q61K 
(0.57) 

Present               0.93   1.63 

NZM93   
Q61R 
(0.51) 

Absent                   1.63 

NZM94     Present                   1.17 
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NZM95     Present                 0.81 1.63 

NZM96   
Q61L 
(0.83) 

Present               0.87   ND 

NZM97   
Q61R 
(0.44) 

Present                 0.62 1.13, 2.19 

NZM98   
Q61K 
(0.48) 

Present       
S45F 
(0.50) 

        0.47 1.0, 2.05 

NZM99   
Q61H 
(0.85) 

Present             
D1071N 
(0.53) 

  0.60 1.09 

NZM100 
V600K 
(0.82) 

  Absent                   0.96, 1.89 

NZM101 
V600E(
0.46) 

  Present                   ND 

NZM102 
V600E 
(0.51) 

  Absent               0.98   ND 

NZM103 
V600E(
0.30) 

  Absent                 0.76 ND 

NZM104   
Q61R 
(0.71) 

Present                   ND 

 
Mutations were detected using Sequenom analysis as described in methods and the calculated mutant allele ratio is shown in parenthesis. Levels of PTEN and 

DNA content were assessed as described in methods.  

 

 

 

 

 

 



 

109 

 

 

 
Figure 3.2 Mutant allele frequencies of BRAF (A) and NRAS (B) in NZM lines. NZM cell lines were 

genotypes by Sequenom analysis. (A) On average, allele frequency of BRAF V600E mutation was close to 50% 

and significantly lower than that of other BRAF mutations. (B) Similarly, averaged allele frequency of NRAS 

Q61K/Q61R was close to 50% and significantly lower than that of other NRAS mutations.  
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3.2.2 Mutations of NF1 in NZM lines 

Results from the Sequenom analysis allowed us to define three major genotype groups of 

NZM lines: BRAF mutant lines, NRAS mutant lines, and double-WT lines. Recent studies 

reported that NF1-mutated melanomas had distinct clinical and biological characteristics 

[306]. Since NF1 was not included in the Sequenom detection panel, we examined NF1 

mutations in NZM lines by using the exome sequencing data. We performed whole-exome 

sequencing on a panel of 52 NZM lines, which were randomly selected from groups of BRAF 

mutant lines, NRAS mutant lines or double negative lines (Figure 3.1). The numbers the lines 

selected from each of these three groups were approximately half of the total number of lines 

in each group. We identified 7 out of 52 NZM lines (13.5%) with NF1 mutations, of which 3 

lines were BRAF mutant lines and 4 lines were a double negative for the oncogenic mutations 

of BRAF and NRAS (Table 3.2). This result is consistent with previous studies that reported 

NF1 mutations were more frequently found in melanoma cell lines that were wild-type for 

both BRAF and NRAS. Nonsense mutations were the most common mutations of the NF1 

gene in the NZM lines, which were present in 4 out of 52 NZM lines (7.6%): NZM41, 

NZM47, NZM72 (WT) and NZM22 (BRAF mutant) (Table 3.2). Missense mutations 

occurred in 3 out of 52 NZM lines (6%): NZM23 (WT), NZM87 and NZM77 (BRAF mutant) 

(Figure 3.3).   
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Table 3.2 Somatic mutations of NF1 in NZM cell lines 

Cell line Genotype 

NF1 

exon Locus Mutation 

NF1 

Variants P value 

NZM22 BRAF 30 

chr17:29576111 

 nonsense 

p.Arg1362Ter 

 

2.94E-

132 

 

NZM23 WT 57 

chr17:29687514 

 Missense 

p.Ile2724Val 

 

4.96E-49 

 

NZM41 WT 26 

chr17:29559737 

 

Frameshift 

deletion 

p.Asn1112fs 

 

6.89E-27 

 

NZM41 WT 53 

chr17:29683983 

 nonsense 

p.Gln2582Ter 

 

1.43E-31 

 

NZM47 WT 26 

chr17:29559737 

 

Frameshift 

deletion 

p.Asn1112fs 

 

1.97E-41 

 

NZM47 WT 53 

chr17:29683983 

 nonsense 

p.Gln2582Ter 

 

3.40E-58 

 

NZM72 WT 11 

chr17:29528489 

 nonsense 

p.Arg416Ter 

 

1.82E-

106 

 

NZM77 BRAF 27 

chr17:29563032 

 Missense 

p.Pro1323Ser 

 

9.71E-96 

 

NZM87 BRAF 29 

chr17:29560031 

 

Missense 

 

p.His1170Tyr 

 

1.87E-86 
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Figure 3.3 Mutational landscape of NZM cell lines as divided by mutations of BRAF and NRAS and NF1. Whole-exome sequencing was performed in 52 

NZM cell lines. Top row indicates major genotype groups based on BRAF and NRAS driver mutations, of which the double negative group was further divided 

into NF1-mutant group and triple nagative group. Second row indicates number of hotspot mutations per cell line. Middle rows indicate color-coded individual 

mutations found in 52 NZM cell lines. Side panels indicate percentage of cell line with mutations per gene. Bottom row indicates cell line names.     
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3.2.3 Alterations of tumour suppressor genes 

PTEN loss has been reported to be one of the most common alterations in tumour suppressor 

genes in cancer. Therefore, we first looked into the status of this gene in NZM lines using the 

exome sequencing data. First, we found 2 out of 52 NZM lines with frameshift deletion 

mutations of PTEN, which were not previously reported: NZM36 harbouring a PTEN G209FS 

mutation (p.Gly209fs) and NZM43 harbouring a PTEN T2FS mutation (p.Thr2fs). 

Importantly, our Western blot analysis and RNA sequencing data confirmed that these two 

cell lines did not express PTEN mRNA and PTEN protein, which indicated that the presence 

of PTEN G209FS and PTEN T2FS mutations lead to the absence of PTEN expression. Next, 

we found that PTEN loss, as reflected by CNVs with a copy number of 0 or 1, was found in 

30 out of 52 NZM lines (58%) (Table 3.3). The deletion was usually not only limited to the 

locus of the PTEN gene but also occurred in a wider segment of the long arm of chromosome 

10 as in NZM6, NZM32, and NZM43 or the whole long arm of chromosome 10 as in NZM40 

and NZM100 (Figure 3.4).  

Furthermore, we found loss CNVs of CDKN2A in 39 out of 52 (75%) NZM lines tested 

(Table 3.4). Similar to the CNVs of PTEN, deletion of CDKN2A locus usually occurred as a 

part of a deletion in a wider region in the short arm of chromosome 9 as in NZM6, NZM32 

and NZM40 (Figure 3.5). In some cell lines such as NZM36 and NZM100, deletion occurred 

across the whole length of chromosome 9, including the region that contains the CDKN2A 

gene. Interestingly, almost all NZM lines with loss CNVs of PTEN were also found with loss 

CNVs of CDKN2A as illustrated by NZM6 in Figure 3.6 A-D. NZM24 was the only cell line 

with a loss CNV of PTEN without a loss CNV of CDKN2A (Figure 3.6 E-H). Furthermore, 

there were a group of NZM lines that contained only CDKN2A deletion without PTEN 
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deletion, including NZM3, NZM5, NZM9, NZM11, NZM12, and NZM41. Representative 

illustrations of NZM5 and NZM11 are presented in Figure 3.7.    

   Table 3.3 Copy number variants of PTEN in NZM cell lines 

Cell line Copy number 

CNV confidence 

(index) 

CNV precision 

(index) 

NZM1 1 834 834 

NZM2 1 317 317 

NZM4 1 82 82 

NZM6 0 30 14 

NZM13 1 22 22 

NZM20 1 564 564 

NZM23 1 69 69 

NZM24 1 2010 2010 

NZM30 0 72 72 

NZM31 0 23 7 

NZM32 0 61 25 

NZM36 1 96 96 

NZM42 1 25 25 

NZM43 1 3381 3381 

NZM45 1 945 945 
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NZM48 1 217 217 

NZM52 1 1276 1276 

NZM54 0 408 385 

NZM80 1 1047 1047 

NZM85 1 154 154 

NZM90 0 284 283 

NZM92 1 233 233 

NZM93 1 80 80 

NZM101 1 328 328 

NZM102 0 2326 2245 

NZM104 1 591 591 

NZM100 0 875 867 

NZM40 1 43 43 

NZM86 1 86 86 

NZM60 1 1274 1274 

Whole-exome sequencing data of NZM cell lines were used to analyse copy number variants (CNV) of PTEN. 

Copy number = 2: normal copy number. Copy number = 1 or 0: copy number reduction. Copy number > 2: copy 

number gain. CNV confidence index and CNV precision index were computed by using the Ion Reporter 

Software. Inclusion threshold for CNV is that both CNV confidence and CNV precision scores were larger than 

10.    
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Figure 3.4 Deletion of PTEN as part of deletion of wider segments of the chromosome 10. Chromosome 10 

was visualized in the Integrative Genomic Viewer mode using the whole-exome sequencing data of different 

NZM lines. PTEN is located at the band 10q23.31. Red color indicates deletion. Blue color indicates 

amplification. Bottom row: basepair location from the start of the chromosome (M: Million).  
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Table 3.4 Copy number variants of CDKN2A in NZM cell lines 

Cell line Copy number CNV confidence CNV precision 

NZM1 0 4468 4446 

NZM2 0 4517 4517 

NZM4 1 3402 3402 

NZM6 1 2735 2735 

NZM13 0 298 278 

NZM20 0 393 379 

NZM23 1 1632 1350 

NZM30 0 83 83 

NZM31 1 643 643 

NZM32 1 811 811 

NZM36 0 2512 2497 

NZM42 1 661 661 

NZM43 0 181 175 

NZM45 0 1309 1278 

NZM48 1 118 118 

NZM52 0 264 279 

NZM54 0 505 510 
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NZM80 1 144 144 

NZM85 0 139 130 

NZM90 0 282 551 

NZM92 0 674 66 

NZM93 0 399 389 

NZM101 1 1023 1023 

NZM102 0 22 18 

NZM104 0 47 23 

NZM100 0 153 139 

NZM14 1 95 95 

NZM40 1 316 316 

NZM86 0 377 389 

NZM60 1 318 318 

NZM3 0 153 138 

NZM5 1 491 491 

NZM9 0 864 864 

NZM11 0 154 139 

NZM12 0 68 68 

NZM13 0 298 278 
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NZM15 1 785 785 

NZM41 1 27 27 

Whole-exome sequencing data of NZM cell lines were used to analyse copy number variants (CNV) of 

CDKN2A. Copy number = 2: normal copy number. Copy number = 1 or 0: copy number reduction. Copy 

number > 2: copy number gain. CNV confidence score and CNV precision score were computed by using the Ion 

Reporter Software. Inclusion threshold for CNV is that both CNV confidence and CNV precision scores were 

larger than 10.    
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Figure 3.5 Deletion of CDKN2A as part of deletion of wider segments of the chromosome 9. Chromosome 9 

was visualized in the Integrative Genomic Viewer mode using the whole-exome sequencing data of different 

NZM lines. CDKN2A is located at the band 9p21.3. Red color indicates deletion. Blue color indicates 

amplification. Bottom row: basepair location from the start of the chromosome (M: Million).  
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Figure 3.6 Illustration of the PTEN and CDKN2A genes in NZM6 and NZM24 lines using the Integrative 

Genomics Viewer.  
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Figure 3.7 Illustration of the PTEN and CDKN2A genes in NZM5 and NZM11 lines using the Integrative 

Genomics Viewer.  

 

Of all the deletion CNVs mentioned above, homozygous deletion CNVs are the most 

important as these alterations lead to the complete absence of the expression of this gene. 

Therefore, we focused on identifying these homozygous deletion variants. Using exome 
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sequencing data, we identified a deleterious CNV as homozygous deletion or heterozygous 

deletion based on whether its copy number value was 0 or 1, respectively. Ion reporter 

software detects the copy number value of a CNV based on a confidence index, which 

indicates the probability of a CNV, and the precision index, which indicates how precisely the 

copy number values indeed is. All of the CNVs of PTEN and CDKN2A had confidence and 

precision indexes that were more than 15, which are considered very reliable by the Ion 

Reporter software. However, since 0 and 1 are very close values, there might be a certain 

probability that some CNV with the copy number value of 0 is, in fact, a heterozygous 

deletion. Therefore, we examined the reliability of the copy number values of the CNVs by 

further investigating the transcriptional expression of the corresponding genes.  

Table 3.5 shows that all the NZM lines identified by exome sequencing analysis with 

homozygous deletion of PTEN also did not express PTEN mRNA. We further confirmed this 

by analyzing PTEN expression at the protein level. Indeed, all the NZM lines with a PTEN 

copy number of 0 in exome sequencing (Figure 3.8 A) were PTEN-null lines as detected by 

Western blot analysis (Figure 3.8 B). Although NZM36 and NZM43 had a PTEN copy 

number of 1, they harboured frameshift deletion mutations of PTEN, and these mutations may 

be the reason that the two cell lines were PTEN-null lines in Western blot analysis. 

Interestingly, we also observed three PTEN-null lines with normal PTEN gene, including 

NZM15, NZM22, and NZM93 (Figure 3.8 B,C). This may be evidence for the presence of 

epigenetic silencing of PTEN in NZM lines, a phenomenon that was previously reported in 

melanoma tumours and melanoma cell lines [338, 339]. Deep deletion of PTEN and 

CDKN2A is presented in Figure 3.9. Interestingly, while homozygous deletion of CDKN2A 

was distributed across the mutational landscape of NZM lines, deep deletion of PTEN was 
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mainly found in BRAF mutant lines (Figure 3.9). 

Similarly, we also used WB to compare the expression of p53 protein in NZM lines and the 

mutational status of p53 in NZM lines. While TP53 mutations were found in about 50% of all 

cancers, we did not find any mutation of TP53 in the NZM line panel except for the known 

polymorphism P72R in nearly 80% of the panel. This is consistent with previous reports that 

mutation of TP53 is very rare in melanoma. We did find 8 our 52 NZM lines tested with TP53 

CNVs. However, all these CNVs were heterozygous. Consistent with this, WB analysis 

showed p53 protein expression in all NZM lines (Figure 3.10). Together, these gave us 

confidence that the CNV copy number values were very consistent with expression at mRNA 

and protein levels, which is also really important for exploring CNVs of other genes of the 

melanoma genome in future.     

Table 3.5 Correlation between copy number and transcriptional expression of PTEN 

Cell line CNV 
mRNA 

(FPKM) 
 Cell line CNV 

mRNA 

(FPKM) 

NZM90 0 0  NZM104 1 22.45 

NZM100 0 0  NZM93 1 22.86 

NZM102 0 0  NZM23 1 24.07 

NZM31 0 5.98  NZM85 1 24.18 

NZM30 1 0.49  NZM91 1 24.92 

NZM36 1 4.07  NZM52 1 25.71 

NZM87 1 5.92  NZM24 1 25.81 

NZM1 1 10.35  NZM33 1 27.31 
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NZM2 1 10.59  NZM37 1 27.41 

NZM20 1 15.7  NZM77 1 29.18 

NZM3 1 16.64  NZM92 1 29.2 

NZM101 1 17.25  NZM7 1 31.29 

NZM28 1 18.83  NZM86 1 32.18 

NZM4 1 19.36  NZM47 1 34.84 

NZM48 1 20.21  NZM13 1 37.65 

Whole-exome sequencing data of NZM cell lines were used to analyse copy number variants (CNV) of PTEN. 

RNA sequencing data of NZM cell lines were used to anlyse the transcriptional expression of PTEN. Copy 

number = 2: normal copy number. Copy number = 1 or 0: copy number reduction. Copy number > 2: copy 

number gain. FPKM: fragments per kilobase of exon model per million reads mapped.  

 



 

126 

 

 

Figure 3.8 Correlation between copy number variants and protein expression. (A) Copy number variants of 

PTEN in NZM lines. (B) Protein expression of the same cell lines using Western blot. (C) A representative blot 

of PTEN expression in NZM lines. 



 

127 

 

 

Figure 3.9 Distribution of homozygous deletion of PTEN and CDKN2A in the mutational landscape of NZM lines. Whole-exome sequencing was 

performed in 52 NZM cell lines. Top row indicates number of mutations of BRAF, NRAS, PTEN and CDKN2A genes per cell line. Middle rows indicate color-

coded individual mutations of BRAF, NRAS, PTEN and CDKN2A genes found in 52 NZM cell lines. Side panels indicate percentage of cell line with mutations 

per gene. Bottom row indicates cell line names.     
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Figure 3.10 Expression of p53 protein in NZM lines. Western blotting was used to detect p53 protein expression in NZM cell lines from protein lysates 

extracted from the NZM cell lines. Beta-actin was used as a loading control. + indicates positive control for p53.  
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3.2.4 Other genetic alterations in NZM lines 

Apart from oncogenic mutations of BRAF and NRAS, we also found less common hotspot 

mutations in some NZM lines (Table 3.1). Compared to NRAS mutations, KRAS mutations 

were much rarer and occurred only in two NZM lines (2%), NZM13 (KRAS G13D) and 

NZM56 (KRAS G12C). Mutations of PIK3CA were found in 4 cell lines, including NZM40 

and NZM52 (PIK3CA H1047R), NZM13 (PI3CA H1047L) and NZM91 (PIK3CA E545K). 

Two of the NZM lines with PIK3CA mutations, NZM13 and NZM40, also had a mutation of 

NRAS and KRAS, respectively, which is interesting given that mutations of RAS and 

PI3K/AKT pathway genes were reported to rarely coexist. Activating mutations in PDGFRA 

(2 lines), CTNNB1 (3 lines), PTK2B (1 line) and MET (1 line) were also observed (Table 

3.1). Furthermore, 2 NZM lines had GNA11 Q209L mutations but not NRAS or BRAF 

mutations, which might be cell lines derived from melanomas that originated from uvea 

[340], although cutaneous melanomas with GNA11 mutations were also reported [341].  

KIT mutations were mainly found in acral and mucosal melanomas [316]. In NZM lines, 

which probably are mainly cell lines derived from cutaneous melanomas, we found an 

M541L mutation of KIT in 12 out of 52 (23%) NZM lines tested. Since the minor allele 

frequency of this mutation is reported to be 0.064, it appeared that the KIT M541L mutation 

was found more frequently in NZM lines than in general population. To date, it remains 

unclear as to whether the presence of KIT M541L is associated with response to KIT 

inhibitors such as imatinib.  

We also identified 2 TERT promoter mutations, C250T and C228T, which occurred in 33 and 

27 NZM lines, respectively (Figure 3.11 A). Together, these two mutations were found in 

59% of all the NZM lines tested. Interestingly, we found the incidence of TERT promoter 

mutations was higher in cell lines that contained either NRAS or BRAF mutations than those 

that did not (Figure 3.11 B). This is consistent with whole genome sequencing studies which 
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attributed it to a higher reliance on gene amplification for TERT activation in the 

nonRAF/nonRAS mutant cells [183]. Thus the Sequenom analysis and exome sequencing 

give confidence that the panel used is representative of the spectrum of genomic alterations 

seen in human melanoma and so is not likely to be biased by certain genotypes failing to 

adapt to cell culture.  

Table 3.6 Somatic mutations of KIT in NZM lines 

Cell line Variants MAF Frequency (%) 

NZM5 M541L 0.064 45 

NZM22 

M541L 

P5245 

0.064 

Unknown 

64 

61 

NZM23 

M541L 

P911L 

0.064 

Unknown 

70 

68 

NZM36 M541L 0.064 56 

NZM42 M541L 0.064 70 

NZM48 M541L 0.064 58 

NZM59 

M541L 

T354I 

I403V 

0.064 

Unknown 

Unknown 

45 

53 

50 

NZM72 M541L 0.064 48 
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NZM80 M541L 0.064 65 

NZM85 M541L 0.064 76 

NZM90 

M541L 

L255V 

0.064 

Unknown 

47 

50 

NZM91 S464L Unknown 52 

NZM93 M541L 0.064 100 
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Figure 3.11 TERT promoter mutations in NZM lines. DNA extracted from NZM cell lines was genotyped by 

Sequenom analysis for hotspot mutations, including the 2 TERT promoter mutations, C228T and C250T. (A) 

Oncoprint plot of TERT promoter mutations in alignment with BRAF and NRAS driver mutations in NZM cell 

lines. (B) Frequency of mutant alleles of TERT C228T and TERT C250T mutations. **** indicates P < 0.0001.     

 

3.2.5 Non-hotspot mutations of BRAF genes 

Furthermore, exome sequencing data allowed us to look into non-hotspot mutations of the 

driver genes. Interestingly, we only found non-hotspot mutations of BRAF, not NRAS, in 

NZM lines. Both NZM41 and NZM47 contained a BRAF D594N missense mutation, which 



 

133 

 

was previously reported to be the third most common non-V600 BRAF mutation in cancers 

[182]. It is interesting to note that these two cell lines had remarkably lower rates of growth 

in culture, which might be consistent with some evidence that cancer patients with this 

mutation were associated with longer overall survival when compared with patients with 

BRAF V600E mutations. In addition, we found that NZM37 harboured a non-frameshift 

insertion mutation, T599dup, at codon 599 of the BRAF gene. This mutation was recently 

suggested to confer sensitivity to BRAF inhibitor [342] and the presence of this mutation in 

NZM37 might, therefore, explain our observation that NZM37 was indeed partially sensitive 

to vemurafenib. We also found a BRAF missense mutation (E71V) in NZM24, which 

interestingly is also an NRAS mutant cell line. While the function of BRAF E71V is 

unknown, this might be consistent with previous remarks that NRAS mutations might coexist 

with a non-V600 BRAF mutation [342, 343].  

Table 3.7 Non-hotspot mutations of BRAF 

Cell line Genotype Locus Mutation 

BRAF 

Variants Frequency P value 

NZM41 WT 

chr7:140453155 

 Missense 

p.Asp594Asn 

(D594N) 47% 

5.61E-

139 

 

NZM47 WT 

chr7:140453155 

 Missense 

p.Asp594Asn 

(D594N) 37% 

5.86E-

76 

 

NZM37 WT 

chr7:140453137 

 

Non-

frameshift 

insertion 

p.Thr599dup 

(T599dup) 68% 

7.31E-

307 

 

NZM24 NRAS 

chr7:140549939 

 nonsense 

p.Glu71Val 

(E71V) 37% 

6.12E-

16 

 
 

3.2.6 Involvement of the BRAF/MEK signalling pathway in NZM cell growth 

We next investigated the effects of specific cell signalling pathway inhibitors on melanoma 

cell growth in the context of a wide range of genetic backgrounds.  As a control, we first 

tested the effects of the BRAF inhibitor vemurafenib and the MEK inhibitor CI-1040.  As 

expected vemurafenib was more effective in cell lines containing BRAF mutations although 
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some BRAF mutant lines were already resistant to this drug even though none of the patients 

had been treated with BRAF inhibitors (Figure 3.12 A). CI1040 showed efficacy in all 3 

genetic groupings. While there was a significant amount of variability between cell lines 

overall, CI-1040 achieved a slightly greater reduction in cell growth in N-Ras mutant cell 

lines (Figure 3.12 B).   

 

 

Figure 3.12 Involvement of the BRAF/MEK signalling pathway in melanoma cell growth. Melanoma cells 

were seeded in 96-well plates (5,000 cells/well) and treated 24hr later with inhibitor (0.1-100 μM) for 3 days. 

Cell viability was determined using the sulforhodamine B (SRB) assay. Yellow areas represent the 

concentration ranges between IC50 and 100xIC50 values of inhibitors for their specific targets. (A)(B) Effect of 

vemurafenib on cell viability of different melanoma genotype groups. (C)(D) Effect of CI-1040 on cell viability 

of different melanoma genotype groups. Data are expressed as mean ± SEM from at least two independent 

experiments performed in duplicate. Data were mean ± SEM and analyzed by a one-way ANOVA followed by a 

Tukey post-hoc test. **** represents a significant difference with P<0.0001.  

3.2.7 Involvement of the PI3K and mTOR signalling pathway in NZM cell growth 

We next tested inhibitors of the PI 3-kinase pathway. We found that ZSTK474 is very 

effective at blocking cell proliferation in all the 3 genetic subgroupings of cells (Figure 3.13 

A).  This was largely inducing cytostasis rather than cell death.  ZSTK474 inhibits all 

isoforms of class-1 PI 3-kinase in mid nM concentrations but doesn’t inhibit mTOR at these 
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concentrations.  In all but 3 of the lines tested, the EC50 on cell-based proliferation assay was 

less than 100 times the IC50 of the compound against PI3K in enzyme-based assays [344], 

which supported that the effects of the drug were on target. Given the range of PI 3-kinase 

isoforms present, we next asked which of these was most important in the PI 3kinase-

mediated growth effects. Interestingly, isoform-selective PI 3-kinase inhibitors as a single 

agent only attenuated growth of a subset of cell lines at concentrations at which these would 

be deemed to be acting in an on-target manner (Figure 3.13 B-E).  One notable exception was 

cell lines containing PIK3CA mutations which were particularly sensitive to the p110α 

inhibitor A66 (Figure 3.14 A).  We confirmed these findings using siRNA specific for class-I 

PI 3-kinases. These studies showed that reduction in p110α levels in H1047 mutant PIK3CA 

NZM lines blocked insulin’s ability to induce phosphorylation of Akt but that this wasn’t the 

case in p110  wild type cell lines (Figure 3.14 B,C). Together this indicates that the various 

isoforms of PI 3-kinase may in part be able to substitute for each other, except in rare cases 

such as that of addiction to PIK3CA in cell lines harbouring oncogenic PIK3CA mutations.  

This functional redundancy in the class-1 PI 3-kinase system would be consistent with our 

previous findings in a range of cancer types [345, 346]. 

The findings that a pan-PI 3-kinase inhibitor is effective as a single agent in most NZM cell 

lines lead us to investigate whether it would potentially be effective in melanomas that had 

become resistant to BRAF inhibitors.  For this, we took NZM lines that were initially 

sensitive to vemurafenib, CI1040 and ZSTK474 (Figure 3.15 A,B,C) and cultured them in 

increasing doses of vemurafenib from 0.5 to 10 µM over a period of up to 3 months.  Of the 

10 lines, 6 developed vemurafenib resistance (Figure 3.15A). In four of these lines, 

sensitivity to CI-1040 was also partially reduced (Figure 3.15 B). While  ZSTK474 remained 

effective in reducing cell growth in all of the vemurafenib resistant cell lines, in 2 of the lines 

sensitivity to ZSTK474 was also partially reduced (Figure 3.15 C). This led us to culture 
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these lines in increasing concentrations of ZSTK474 up to 10 µM to understand if full PI 3-

kinase resistance could occur.  This indeed developed in the two lines that had been partially 

resistant (Figure 3.15 D).  We next asked whether this resistance was caused by permanent 

changes in the tumour cells so we cultured the cells in drug-free media for at least 4 passages.  

Following this period the cell lines were rechallenged with the drug during a cell growth 

assay. We found the cell lines that were PI 3-kinase resistant regained sensitivity to ZSTK474 

(Figure 3.15 E), but that both the cell lines remained resistant to vemurafenib (Figure 3.15 F), 

which suggested that both adaptive and acquired PI 3-kinase resistance could occur. 

We next investigated whether targeting mTOR might overcome these problems. To test the 

role of mTOR in cell proliferation, we used the selective mTOR inhibitor Ku-0063794 [347].  

These studies show that inhibition of mTOR gives a similar degree of inhibition in cells as 

that seen with ZSTK474, a drug that doesn’t cross-react with mTOR (Figure 3.16 A).  

Therefore, we tested the effects of combining PI 3-kinase and mTOR inhibition to see 

whether there might be any synergistic effect.  For this purpose, we used NVP-BEZ235, a 

drug that is equally effective against mTOR and class-1 PI 3-kinase [348].  This was more 

effective at blocking cell growth than inhibiting either PI 3-kinase or mTOR alone across all 

3 genotype groups (Figure 3.16 B).  The EC50 of the effects was within a very tight range for 

all 75 cell lines consistent with it acting in an on-target manner.  We next investigated 

whether mTOR Inhibition might overcome the resistance that developed to BRAF and PI 3-

kinase inhibitors. We found that these cells all remain responsive to mTOR inhibition (Figure 

3.16 C,D). 
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Figure 3.13 Role of PI 3-kinase in melanoma cell growth. Melanoma cells were seeded in 96-well plates 

(5,000 cells/well) and treated 24hr later with inhibitors of (A) ZSTK-474), (B) A66, (C) TGX-221, (D) AS-

252524, or (E) IC-87114 for 3 days. Cell viability was determined using the sulforhodamine B (SRB) assay. 

Yellow areas represent the concentration ranges between IC50 and 100xIC50 values of inhibitors for their 

specific targets.  
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Figure 3.14 Role of p110α PI3K in the growth of NZM lines. (A) Effect of A66 in NZM cell lines containing 

either wild-type or mutant p110α. (B) Effect of silencing of PI3K p110 α and/or β isoform in a p110 α  mutant 

line NZM13 on activation of the pAkt pathway. (C) Quantification of western blot results from the figure (G).  
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Figure 3.15 Efficacy of PI 3-kinase inhibitors in vemurafenib resistant cell lines. Six melanoma lines, 

originally sensitive to Vemurafenib were treated with increasing concentrations of Vemurafenib over a period of 

2 months to make the drug-resistant clones. These clones were then tested for their sensitivity for (A) 

Vemurafenib, (B) CI1040 and (C)  ZSTK474. Resistance clones of lines NZM7 and NZM20 showed partially 

increased resistance to ZSTK474. These lines were further maintained in increasing concentrations of ZSTK474 

to create ZSTK474 resistant clones and tested for its sensitivity to the same as compared to its parental lines (D). 

Further, the drug-resistant clones were maintained in drug-free media for at least 4 passages and re-challenged 

with the drug in growth curve assay with ZSTK474 (E) and Vemurafenib (F). All the data were a mean of 2 to 4 

separate experiments carried out in duplicates. 
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Figure 3.16 Role of mTOR in melanoma cell proliferation. Melanoma cells were seeded in 96-well plates 

(5,000 cells/well) and treated 24hr later with inhibitors of (A) KU-0063794 and (B) NVP-BEZ235. Cell viability 

was determined using the sulforhodamine B (SRB) assay. (C) (D) Five parental melanoma lines, their 

Vemurafenib resistant (PR for NZM7, 12, 20, 22 and 49), as well as the respective drug was withdrawn clones, 

were tested for their sensitivity to mTOR inhibitor (C) Ku0063794 and (D) mTOR plus PI3K dual inhibitor 

NVP-BEZ235. Yellow region: concentration ranging from IC50 to 100xIC50 of the test inhibitor, with the IC50 

value ebing based on on kinase assay and provided by the inhibitor supplier. Blue dots: BRAF-mutant lines. Red 

dots: NRAS-mutant lines. Green dots: BRAF-wildtype/NRAS-wildtype lines.  
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3.3 DISCUSSION 

Most melanomas arise from the skin, an organ that is continuously exposed to the UV 

radiation in the sunlight. The signature of UV radiation exposure, reflected from C>T 

substitutions at dipyrimidine sites, has been found in the majority of mutations in melanomas 

[349]. This may be the main reason that melanoma is cancer with the highest mutation burden 

[305, 312, 315]. However, although UV radiation exposure is the common causal factor in 

most melanomas, the mutational landscape of melanomas is the most heterogeneous one 

among all cancers [177, 312, 320]. Interestingly, the oncogenic mutations of BRAF and 

NRAS, which are currently used to define melanoma subtypes, are not C>T substitutions and 

therefore unlikely related to UVR. The diversity of the genetic background of different 

melanoma subtypes highlights the importance of using melanoma cell line resources whose 

numbers are large enough so that their genetic alterations may represent different subtypes of 

melanomas. Our study examined how the NZM line panel developed from New Zealand 

patients of melanoma matched this requirement.   

The NZM line panel contained 102 melanoma cell lines and, to the best of our knowledge, is 

among the largest panels of melanoma cell lines currently used in the world. While these 

NZM lines have been used in melanoma research, there is no overview study about the 

mutational landscape of this panel. Our study showed that the percentages of the known 

oncogenic mutations of BRAF and NRAS were very relevant to what has been reported in 

melanoma patients. All the cell lines were of low passage numbers and, importantly, 

maintained at a more physiological condition of oxygen tension, which we believe is 

important to keep the cell lines to be more relevant to the real conditions in tumours 

compared to when cell lines were cultured at atmospheric oxygen conditions.  

Our study demonstrated three major genotypes of NZM line panel, including BRAF, NRAS, 

and double-WT. We also found in the double-WT group a subset of NF1 mutant cell lines, 
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although we did not observe any obvious distinct characteristics of this subset. NF1 is mainly 

found in melanomas relating to continuous sun exposure and is known as a negative regulator 

of MEK signalling. To date, there are still no drugs developed to affect NF1 for therapeutic 

purposes. This leads to that the classification of mutational landscape of melanoma based on 

the three classical groups still remain relevant for melanoma.  

We also found that the BRAF/MEK and PI3K/PTEN pathways are the two most affected 

pathways in NZM melanomas. Targeted therapies have been developed in the last 10 years 

for BRAF and MEK, such as vemurafenib and dabrafenib. Our study showed that the NZM 

lines responded to these targeted drugs in a pattern that was very consistent with their 

mutation nature. Furthermore, NZM cells developed resistance to the BRAF inhibitor 

vemurafenib if they were repeatedly treated with this drug. Therefore, we explored the 

possibility of the co-targeting of the PI3K pathway and BRAF/MEK pathway as a novel way 

to overcome vemurafenib resistance. Indeed, the pan-PI3K inhibitor ZSTK474 effectively 

inhibited the growth of NZM lines across all the genotype groups. Importantly, ZSTK474 

remained effective even in NZM cells that were acquired resistant to vemurafenib, which is 

another evidence about the important roles of BRAF/MEK and PI3K/PTE pathways in NZM 

lines. However, due to the high probability of toxicities caused by PI3K inhibitors in other 

normal cells in the body [350], we believe searching for new and more tolerable ways of 

combinations for melanoma is important.    

3.4 CONCLUSIONS 

Taken together, our data clearly demonstrated three major genotypes of the NZM lines were 

BRAF mutant lines (43%), NRAS mutant lines (25%) and double-WT lines (32%), whose 

percentages were very close to the landscape of melanomas in patients. The last genotype 

group also contained a subset of NF1 mutant lines, which however only accounts for 5% of 
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all the NZM lines and did not show any obvious distinct characteristics in term of response to 

targeted therapies compared to other WT lines. Homozygous deletion of tumour suppressor 

genes such as PTEN and CDKN2A, but not TP53, was very common in the NZM lines. 

Other hotspot mutations of PIK3CA, KRAS, GNA11, PDGFRA, and MET and non-hotspot 

mutations of BRAF were also observed in a smaller number of NZM line. The percentages of 

these mutations were very consistent with what has been found in melanomas. Furthermore, 

the genetic alteration of the NZM lines was very consistent with the way the cell lines 

respond to the targeted drugs. Taken together, our data showed that the NZM line panel was 

very representative of the mutational landscape of melanomas and should be a reliable 

resource for melanoma research. Finally, we showed that the BRAF/MEK and 

PI3K/PTEN/AKT were the two central signal pathways in NZM lines and the combination of 

drugs targeting these two pathways may overcome BRAF inhibitor resistance. However, due 

to the common toxicities of the PI3K inhibitors, searching for a more tolerable way of the 

combination is still urgently needed. In summary, our study showed that the panel of NZM 

melanoma cell lines is a comprehensive cell line resource for further exploration to find novel 

therapeutic approaches.  
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Chapter 4. Targeting melanoma with statins: Understanding mechanisms 

contributing to efficacy and sensitivity 

 

 

4.1 INTRODUCTION 

4.1.1 Summary 

Statins are most well known as a group of drugs that are commonly indicated for patients 

with cardiovascular diseases in order to lower their cholesterol levels in the blood– a leading 

risk factor for the incidence, morbidity, and mortality of those diseases [351-353]. Statins are 

inhibitors of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase ((HMG-CoA reductase), an 

enzyme catalyzing the conversion of HMG-CoA to mevalonate. This reaction is a rate-

limiting step in the mevalonate pathway, which is responsible for synthesizing a number of 

important isoprenoids, including cholesterol [354, 355]. Epidemiological and preclinical 

studies indicated that statins might have protective effects against a number of cancers but 

this is controversial as other studies showed neutral or even opposite effects of statins in 

some cancers [356, 357]. This section briefly summarizes the current understanding of the 

role and regulation of the mevalonate pathway in mammalian cells and presents the rationale 

for studying mechanisms by which statins may be particularly relevant in the treatment of 

melanoma.  

4.1.2 The mevalonate pathway 

Statins are most well known as a group of drugs that are commonly indicated for patients 

with cardiovascular diseases in order to lower their cholesterol levels in the blood– a leading 

risk factor for the incidence, morbidity, and mortality of those diseases [351-353]. Statins are 
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inhibitors of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase ((HMG-CoA reductase), an 

enzyme catalyzing the conversion of HMG-CoA to mevalonate. This reaction is a rate-

limiting step in the mevalonate pathway, which is responsible for synthesizing a number of 

important isoprenoids, including cholesterol [354, 355]. Epidemiological and preclinical 

studies indicated that statins might have protective effects against a number of cancers but 

this is controversial as other studies showed neutral or even opposite effects of statins in 

some cancers [356, 357]. This section briefly summarizes the current understanding of the 

role and regulation of the mevalonate pathway in mammalian cells and presents the rationale 

for studying mechanisms by which statins may be particularly relevant in the treatment of 

melanoma. The mevalonate pathway, also known as the cholesterol biosynthesis pathway or 

isoprenoid biosynthesis pathway, is a series of consecutive biochemical reactions that convert 

acetyl coenzyme A (acetyl-CoA) molecules to a range of isoprenoids, among which are 

cholesterol and other sterol and non-sterol products [355, 358-360] (Figure 4.1). Isoprenoids 

such as FPP and GGPP are essential in proteins prenylation– a post-translational modification 

step important for the localization and functions of a large number of proteins, primarily 

GTPases such as Ras, Rho, and Rab families [355, 361] (Figure 4.2). Cholesterol is another 

major endpoint product of the mevalonate pathway. Cholesterol is abundant in the cell 

membrane and plays a vital role in maintaining the integrity of the cell membrane and 

cellular functions. Each molecule of cholesterol contains a steroid nucleus (Figure 4.3), 

which is a precursor of steroid hormones, bile acid and vitamin D.  

Sterol regulatory element binding proteins (SREBPs) play a principal role in regulating the 

activity of the mevalonate pathway by controlling the expression of genes responsible for this 

pathway [362]. In the presence of normal levels of cholesterol, SREBP interacts with SREBP 

cleavage-activating protein (SCAP) at the ER membrane (Figure 4.4). The SREBP/SCAP 

complex is also attached to the ER membrane by insulin induce-gene 1 or 2 (Insig-1 or Insig-
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2) protein [363, 364]. When the cell is depleted of cholesterol, Insig-1/2 becomes dissociated 

with the complex of SREBP/SCAP, which allows the complex to be transported to the Golgi 

apparatus and be cleaved by Site-1 protease (S1P) and Site-2 protease (S2P) [363]. As a 

result, the NH2-terminal domain is released and translocated into the nucleus, bind to the 

sterol response elements (SREs) in the promoters of more than 30 different genes involving 

in biosynthesis and uptake of cholesterol, fatty acids, triglycerides, and phospholipids, among 

which are genes encoding HMG-CoA reductase and LDL receptors [363-367]. When the 

intracellular levels of cholesterol increase, SCAP undergoes a morphological change in such 

a way that the complex of SCAP/SREBP is no longer compatible to the COPII transport 

vesicles and, therefore, is not cleaved by S1P and S2P to release the NH2-terminal domain 

[364, 368] (Figure 4.4). 
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Figure 4.1 The mevalonate pathway. The mevalonate pathway starts with the conversion from HMG-CoA to 

mevalonate, which is catalysed by HMG-CoA reductase. Next, mevalonate is converted to isopentenyl 

pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMPP). Finally, IPP and DMPP condense together to 

form a range of biological products, including cholesterol, steroids, and isoprenoids. HMG-CoA: 3-hydroxy-3-

methyl-glutaryl-coenzyme A. PP: pyrophosphate. Reproduced from Thurnher, Nussbaumer and Gruenbacher 

(2012) [369] with permission from AACR. Copyright 2012 AACR.  

 

  

 

Figure 4.2 Farnesylation and geranylgeranylation of CAAX proteins 

(a) Farnesyl isoprenoid và geranylgeranyl isoprenoids are produced in the mevalonate pathway. (b) A farnesyl 

or geranylgeranyl group binds to the Cys residue in the CAAX motif of the protein molecule. Next, the AAX is 

removed by the catalysis of the RAS-converting CAAX endopeptidase 1 (RCE1). Isoprenylcysteine 

carboxylmethyltransferase ( ICMT) catalyzes the addition of a methyl group to the carboxyl group of the protein 

molecule. IPP, isopentyl diphosphate; GPP, geranyl diphosphate; GGPP, geranylgeranyl diphosphate; FPP, 

farnesyl diphosphate. Image reproduced with permission from Wang and Casey (2016) [370]. Copyright 2016 

Springer Nature. 
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Figure 4.3 Cholesterol molecular structure is based on a steroid nucleus 

 

 

Figure 4.4 Sterol-mediated proteolytic release of SREBPs from ER membranes. When the cellular levels of 

sterol are normal, SREBP remains associated with the ER membrane. When the cell is depleted of sterols, Insig 

becomes dissociated with the complex of SREBP/SCAP and allows the complex to travel to the Golgi 

apparatus. SREBP is cleaved by S1P and S2P and NH2-terminal domain released to enter the nucleus and bind 

to the SRE in the promoters of more than 30 genes involving in the mevalonate pathway and cholesterol uptake.  

The image was reused with permission from Xiao and Song (2013) [367]. Copyright 2013 Oxford University 

Press. 
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Figure 4.5 Molecular structures of statins. 

 

4.1.3 Evidence of anticancer effects of statin 

4.1.3.1 Epidemiological studies  

Statins are a group of HMG-CoA reductase inhibitors (Figure 4.5). Although statins are 

currently used primarily for the treatment of cardiovascular diseases, an increasing body of 

evidence indicates that statins might have protective effects against a number of different 

cancers. Epidemiological studies in patient populations from different countries demonstrated 

that statin use was associated with improved outcome of a number of cancers. The cohort 

study by Murtola et al. (2014) in patients diagnosed with breast cancer in Finland found that 

out of 31, 236 patients diagnosed with breast cancer during 1995 – 2003, 4,151 patients were 

statin users. Interestingly, both patients who used statins before or after diagnosis were 

associated with lower death risk due to breast cancer compared to the patients who did not 

use statins (HRstatin before = 0.46 and HRstatin after = 0.54) [371]. A study on 128,675 
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post-menopausal women in the United States of America showed that the women who used 

statins had a lower of the risk of being diagnosed with late-stage breast cancer (HR = 0.72). 

Furthermore, statin users also had lower rates of mortality due to breast cancer compared to 

statin non-users (HR = 0.59) [372]. Similarly, a cohort study in the United Kingdom in 

17,880 breast cancer patients diagnosed during 1998 – 2009 found that the use of statins after 

diagnosis was linked to reduced risk of breast cancer death (HR = 0.84). Among the statins 

investigated in this study, simvastatin provided the strongest protective effect (HR = 0.79) 

[373].    

Statin usage was also found to improve the outcome of patients diagnosed with some other 

cancers. A cohort study in 11,772 patients diagnosed with prostate cancer between 1998 – 

2009 in the United Kingdom found that using statins after diagnosis was associated with 

decreased mortality rate due to prostate cancer (HR = 0.76) [374]. In a study by Voorneveld 

et al. (2017), 21% of colon cancer patients were statin users. The cancer death risk for those 

patients significantly reduced by 34% compared to patients who did not use statins [375]. 

Interestingly, this effect was independent with the KRAS mutation status of the tumours 

[375]. The possible influence of the duration of statin usage and cancer mortality was also 

investigated. Wang et al. (2016) reported that only patients who used statins after being 

diagnosed were associated with decreased cancer mortality risk (HR = 0.78). Those who used 

statins before being diagnosed had a similar mortality risk compared to patients who never 

used statins (HR = 1.06) [357]. In a study by Yu et. al (2014), patients who used statins both 

before and after diagnosis had the strongest reduction in cancer mortality risk (HR = 0.55) 

[374].        

In addition to studies investigating the effect of statin usage in a single cancer type, a number 

of studies were also performed in mixed populations of cancer patients to investigate the 

effect of statins in multiple cancer types. A prospective cohort by Wang et al. (2016) included 
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146,326 women aged 50 – 76 at 40 clinic centres in the United States of America. The study 

found that patients who were using statins during the study period had a lower risk of cancer 

death compared to patients who never used statins (HR = 0.78). However, patients who used 

statins before the study started had a similar risk of cancer death compared to patients who 

never used statins (HR = 1.06). Importantly, analysis for specific cancer types found that 

cancer types that most benefited from statin usage included breast, ovarian, endometrial, 

colorectal, digestive, bone and connective tissue cancers [357]. Another study by Nelsen et 

al. (2012) included all Danish patients diagnosed with cancers between 1995 and 2007. 

Among those aged 40 and above, 18,721 patients were frequent users of statins and 277,204 

patients never used statins or any cholesterol-lowering drugs. The study found that statin 

users had a lower risk of cancer death by 15% compared to statin non-users [376]. Combining 

data from 39 cohort studies and two case-control studies involving nearly 1 million patients, 

Zhong et al. (2015) found that statin usage was associated with a strong reduction of risk of 

cancer death by 30%, with colorectal, prostate, and breast cancer being the cancers with the 

most obvious reduction in the mortality rates [377].           

However, the observational effect of statin usage varied greatly between cancer types. 

Controversy remains about whether statin usage truly improved the survival and treatment 

outcome of cancer patients. Emerging epidemiological studies reported neutral or even 

opposite effects of statins in cancers. One example is the meta-analysis by Emberson et al. 

(2012) combining data from 27 statin trials involving 175,000 patients. The study found that 

the 5-year usage of statins did not reduce the cancer mortality rate (HR = 1.00) [378]. 

Another example is the meta-analysis by Date et al. (2006) included 6662 incident cancers 

and 2407 cancer deaths. The study also found that statins did not reduce the incidence as well 

as the mortality rate of cancers [356]. 
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Taken together, epidemiological studies provide strong evidence about the protective effect 

of statins against a number of cancers. However, there also remain controversy about this, 

which was backed up by a number of studies either did not find the benefit of statin usage or 

even find the reverse effect of statin usage in cancer mortality and incidence.     

4.1.3.2 Pre-clinical studies of the effect of statins in cancer 

A number of studies have shown that statins suppressed the proliferation of cancer cells by 

inducing apoptosis, blocking the cell cycle, and inhibiting the migration of the cancer cells 

[379-382]. Statins were reported to inhibit the proliferation of both estrogen receptor (ER) 

positive and ER-negative breast cancer cells. For example, simvastatin suppressed the 

proliferation of ER(+) MCF-7 and ER(-) MDA-MB-231 cells [383, 384]. Interestingly, 

Gopalan et al. (2013) provided evidence that simvastatin also inhibited the proliferation of 

breast cancer cells that had acquired resistance to tamoxifen and doxorubicin [385].   

Several studies reported that statins induced apoptosis in cancer cells by inhibiting the 

expression of the anti-apoptotic protein Bcl-xL[383, 385]. Furthermore, statins were also 

found to suppress the migration of cancer cells in a number of studies. For example, 

simvastatin (25µM and 50 µM) was found to abrogate the migration-stimulating effect of 

CCL17 on HT29 colon cancer cells [386]. CCL17 plays an important role in the recruitment 

of regulatory T cells in the tumour microenvironment [387]. Expression of CCR4, the 

receptor of CCL17, was found in a number of cancer cell types, including leukaemia, gastric, 

breast, and colon cancers [388-390]. Importantly, recent evidence also supported that the 

CCR4/CCL17 axis is an important mechanism by which the tumour cells escape from host 

immunity, even in tumours where a large excess of host immune cells are present such as 

Hodgkin lymphoma [391, 392]. This might suggest that simvastatin might potentially have an 

inhibitory effect on the immune evasion mechanism of the tumour cells [393, 394].          
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Fang et al. (2013) demonstrated that simvastatin (16µM) decreased the survival of A498 

renal cells by 50%, induced apoptosis in 10% of the treated cells as compared to 2.5% in the 

control cells, and reduced the migration of the cells by approximately 50% [395]. 

Simvastatin, fluvastatin, and lovastatin (10µM) also increased the percentages of G1-phased 

PC-3 prostate cancer cells to approximately 90% as compared to that of the control cells 

(60%). In contrast, these statins decreased the percentages of S-phased and G2/M-phased PC-

3 cells to approximately 10% as compared to those of the control cells (approximately 30% 

and 20% for the S-phased and G2/M-phased cells, respectively) [396]. This indicated that 

statins arrested the cell cycle process at the G1 phase of the prostate cancer cells. Some other 

studies reported similar results in hepatocellular carcinoma cells and colon cancer [397, 398],  

while another study reported that simvastatin-induced cell death in COLO-205 and HCT-116 

colon cancer cells but did not cause cell cycle arrest in any of these cell lines at 

concentrations up to 50µM [399]. Some studies investigated whether the solubility of statins 

in lipid affects the inhibitory effect of statins in cancer cells. Campbell et al. (2006) observed 

that lipophilic statins such as simvastatin and lovastatin had stronger inhibitory effects than 

hydrophilic statins such as pravastatin [379]. In another study, however, the lipophilic 

atorvastatin only had a weak effect in MCF-7 cells [382].  

Consistent with the in vitro effects, evidence also supported that statins also inhibited tumour 

growth in animal models. Simvastatin and fluvastatin significantly delayed the development 

of MCNeuA mammary tumours [379]. Rosuvastatin and fluvastatin strongly suppressed the 

growth of the xenografts of CAPAN-2 pancreatic cancer cells [380]. Not only inhibiting 

tumour growth, a number of studies demonstrated that statins also reduced the progression of 

tumours. Mandal et al. (2011) monitored bone metastasis of MDA-MB-231 xenografts by 

examining osteolytic lesions in the hind limbs of the nude mice. Results of the study 

indicated that simvastatin significantly decreased the number of bone metastasis from the 
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primary breast cancer tumours in immunodeficient mice [400]. Furthermore, statins were also 

found to be effective in tumours-bearing mice with intact immune systems. In Balb/c mice, 

for example, fluvastatin suppressed the metastasis of Renca murine renal cancer tumours to 

the lung [401]. Taken together, both in vitro and in vivo data support the anticancer effects of 

statins in a number of cancer types.   

4.1.4 Possible mechanism of anti-cancer effects of statins 

One of the possible mechanisms for the anticancer effects of statins might be that statins 

inhibit cholesterol synthesis, leading to cellular depletion of cholesterol, which in turn affects 

cellular survival and growth [402]. Cholesterol is an important structural component of the 

lipid rafts of the cellular membrane, which plays important roles in cellular signal 

transduction [403, 404]. PyMT mice were fed with a cholesterol-rich diet (2% cholesterol) 

for 4 weeks developed higher numbers of tumours than mice with normal diet (<0.003% 

cholesterol) [405]. Apolipoprotein E-knockout mice had elevated levels of circulating 

cholesterol and triglyceride. In addition, tumours developed in these knockout mice grew 

faster and with higher numbers of metastatic lesions [406]. Furthermore, cholesterol is a 

precursor of a number of steroid hormones such as estrogen and androgens, which are 

important to the development and progression of breast and prostate cancers [407-409]. In 

addition, a metabolite of cholesterol, 27-hydroxycholesterol (27HC), is an endogenous 

estrogen receptor modulator [410] and promote the growth and metastasis of breast cancer 

[411]. Increased synthesis of cholesterol was associated with decreased survival of patients of 

several cancer types, including sarcoma, acute myeloid leukaemia, and melanoma [402]. 

Elevated levels of blood cholesterol were found to be an independent risk factor in breast 

cancer [412, 413]. Interestingly, a study by Kitahara et al. (2011) in 1,189.719 patients in 

Korea found that high total cholesterol (> 240 mg/dL) was directly proportional with the 

incidence of prostate cancer (HR = 1.24) and colon cancer (HR = 1.12) in men and breast 
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cancer (HR = 1.17 in women. In contrast, high total cholesterol was inversely proportional 

with the incidence of liver cancer (men HR = 0.42; women HR = 0.32), stomach cancer (men 

HR = 0.87; women HR = 0.86),  and lung cancer in men (HR = 0.89) [414].       

Another possible mechanism for the anticancer effects of statins might be that statins inhibit 

the production of isoprenoids and, as a result, suppress protein prenylation. Protein 

prenylation is an important post-translational modification step required for the normal 

functions of a number of proteins, many of which involve in cancer biology [355, 415-418]. 

The mevalonate is the unique source of FPP and GGPP, which farnesylates or 

geranylgeranylates those proteins, primarily small molecule GTPases such as Ras, Rho, and 

Rab families, which play important roles in the initiation, development, and progression of 

cancer [358, 360, 361, 370]. Current evidence showed that the effects of statin in cancer cells 

were abrogated when FPP or GGPP were introduced into the cancer cells [419, 420]. For 

example, treatment of lovastatin in TRAMP prostate adenocarcinoma cells inactivated the 

small GTPase RhoA, induced the disassembly of actin stress fibre, and arrested the cell cycle 

at the G1 phase. These effects were abrogated when the cells were co-treated with lovastatin 

and GGPP [421]. Similarly, acute myeloid leukaemia cells treated with lovastatin underwent 

apoptosis, which was prevented by pre-treatment of the cells with GGPP or mevalonate 

[419]. The Ras GTPase family members are crucial in mitogenic signalling transduction in 

response to growth stimulation [415]. Some members such as NRAS and KRAS function as 

major drivers for the development and progression of a number of cancers, including 

melanoma, lung and colon cancers [312, 422]. Several studies explored the efficacy of statins 

in cancer cells with mutations of the RAS genes. Held et al. (2011) reported that simvastatin 

inhibited melanoma cancer cells, of which those with RAS mutations appeared to be more 

sensitive to simvastatin [423]. In mesothelioma cells, lovastatin decreased the membrane-

associated RAS and increased the cytosolic fractions of RAS, suggesting lovastatin 
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treatment-induced RAS translocation from membrane to the cytoplasm [417]. Overexpression 

of RAS also sensitized NIH-3T3 fibroblasts to lovastatin [424].   

Recent understanding of the link between the mevalonate pathway and the Hippo pathway 

has further explained the anticancer effects of statins [425]. In mammalian cells, the Hippo 

pathway includes serine/threonine-protein kinases (STK) 4 and 3, large tumour-suppressor 

1 and 2 (LATS1 and LATS2), MOB kinase activators 1A and 1B (MOB1A and MOB1B), 

Yes-associated protein (YAP), transcriptional coactivator with PDZ-binding motif (TAZ), 

and transcription factor TEA domain family members 1-4 (TEAD1-4). YAP and TAZ are 

transcriptional co-activators that positively regulate cellular growth and survival [425]. 

Overexpression of YAP led to an excess proliferation in different tissues, including skin, 

liver, and digestive tract [426]. In addition, activities of YAP and TAZ in high-grade 

metastatic breast cancer samples were found higher than those in non-metastatic breast 

cancer samples [427].         

Sorrentino et al. (2014) screened a library of 640 compounds for their effect on the 

activities of YAP and TAZ in breast cancer cells, which were indicated by the 

relocalization of YAP/TAZ from the nucleus to the cytoplasm [428]. Strikingly, all the 5 

statins in the library were the most potent among 30 compounds identified to be able to 

induce the cytosol localization of YAP/TAZ [428]. Inhibition of enzymes catalyzing the 

formation of GGPP, but not of FPP or squalene, reproduced the effect of statins. 

Furthermore, cerivastatin decreased RhoA membrane-bound localization, which was 

rescued by the addition of GGPP. These indicated that the mevalonate pathway regulated 

the activities of YAP and TAZ via the geranylgeranylation of RhoA GTPases and statins 

could inhibit YAP and TAZ via inhibiting the formation of GGPP from the mevalonate 

pathway [428]. Cerivastatin and simvastatin inhibited YAP activity and the proliferation of 

mouse pancreatic ductal adenocarcinoma cancer cells [429]. Similarly, simvastatin 
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attenuated the activity of YAP and the expression of YAP’s target genes in pros tate cancer 

cells, including CTGF, BRCA5, and Cyr61 [430]. Importantly, we have done an analysis 

of our own and found a number of key genes of the mevalonate pathway frequently 

changed at genetic and transcriptional expression levels in melanoma patients (Figure 4.6), 

which might be responsible for the actions of statins in melanoma.       

 

Figure 4.6. Mevalonate pathway genes are commonly found altered at genetic and transcriptional 

expression levels. Genomic and transcriptional alterations of genes that regulate the mevalonate pathway 

were analysed by using data from TCGA database [431]. HMGCS1: 3-Hydroxy-3-Methylglutaryl-CoA 

Synthase 1. HMGCS2: 3-Hydroxy-3-Methylglutaryl-CoA Synthase 2. FDPS: Farnesyl Diphosphate Synthase. 

GGPS1: Geranylgeranyl Diphosphate Synthase 1.     

4.1.5 Rationale and aims of this chapter 

Melanoma is one of few cancers of which the incidence and burden continue to increase 

recently, especially for young adults [35]. Breakthroughs have been made in the treatment of 

melanoma with the emergence of two new classes of therapies: targeted therapies and 

immunotherapies. However, approximately half of the treated patients did not respond to any 

of those therapies [26, 242, 432]. Furthermore, the high costs of the new therapies are of 

growing concern, which makes them beyond the financial reach of a significant population of 
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patients [433-436]. More affordable therapies are therefore urgently needed. Evidence of the 

anticancer effects of statins is exciting because statins are of low cost and long established in 

clinical practice. However, controversy remains in the anticancer effects of statins, especially 

in some cancer types, including melanoma. A number of epidemiological studies provided a 

neutral or even reverse effect of statin usage in the outcome for cancer patients. Furthermore, 

a number of preclinical studies only observed the effects of statins at relatively high 

concentrations. Some studies reported the effects of statins at concentrations of more than 10 

µM or even 30 µM, which would be difficult to achieve in patients [379, 382, 384]. These 

highlighted the need for further studies that investigate the anticancer effects of statins in a 

broader range of cancer types and with more clinically achievable concentrations of statins. 

Importantly, it is also crucial that statin sensitivity biomarkers be explored as this would help 

to predict which phenotypes of cancer cells would most likely respond to statin treatment.       

For these reasons, in this chapter, we explored the effects of three different statins in a large 

panel of low-passage NZM melanoma cell lines derived from New Zealand melanoma 

patients. We then aimed to understand what cellular mechanisms were responsible for the 

observed effects of statins in melanoma cells. Next, we determined whether statins might 

have a role in improving the current targeted therapies. To investigate molecular mechanisms 

and biomarkers for statin sensitivity, we performed a whole-genome CRISPR knockout 

screen. Finally, we validated the findings from the screen using the single knockdown 

approach as well as validation of pathways in another NZM line. 

4.2 RESULTS 

4.2.1 Effect of statins in NZM melanoma lines and non-melanoma cancer lines 

First, we studied the effect of three different statins, simvastatin, fluvastatin and lovastatin, on 

the proliferation a large number of cancer cell lines. Our focus was to identify cancer cell 
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lines whose growth was suppressed by statins with EC50 values within 0.1 - 1 μM, the 

concentration range that could be achieved in the blood following therapeutic dosages of 

statins [437-440]. To do that, we used a panel of 47 NZM melanoma cell lines and 12 non-

melanoma cancer cell lines, the latter of which included cell lines of colorectal cancer, non-

small cell lung cancer, prostate cancer, ovarian cancer, and breast cancer. SRB assay was 

used to detect the anti-proliferative effect of the three statins on those cell lines [441].  

Figure 4.8 A-C shows that the three statins generally inhibited the proliferation of almost all 

melanoma and non-melanoma cancer cell lines. Percentage figures exceeding 100% in these 

graphs indicates there was cell death over 3 days of the assay. This was seen in the majority 

of the cell lines indicating that statins not only slowed down cell growth rate but also induced 

cell death. Almost all cell lines responded to statin treatment with EC50 values ranging from 

sub-micromolar to low micromolar. However, we noticed that most of the non-melanoma 

cancer lines had EC50 values of more than 1 uM. In contrast, the majority of NZM melanoma 

cell lines had EC50 values within the range of 0.1 - 1 μM (Figure 4.7 A-C), which has been 

shown in previous studies to be similar to the statin concentration range in the blood 

following statin therapeutic dosage [437-440]. This was similar for all the three statins tested 

(Figure 4.7 A-C). Furthermore, on average, NZM melanoma cell lines had lower EC50 values 

and higher inhibition magnitudes than non-melanoma cell lines (Figure 4.7 D). Taken 

together, these data demonstrate that the statins had a strong antiproliferative effect on a wide 

range of cancer types, but that the melanoma cells were especially sensitive (Figure 4.8 D). 

The only non-melanoma line that was sensitive was MCF-7, but in this case, the drugs were 

only achieving cytostasis (Figure 4.7 A,B,C). In these graphs, the yellow shading indicates 

cell lines where cell kill is being achieved (i.e. a number over 100%) and where the EC50 is 

below 1 μM. This latter figure is chosen as based on clinical trial data this potentially 

represents a therapeutically tolerable dose for statins, albeit that there may be a subgroup of 
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people who would not tolerate this dose well [437-440]. This led us to undertake experiments 

to understand the mechanisms that might make melanoma cells particularly sensitive to 

statins.  

 

Figure 4.7 Effects of statins in NZM melanoma and non-melanoma cancer cell lines. (A)(B)(C) Anti-

proliferative effect of simvastatin, fluvastatin, and lovastatin in melanoma and non-melanoma cancer cell lines. 

(D) Average EC50 values and inhibition magnitudes of statins in the NZM melanoma and non-melanoma cancer 
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cell line panels. Yellow area: clinically relevant range, which was defined as concentrations below 1 µM. 

Comparison analysis was performed by a one-way ANOVA with P < 0.05 indicating significant difference (**: 

P< 0.01; ***: P<0.001, ****: P<0.0001). 

4.2.2 Comparison of statin effect in major genotype groups of melanoma 

Results in the previous section 4.3.1 indicated NZM melanoma lines were generally sensitive 

to statins even at low concentrations. Given the high frequencies of BRAF and RAS 

mutations in melanoma [312], we sought to look into whether statin response correlates to the 

status of those oncogenic mutations. Figure 4.8 A-C presents the comparison of statin 

response in NZM lines with BRAF mutations (22 lines), RAS mutations (14 lines) and 

neither of these mutations (11 lines, which are indicated as other in Figure 4.8). Interestingly, 

we found that all the three statins suppressed the growth of melanoma cells that belong to all 

those three genotype groups, with EC50 values being less than 1 μM or even less than 0.1 μM 

(as indicated by the yellow shading) in the majority of the cell lines. However, smaller 

percentages of RAS-mutant NZM lines responded to the statins with EC50 values falling 

within this yellow region in the figure compared to BRAF mutant lines and other NZM lines 

(Figure 4.8 A-C). In addition, on average, RAS mutant cell lines had higher EC50 values than 

NZM lines of the other groups (Figure 4.9 D, left graph). The trend observed, therefore, was 

for RAS-mutant lines to be less sensitive to these statins in these assays (Figure 4.8). Overall, 

these data provide important evidence that statins strongly suppressed the proliferation of 

melanoma cells across all the major genotypes and that RAS mutant lines appeared to be 

relatively less sensitive to statins than the other genotype groups.    
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Figure 4.8 Effect of statins in NZM lines of major genotype groups. (A)(B)(C) Anti-proliferative effect of 

simvastatin, fluvastatin and lovastatin in BRAF mutant, RAS mutant, and BRAFWT/RASWT NZM lines, 

respectively. (D) Average EC50 values and inhibition magnitudes of statins in BRAF mutant, RAS mutant, and 

BRAFWT/RASWT NZM lines. Yellow area: clinically relevant range, which was defined as concentrations below 

1 µM. Comparison analysis was performed by a one-way ANOVA with P < 0.05 indicating significant 

difference (**: P< 0.01). 
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4.2.3 Cellular actions of statins in NZM melanoma lines 

We next looked into cellular mechanisms for the statin-induced inhibition of melanoma cell 

growth we observed. One of the unique features of cancerous cells is their ability to undergo 

a fast and virtually unlimited number of cell divisions [317]. We, therefore, studied whether 

statin-induced inhibition of melanoma proliferation could be linked to cell cycle progression 

of melanoma cells. Figure 4.9 A-D presents proportions of NZM melanoma cells in G1, S, 

and G2/M phases of the cell cycle when cells of different NZM lines cells were treated with 

simvastatin in comparison with the untreated cells, including NZM7, NZM28 (BRAF 

mutant), NZM24 and NZM40 (NRAS mutant). In all the NZM lines tested, we found a 

significant increase in the G0/G1 phase at 48h after simvastatin treatment and no difference 

in the S phase. In contrast, the proportions of melanoma cells in the G2/M phase were 

decreased following simvastatin treatment (Figure 4.9 A-D). Furthermore, we also 

investigated whether simvastatin could induce apoptosis in NZM40 (NRAS mutant) 

melanoma cells. After staining NZM40 cells with Annexin-V, we observed NZM40 cells in 

typical morphologies reflecting both early and late stages of an apoptosis induction process. 

We quantified the proportion of those apoptotic and late apoptotic cells were significantly 

increased following simvastatin treatment compared to those of control samples (Figure 4.9 

E,F). Together, these data indicated that simvastatin blocked cell division by arresting the cell 

cycle at the G0/G1 phase, preventing the melanoma cells from progressing through to G2/M 

phase of the cell division process, which resulted in cells undergoing apoptosis-mediated cell 

death.  

Another property of malignant cells is that they could migrate from one location to a new 

one. We, therefore, investigated whether simvastatin could exert an inhibitory effect in this 

feature of melanoma cells by using scratch assay. Figure 4.10 shows a strong migration 

ability of 3 different NZM melanoma cell lines representing the 3 main melanoma genotype 
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groups (control groups in scratch assay test). However, when the cells were incubated with 

simvastatin, this process was significantly suppressed by 50, 60 and 70% in NZM28, 

NZM24, and NZM36, respectively. We further tested whether this inhibition was dose-

dependent in NZM36. Indeed, simvastatin at 0.25 μM, 0.5 μM and 1 μM suppressed the 

migration of NZM36 cells by 20%, 40%, and 70%, respectively (Figure 4.11), suggesting that 

simvastatin-induced migration inhibition was dose-dependent in a similar way to that seen in 

the growth assays. 

Taken together, our data demonstrated that statins inhibited melanoma cell proliferation and 

survival by inducing apoptosis, arresting cell cycle progression at the G0/G1 phase, and 

inhibiting melanoma cell migration.    
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Figure 4.9 Simvastatin-induced cell cycle arrest and apoptosis in NZM cells. (A)(B)(C)(D) Respective 

percentages of NZM7, NZM28, NZM24, and NZM40 cells respectively at G0/G1, S and G2/M phases 

following simvastatin treatment. (E)(F) Respective percentages of apoptotic and late apoptotic NZM cells 

following simvastatin treatment. Comparison analysis was performed by a one-way ANOVA with P < 0.05 

indicating significant difference (*: P< 0.05; **: P<0.01; ***: P<0.001; ****: P<0.0001).  
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Figure 4.10 Simvastatin inhibited migration of NZM cells. (A)(B) Illustration and quantification of 

simvastatin-induced inhibition of NZM28 migration. (C)(D) Illustration and quantification of simvastatin-

induced inhibition of NZM24 migration. (E)(F) Illustration and quantification of simvastatin-induced inhibition 

of NZM36 migration. Comparison analysis was performed by a t-test with P < 0.05 indicating significant 

difference (***: P<0.001; ****: P<0.0001). 
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Figure 4.11 Simvastatin inhibited migration of NZM36 cells in a dose-dependent pattern. (A) Illustration 

of simvastatin-induced inhibition of NZM36 cells in a dose-dependent pattern. (B) Quantification of 

simvastatin-induced inhibition of NZM36 cells in a dose-dependent pattern. Comparison analysis was 

performed by a one-way ANOVA with P < 0.05 indicating significant difference (**: P<0.01; ****: P<0.0001). 
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4.2.4 Effect of simvastatin in NZM36 xenograft tumour growth 

To further investigate the anti-cancer effect of simvastatin, we evaluated the effect of 

simvastatin in tumor growth using a xenograft model. To select a tolerable dose of 

simvastatin for experimental animals, we performed a pilot maximum tolerated dose (MTD) 

experiment to find the maximum tolerated dose. Doses ranging from 100 mg/kg to 800 mg/kg 

were tested in NIH-III immunocompromised mice, which would be later used for our 

xenograft experiment. Overall health condition was monitored daily for 5 days. We observed 

that simvastatin at all doses did not cause any weight loss during the experiment duration.  

Next, we generated human melanoma xenografts in NIH-III mice by inoculating 5 x 106 cells 

of NZM36 line into the right flank of the mice. NZM36 was chosen for this xenograft study 

as this cell line is highly tumorigenic and one of the most sensitive lines to simvastatin (EC50 

= 0.05 μM). Once the NZM36 tumors reached 200 mm3 in volume, the mice were daily 

dosed with simvastatin by oral gavage for 14 days. Consistent with our observation in the 

previous MTD pilot experiment, we found simvastatin at the dose tested was well tolerated 

throughout the experiment period. Compared to the control group, simvastatin-treated mice 

showed significantly slower rates of tumor growth. At the end of the treatment period, the 

average volume of simvastatin-treated tumours was significantly smaller than those of the 

control group by at least 50% (Figure 4.12 A). Surprisingly, there was no dose dependency, 

with the lowest dose being similarly effective as the highest. Importantly, statins at all the 

doses tested did not cause any signs of toxicity and no weight loss was observed (Figure 4.12 

B), indicating simvastatin was well tolerated in the NIH-III mouse xenograft model. These 

data indicated that simvastatin at the doses tested significantly inhibited human melanoma 

xenografts while remained tolerable for the mice. Together with our previous in vitro data, 

our results provided further evidence of anti-cancer effects of statins against the proliferation 
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and survival of melanoma cells both in vitro at low concentrations and in vivo at well-

tolerated doses. 

   

 

Figure 4.12 Effect of simvastatin in the growth of NZM36 xenograft tumours. (A) Simvastatin at all the 

doses tested suppressed the growth of NZM36 xenograft tumours by 50%. (B) Mice body weight during statin 

treatment.  
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4.2.5 Combinations of simvastatin and current targeted therapies for melanoma 

While the simvastatin didn’t completely prevent tumour growth, the finding that it slowed 

growth suggested to us it might be useful as part of combination therapy. Such synergies 

were not obvious in cell-based assays using an inhibitor of mutant BRAF (vemurafenib), an 

inhibitor of MEK (CI1040) or 2 different inhibitors of the PI 3-kinase pathway (Figure 4.13). 

Since the processes regulating effects on tumours involve effects on not just only the tumour 

cell themselves but also on the supporting host cells in the microenvironment it was possible 

the effect of the combinations on tumours might be different. Therefore we tested the effect 

of a combination of simvastatin with vemurafenib on xenografts of NZM12 (BRAF mutant) 

(Figure 4.14). The NZM12 xenografts are sensitive to vemurafenib as would be expected and 

simvastatin also restricts the growth of the tumours. Notably, two drugs together achieve an 

additive and virtually cytostatic effect. Of more interest was the effect we see in xenografts of 

the NZM12PR clone.  This cell clone had been made resistant to vemurafenib in cell culture 

and this resistance remains in the xenografts, which in fact causes a paradoxical increase in 

tumour growth in this case (Figure 4.14).  Simvastatin remains effective in this tumour model 

to a similar extent as was seen in the parental NZM12 cell line xenografts.  Surprisingly the 

combination of these two drugs was even more effective than a statin alone although 

vemurafenib alone caused the paradoxical increase in tumour growth (Figure 4.14). Together 

this suggests the possibility that statins could be a useful component of a combination therapy 

for melanoma. 
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Figure 4.13 Combination of fluvastatin and targeted therapies in NZM melanoma cell lines. NZM cells 

were seeded into 96-well plates (5,000 cells/well). Cells were treated for 72 hours with DMSO control (0.01%) 

or inhibitors either as single agents or in combinations with other inhibitors. Treatment efficacy was determined 

by using the SRB assay after the treatment was complete. Flu: Fluvastatin. Vem: vemurafenib. CI: CI1040. 

BEZ: BEZ235. Concentrations mentioned in the figure were in µM. Data were expressed as percentage of 

control.  
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Figure 4.14 Combination of simvastatin and vemurafenib in xenograft tumours of NZM12 and NZM12-

vemurafenib resistant cell lines. Melanoma cells were inoculated to NIH-III mice (5 x 106 cells per mice). 

Tumour sizes were measured with an electronic calliper. Drug administration was performed by gastric gavage. 

Data were expressed as percent of the starting tumour volumes. Upper graph: growth curves of xenograft 

tumours of NZM12 cells. Lower graph: growth curves of xenograft tumours of NZM12PR cells, which were 

vemurafenib-resistant cells derived from NZM12 parental cell line. Vem: Vemurafenib. Sim: Simvastatin.   

4.2.6 Efficiency of lentiviral vector-mediated gene transfer in NZM lines 

We sought to further understand the molecular mechanisms of statin actions on melanoma 

cells by using genome-scale CRISPR knockout (GECKO) screens [442], the results of which 

are presented in the next sections. Previous studies have shown that lentiviral-mediated 

transduction system has large packaging capacity, with low toxicity, and supported effective 
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and stable transduction [443-447]. Therefore we chose lentiviral vectors as a way to introduce 

the GECKO sgRNA library to melanoma cells. Furthermore, for the whole GECKO sgRNA 

library to be efficiently transduced into NZM melanoma cells, it is important to identify NZM 

melanoma cell lines with high transduction efficiency. To screen for highly transducible 

NZM lines, we used a pTRIPZ lentiviral vector, which contains a tetracycline-inducible 

promoter and RFP reporter (Figure 4.15 A). After transduction, the cells were incubated with 

doxycycline, a member of the tetracycline group, to induce the expression of RFP, which 

allowed quantification by flow cytometry analysis (Figure 4.15 B). Using this lentiviral 

vector, we screened a number of NZM lines and found that the lentiviral transduction 

efficiencies of those cell lines varied greatly, ranging from non-transducible to highly 

transducible (Figure 4.16 C). Among all the NZM lines screened, NZM37 stood out as the 

highest transducible cell line with the transduction efficiency reached to 35% (Figure 15 

B,C). Therefore, we selected NZM37 for the actual GECKO screens.     
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Figure 4.15 Lentiviral vector transduction efficiency screening. (A) pTRIPZ lentiviral vector components 

allow transduced cells to be monitored and quantified via RFP expression. (B) RFP-expressing NZM37 after 

transduction of pTRIPZ lentiviral vector and doxycycline induction. (C) Transduction efficiencies of a panel of 

NZM cell lines.   
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4.2.7 Genome-scale CRISPR knockout  

To study the molecular mechanisms of statins, we screened approximately 19,000 protein-

coding genes to identify genes involving in statin actions in melanoma cells. Our approach 

was to create a mixture of 19,000 populations of melanoma cells corresponding to 19,000 

different genes, where cells in each population had the same gene deleted. To achieve this, 

we transduced into a large population of melanoma cells a lentiCRISPR GECKO library v2 

developed in Fang Zhang’s lab [448], which contained 122,417 sgRNA construct targeting 

more than 19,050 protein-coding genes and 1,864 miRNA.  

For a sgRNA to successfully target its corresponding gene by a CRISPR system, the sgRNA 

needs to be transduced into a cell expressing Cas9. Initially, the vectors of lentiCRISPR 

GECKO v1 library was designed to contain both sgRNA and Cas9 and, consequently, only 

one-time transduction was required [442]. A GECKO library v1 designed in this way is 

therefore referred to as a one-vector system. More recently, studies showed that the 

transduction efficiency could be improved when Cas9 was introduced to the cells first, and 

then those cas9-transduced cells continue to be transduced for the second time with sgRNAs 

[448]. A GECKO library v2 designed in that way was therefore referred to as a two-vector 

system. To improve transduction efficiency, we selected a two-vector based GECKO library 

for our study.  

First, we transduced NZM37 melanoma cells with the first vector containing Cas9: lenti-

Cas9-Blast. This vector contained a blasticidin selection marker and therefore make the cells 

that were transduced with this vector become relatively more resistant to blasticidin. We first 

screened different concentrations of blasticidin on NZM37 cells to identify the lowest 

concentration that would kill all the cells (Figure 4.16 A). Once the NZM37 cells were 

transduced with lenti-Cas9-Blast vectors, the cells were incubated with blasticidin at this 
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concentration in order to select only transduced cells. To select the concentration of 

blasticidin, we titrated blasticidin concentration over the number of live cells remained 

(Figure 4.16 B), which allowed us to select blasticidin 6 ng/ml as the lowest concentration 

that kills all non-transduced cells. Our transduction was then performed with the different 

amount of viruses and the corresponding multiplicity of infection (MOI) for each amount of 

virus was calculated (Figure 4.16 C). We identified one batch of NZM37 cells (as indicated 

by a blue arrow) that were transduced at MOI of 0.37 and selected these cells for the next 

steps as cells transduced with low MOI have the highest probability of one cell being 

transduced with no more than one single lentiCas9-blast vector [442, 448] and therefore 

reducing the probability of off-target effects associated with excessive Cas9 expression [449]. 

Cas9 was detected by western immunoblotting only in transduced cells but not in NZM37 

parental cells. This confirmed that Cas9 was successfully transduced into the NZM37 

melanoma cells (Figure 4.16 D).  

Next, we transduced the Cas9-expressing NZM37 with a GECKO v2 library containing 

lentisgRNA-Puro targeting more than 19,000 different protein-coding genes. Each vector in 

this library contains a specific sgRNA and a puromycin selection marker, which makes the 

cell transduced with this vector more resistant to puromycin than non-transduced cells 

(Figure 4.17 A). Puromycin titration was performed to identify the lowest concentration of 

this antibiotic that killed all the non-transduced cells (Figure 4.17 C). By using different virus 

amounts, we were able to identify a batch of cells that were transduced at the MOI close to 

0.3 (indicated by a blue arrow), which was suggested to have the highest probability of one 

cell receiving no more than one construct (Figure 4.17 D). The transduced cells achieved 

after this transduction step was expected to contain more than 19,000 different populations of 

melanoma cells where cells in each population had one same gene deleted. This population 

was referred to as NZM37 GECKO library (Figure 4.17 B).       
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Figure 4.16 Transduction of lentiCas9-Blast vector in NZM37 cell line. (A) Each lentiCas9-Blast vector 

contains Cas9 and a blasticidin marker. (B) Blasticidin titration curve. (C) The multiplicity of infection in 

NZM37 with different amount of virus. (D) Confirmation of Cas9 expression in transduced cells using Western 

immunoblotting. 
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Figure 4.17 Transduction of lentiGuide-Puro vector in Cas9-expressing NZM37. (A) Each lentiGuide-Puro 

vector contains a sgRNA and a puromycin marker. (B) Generation of libraries of cell sub-populations, each of 

which was transduced with a certain sgRNAs. (C) Puromycin titration curve. (D) The multiplicity of infection in 

Cas9-expressing NZM37 with different amount of virus.  

4.2.8 Drug selection of the GECKO library  

Next, we performed 3 independent pharmacological selections on NZM37 GECKO-control 

libraries using the three statins to select populations of library cells that were resistant to 

simvastatin, fluvastatin or lovastatin. The rationale is that these populations would lose genes 
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that conferred sensitivity to statins and would be enriched in genes conferring resistance to 

statins. For each selection, 2 independent NZM37 GECKO-control libraries were exposed 

separately to increasing concentrations of either simvastatin, fluvastatin or lovastatin, with 

the initial concentrations were 0.5 μM. Selection pressure was monitored daily by observing 

the magnitude of death and regrowth of the library cells under a microscope. Statin 

concentrations were increased over a period of 30 days, in which increasing degrees and 

intervals were adjusted so that selection pressure was continuously maintained without losing 

the representative number of the library (6 x 107 cells) (Figure 4.18 A). On average though, 

concentrations of the statins were raised up by about 1 μM every 3-4 days. After 30 days, the 

three selections resulted in 6 independent GECKO libraries, two of which corresponding to a 

certain statin. All the 6 libraries were completely resistant to respective statins at 10 μM 

(Figure 4.18 B,C,D). Each of these resultant libraries was called NZM37 GECKO-

simvastatin library, NZM37 GECKO-fluvastatin library, or NZM37 GECKO-lovastatin 

library. Together with the NZM37 GECKO control libraries, we generated 8 GECKO 

libraries ready for sequencing.  
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Figure 4.18 Statin-induced selection in NZM37 GECKO library. (A) Concentration increase over time to 

select cells resistant to simvastatin, fluvastatin or lovastatin. (B) Simvastatin dose-response curve of NZM37 

parental cells and simvastatin-selected library. (C) Fluvastatin dose-response curve of NZM37 parental cells and 

fluvastatin-selected library. (D) Lovastatin dose-response curve of NZM37 parental cells and lovastatin-selected 

library. 
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4.2.9 Sequencing of GECKO sgRNA libraries 

To prepare for the sequencing of the GECKO libraries, we harvested genomic DNA from a 

sufficient number of cells out of those GECKO libraries in order to maintain coverage of at 

least 500 cells per sgRNA. Since the GECKO control libraries contain up to approximately 

120,000 sgRNAs, the minimum required number we calculated was 6x107 cells per library. 

We then performed a three-step PCR to isolate the target sgRNAs from genomic DNA, attach 

barcode and sequencing adapter to each end of the target sequences and then amplify the 

resultant amplicons. In the first PCR (PCR1), we isolated 317-bp fragments of the genomic 

DNA that contain target sgRNAs by using a pair of forward primer F1 and reverse primer R1 

on a 5-cycle PCR program (Figure 4.19 A,B). The product was run on agarose gel 

electrophoresis, which confirmed the presence of 317-bp PCR amplicons. As expected, the 

band representing these amplicons was faint given that the PCR program used only a 

minimum number of cycles (Figure 4.20 A, upper). The 317-bp amplicons of PCR1, after 

pooled together, were run through a second minimal-cycle PCR (PCR2) using a pair of 

forward primer F2 and reverse primer R2, each of which also contains a 3’-overhang 

composed by sequences of barcode, stagger and sequencing adapter. Each resultant 363-bp 

amplicon of PCR2 contains a target sgRNA in the middle and the barcode-stagger-adapter 

complex attached to each end (Figure 4.19 B,C). After being run through electrophoresis, the 

amplicons were clearly seen on an agarose gel as bands consistent to their expected molecular 

weight of 363 bp (Figure 4.20 A, lower left). PCR2 products were next amplified in a third 

nested PCR (PCR3) with a pair of forward primer F3 and reverse primer R3 (Figure 4.19 

C,D). Again, the resultant amplicons were seen on agarose gel as bands consistent to their 

expected molecular weight of 363 bp (Figure 4.20 A, lower right). Finally, PCR3 amplicons 

were subjected to next-generation sequencing performed in Professor Stefan Bohlander’s lab 

(University of Auckland). Raw data in FASTQ files were demultiplexed and concatenated, 
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with the quality of the data being checked using FastQC by Mr Peter Tsai and Dr Francis 

Hunter (University of Auckland). Median base call quality in the trimmed 20 bp sgRNA read 

of NZM37 GECKO-simvastatin library, NZM37 GECKO-fluvastatin library and NZM37 

GECKO-lovastatin library was 36 in the PHRED scale (Figure 4.20 B,C,D). Similarly, 

histograms of mean sequence quality also demonstrated a model value of 36 for NZM37 

GECKO-simvastatin library, NZM37 GECKO-fluvastatin library and NZM37 GECKO-

lovastatin libraries (Figure 4.20 E,F,G respectively). Together, these data indicated high 

quality data obtained after next-generation sequencing (Figure 4.20 B,C,D).  
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Figure 4.19 Three-step PCR of target sgRNAs. (A) PCR1 isolated 317-bp fragments of genomic DNA that 

contain target sgRNAs. (B) PCR2 attached barcode, stagger and sequencing adapter to each end of the PCR1 

amplicons.  (C) PCR3 amplified PCR2 amplicons. (D) The resultant amplicons of PCR3 were 363-bp amplicons 

and ready for next-generation sequencing.  
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Figure 4.20 DNA extraction and sequencing of GECKO sgRNA libraries. (A) Electrophoresis in agarose gel 

confirmed the presence of amplicons of PCR1, PCR2, and PCR3. (B,C,D) Median base call quality in PHRED 

scale of the trimmed 20-bp sgRNA reads of NZM37 GECKO-simvastatin libraries (B), NZM37 GECKO-

fluvastatin libraries (C) and NZM37 GECKO-lovastatin libraries (D). (E,F,G) Histograms of mean sequence 

quality for NZM37 GECKO-simvastatin libraries, NZM37 GECKO-fluvastatin libraries and NZM37 GECKO-

lovastatin libraries (G). 
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4.2.10 Bioinformatics analysis of genes conferring sensitivity to statin 

To understand genes conferring sensitivity to statins, we performed bioinformatics analysis 

using the sequencing data of NZM37 GECKO-control libraries and NZM37 GECKO-statin 

libraries to identify genes whose loss was associated with resistance of NZM37 melanoma 

cells to statins. To date, a number of bioinformatics algorithms have been introduced, of 

which MAGECK, RIGER, and HIT-Select are among the most commonly used methods for 

whole genome knockout screens. First, we applied these methods separately to analyze 

sequencing data of each statin-resistant GECKO library, which identified lists of genes whose 

loss was most significantly enriched in a certain statin-resistant GECKO library analyzed 

with a single analysis method. This analysis was performed by Dr Francis Hunter (University 

of Auckland). Next, we used those gene lists as inputs for pathway analysis by using 

Pathview, which allows us to identify enrichment of genes that belong to the same signaling 

pathways [450]. Figure 4.21 presents 10 pathways that were most consistently and 

significantly enriched across different statins based on the different analysis methods. Hippo 

signaling pathway was one of the most significantly enriched pathways, which is a well-

known mechanism of actions of statins in cancer cells. Key genes of this pathway whose loss 

as significant in the statin-resistant libraries were  NF2, WWC1, SAV1, LATS1/2, RASSF6, 

RASSF1, CTGF and SMAD7. Cell cycles were also one of the most consistent and 

significant pathways with critical genes involving cell division such as CCND1, CCND2, 

CCND3, ORC1, PKMYT1, CCNH, CDK7, PKMYT1, and PLK1. Interestingly, we also 

found the p53 signaling pathway among the top pathways in all the three statins, important 

genes of which include TP53, ATM, ATR, GORAB, PTEN, AIFM2, EP300, and FAS. 

Furthermore, pathways relating to cancers in general (KEGG#hsa05200) and melanoma in 

particular (KEGG#hsa05218) were also consistently enriched, of which a number of genes 

are known to be major drivers for melanoma biology, including HGF, MET, TGFCR1/2, 
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PTEN, TP53, BAX, STAT3, and MYC. This might be responsible, at least in part, for the 

observation that NZM melanoma cell lines were particularly sensitive to statins compared to 

non-melanoma cancer cell lines. Interestingly, the mevalonate pathway and protein 

farnesylation pathway were not seen in the list of enriched pathways. We examined the 

possibility that the deletion of those genes might suppress the corresponding cell 

subpopulations by performing a dropout analysis. However, all the genes were found 

distributed in the whole GECKO control library, indicating that the dropout did not happen 

(Figure 4.22 A,B).  
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Figure 4.21 Pathway enrichment by statin treatment. KEGG pathway enrichment analysis of differently 

expressed sgRNAs of NZM37-GECKO simvastatin libraries, NZM37-GECKO fluvastatin libraries, and 

NZM37-GECKO lovastatin libraries compared to NZM37-GECKO control libraries. KEGG: Kyoto 

Encyclopedia of Genes and Genomes.  
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Figure 4.22 Cholesterol pathway drop-out analysis. Raw reads of sgRNAs in NZM37 control libraries and 

NZM37 statin libraries were plotted against each other. Genes regulating protein farnesylation (A) and 

cholesterol biosynthesis pathway (B) were found in both control libraries and statin-resistant libraries.    
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Next, we explored the analysis results by MAGECK, RIGER and HIT-Select in the three 

statins to identify genes whose deletion was most significantly enriched across different 

analysis methods for each statin. Such genes in the simvastatin-resistant GECKO library 

include TP53, CAB39, PTEN, ACRV1, FDFT1 and TMEM65 (Figure 4.23 A,B). For the 

fluvastatin-resistant GECKO library, most significantly deleted genes include TP53, CAB39, 

KDM6A, UBE2H, PTEN, ACRV1, TAOK1, and SEPHS1, which clearly showed a great 

overlap of top-hit genes such as TP53 and CAB39 with the simvastatin-resistant GECKO 

library (Figure 4.24 A,B). Most significantly deleted genes in the lovastatin-resistant GECKO 

library include KDM6A, FRYL, UBE2H, MOB2, RASSF6 and PCOLCE (Figure 4.25). 

Furthermore, we did an all-statin analysis to combine the results of all the three statin-

resistant GECKO libraries, in which most consistently and significantly deleted genes 

included again TP53, CAB39, KDM6A, UBE2H, PTEN, ACRV1, and TAOK1 (Figure 4.26 

A,B). TP53 and PTEN are the two most important genes of the p53 signaling pathway, which 

we earlier found to be among the most consistently and significantly enriched in the statin-

resistant GECKO libraries. Similarly, UBE2H was a top-hit gene in the libraries, which was 

consistent with our finding that the ubiquitin-mediated proteolysis was one of the 10 most 

significantly enriched pathways in the statin-resistant GECKO libraries. Interestingly, 

CAB39 was found to be one of the most significantly deleted genes across the 3 statin-

resistant GECKO libraries (P-MAGECK = 0.0005; P-RIGER = 0.0003 and HIT-Select gene 

ranking = 14th). CAB39 encodes calcium binding protein 39, which is known to interact and 

activate the tumour suppressor LKB1. Taken together, we identified most significantly 

deleted genes across the statin-resistant GECKO libraries, most of which belonged to one of 

the enriched pathways we found earlier. In some way, these individual genes might be 

considered as tips of icebergs where the pathways act as the icebergs underneath the top-hit 

genes. Our data showed strong evidence about the multiple pathway-mechanisms of statins in 
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melanoma cells. This is consistent with the literature of statin mechanisms where different 

studies reported different mechanisms of statins using different study approach. Importantly 

though, among genes and pathways that have been reported to be involved in statin actions, 

we also identified novel genes including TP53, CAB39, MOB2 and KDM6A that potentially 

play important parts in statin sensitivity in melanoma cells, which might be important to 

further understand the mechanisms of statins in melanoma cells as well as explore novel 

angles in utilizing the efficacy of statins in melanomas.               
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Figure 4.23 Positive screen in simvastatin-selected NZM37 GECKO libraries. Differential expression of 

sgRNAs between simvastatin-selected NZM37 GECKO libraries and NZM37 GECKO control libraries was 

analysed by three different algorithms, MAGECK, RIGER, and HitSelect. The resultant P values of 

differentially expressed genes of these three algorithms were plotted against each other, MAGECK vs RIGER 

(A) and MAGECK vs HiTSelect (B).    
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Figure 4.24 Positive screen in fluvastatin-selected NZM37 GECKO libraries. Differential expression of 

sgRNAs between fluvastatin-selected NZM37 GECKO libraries and NZM37 GECKO control libraries was 

analysed by three different algorithms, MAGECK, RIGER, and HitSelect. The resultant P values of 

differentially expressed genes of these three algorithms were plotted against each other, MAGECK vs RIGER 

(A) and MAGECK vs HiTSelect (B).    

.   
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Figure 4.25 Positive screen in lovastatin-selected NZM37 GECKO libraries. Differential expression of 

sgRNAs between lovastatin-selected NZM37 GECKO libraries and NZM37 GECKO control libraries was 

analysed by three different algorithms, MAGECK, RIGER, and HitSelect. The resultant P values of 

differentially expressed genes of these three algorithms were plotted against each other, MAGECK vs RIGER 

(A) and MAGECK vs HiTSelect (B).    

.   

 

 



 

194 

 

 

Figure 4.26 Positive screen in NZM37 GECKO libraries and KEGG pathway analysis. Pooled analysis was 

performed to identify differentially expressed genes in NZM37 GECKO control libraries and combined libraries 

of simvastatin-selected, fluvastatin-selected, and lovastatin-selected NZM37 GECKO libraries. The resultant P 

values were plotted against each other between MAGECK vs RIGER (A) and MAGECK vs HiTSelect (B) 

algorithms. (C) KEGG pathway enrichment analysis of differently expressed sgRNAs in combined statin-

selected NZM37 GECKO libraries compared to NZM37 GECKO control libraries. KEGG: Kyoto Encyclopedia 

of Genes and Genomes.  
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4.2.11 Bioinformatics analysis of genes conferring resistance to statin 

To understand genes conferring resistance to statins, we performed a negative selection 

bioinformatics analysis using the sequencing data of NZM37 GECKO-control libraries and 

NZM37 GECKO-statin libraries to identify genes whose loss was associated with increased 

sensitivity of NZM37 melanoma cells to statins. Negative selection is considered most robust 

for selected GECKO libraries with sgRNA count relatively closer to the control GECKO 

libraries. Lovastatin-GECKO libraries are the closest to the GECKO control libraries and 

therefore was selected for negative selection analysis (Figure 4.27 A). Interestingly, the most 

significant gene in the list was MBTPS2, which encodes the SREBP intramembrane protease 

S2P (Site-2 protease). S2P plays a critical role in SREBP-mediated feedback regulation of the 

cholesterol biosynthesis. Therefore, this result might suggest that targeting S2P might 

enhance the efficacy of statin in melanoma cells. Pathway analysis with Pathview using the 

result of this negative analysis revealed proteosome and ribosome pathways as the most 

significantly enriched pathways. PSMD7, for example, is a gene of the proteosome pathway 

that is overexpressed in multiple cancers and targeting this gene has been shown to induce 

apoptosis and growth inhibition of cancer cells. Mitochondrial ribosomal proteins such as 

MRPS7, MRPS15, and MRPS18 have been also reported to involve in the metabolism and 

growth of cancer. Interestingly, the MAPK and PI3K pathways were also significantly 

enriched. Taken together, negative selection suggested novel genes and pathways the 

inhibition of which could potentially increase the effects of statins in melanoma cells (Figure 

4.27 B,C).  
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Figure 4.27 Negative screen in NZM37 GECKO libraries. (A) Cumulative distribution function (CDF) of 

sgRNA read counts in each GECKO libraries. (B) KEGG pathway enrichment analysis of differently expressed 

sgRNAs in the negative screen comparing lovastatin-selected NZM37 GECKO libraries and NZM37 GECKO 

control libraries. KEGG: Kyoto Encyclopedia of Genes and Genomes. (C) Top hits of the negative screen in 

lovastatin-selected NZM37 GECKO libraries.  

4.2.12 Validation of candidate genes and pathways 

We next sought to validate the role of genes identified in the screens above. Since these genes 

become upregulated in resistant cell lines we would hypothesize that if this upregulation is 

relevant to the resistance mechanisms then knockdown of the gene in question would make 

the NZM37 parental cells more sensitive to statins. First, we evaluated the role of TP53 gene 

with NZM37 cell response to a statin, using siRNA to knock down the expression level of 
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p53 in the melanoma cells and then compared response to statins in p53-knockdown cells and 

p53-wildtype cells. Figure 4.28 A showed that all the 3 siRNA sets were able to significantly 

reduce the levels of p53. Therefore, in the next experiment, we only used one set of the 

siRNA to transfect into the melanoma cells. Figure 4.28 C showed that after cells were 

knock-downed of p53, the viability of those cells after simvastatin treatment was significantly 

higher compared to that of p53-WT cells. Similarly, p53-knockdown cells were also less 

sensitive to fluvastatin. Together, these data were consistent with our previous results of the 

GECKO screen and suggested the involvement of p53 in the molecular mechanism of statin 

actions in melanoma cells.   

Another top hit gene CAB39 was validated. Figure 4.28 B shows that siRNA set#1 and 2 

knocked down the level of CAB39 by 9 and 7 times. We, therefore, continued our experiment 

with the siRNA set#1. We observed that the remaining viability of CAB39-knockdown cells 

after simvastatin treatment was higher than CAB39-WT cells (Figure 4.28 E), suggesting that 

decreased levels of CAB39 were associated with increased resistance of melanoma cells to 

simvastatin. To examined how the knockdown of both p53 and CAB39 would affect the 

statin sensitivity of melanoma cells, we cotransfected the NZM37 melanoma cells with both 

p53 siRNA and CAB39 siRNA. Importantly, the knockdown of both p53 and CAB39 made 

cells even more resistant compared to the cells that were knockdown of only either p53 or 

CAB39 (Fig. 4.28E). A similar result was also obtained with fluvastatin (Fig 4.28 F). Finally, 

we evaluated whether increasing p53 levels with the drug nutlin-3 could affect the response 

of melanoma cells to statin treatment. To do that, we treated NZM37 melanoma cells with a 

combination of simvastatin and nutlin-3 and compared the effect between this combination 

and simvastatin or nutlin-3 as single agents. Figure 4.28 G showed that the combination of 

nutlin-3 and simvastatin increased the inhibition of melanoma cell growth in a synergistic 

manner. This further supported our previous siRNA validation results.  
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Figure 4.28 Role of TP53 and CAB39 in the sensitivity of NZM37 cells to statins. (A) Knockdown of p53 by 

siRNAs was confirmed by using Western blotting. (B) Knockdown of CAB39 by siRNA was confirmed by RT-

PCR. (C-G) Cells were treated with different concentrations of simvastatin or fluvastatin for 72 hours. Cell 

viability was determined by SRB assay and presented as percentage of control. (C) NZM37 p53-knockdown 
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cells and NZM37 p53-WT cells were treated with different concentrations of simvastatin for 72 hours. (D) 

NZM37 p53-knockdown cells and NZM37 p53-WT cells were treated with different concentrations of 

fluvastatin for 72 hours. (E) NZM37 p53/CAB39-knockdown cells and NZM37 p53-WT/CAB39-WT cells were 

treated with different concentrations of simvastatin or fluvastatin (F). (G) NZM37 cells were treated with 

simvastatin or nutlin3 or combination of simvastatin and nutlin3. Sim: simvastatin; flu: fluvastatin; nut: nutlin3.  

4.3 DISCUSSION 

4.3.1 Effect of statins in NZM melanoma cell lines 

Evidence from epidemiological studies shows that there is a great variation in the effect of 

statins in different cancer types. In vitro studies also showed a great difference in statin 

sensitivity of different cancer cell lines. The anticancer effect of statins have been reported in 

different cancer cells, including lung cancer [451], breast cancer [382-384, 400, 405, 452], GI 

cancer [451], prostate cancer [396, 421, 430], pancreatic cancer [380, 429], hepatocellular 

carcinoma [397, 451], ovarian cancer, and melanoma [423, 453-456]. Furthermore, data from 

the TCGA showed that a number of genes of the cholesterol and lipid metabolism were 

changed in melanoma samples. In our study, we investigated the effect of 3 different statins 

in 42 NZM melanoma cell lines and 12 non-melanoma cancer cell lines, including breast, 

lung, colon, ovarian, prostate, and liver cancer cell lines. Interestingly, all the three statins 

strongly inhibited the growth of the melanoma and cancer cells, with remarkable higher 

sensitivity to statins was found in the NZM melanoma compared to the non-melanoma cancer 

cell lines.  Most of the IC50 values of statins in non-melanoma cancer cell lines were within 1 

– 10 µM. In contrast, most of the IC50 values of the statins in NZM cell lines were less than 

1 µM. This is an important finding because this concentration range (< 1 µM) was previously 

shown to be achievable without causing any toxicities. For example,  a study in volunteer 

people showed that fluvastatin 40mg oral usage resulted in a Cmax of 1.1 µM in the blood 

[437]. Fluvastatin 40mg is within the recommended dosage for patients with cardiovascular 
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disease [438] and did not cause any signs of toxicity [438]. According to the guidelines by 

the American College of Cardiology (ACC) and the American Heart Association (AHA), 

Fluvastatin 40mg or lovastatin 20 mg were in the low-intensity statin category. The medium-

intensity category included fluvastatin 80mg, simvastatin 20-40 mg, and lovastatin 40mg 

[439]. Phase-I clinical trials in patients with solid tumours showed that lovastatin could 

tolerably reach the concentration of 3.9 µM in the blood  [440]. These highlighted that the 

effect of statins that we found in NZM melanoma cell lines was achieved at a clinically 

relevant concentration range and therefore was highly translational.   

Statins inhibit the production of mevalonate, which is the precursor of isoprenoids in the 

body. This might affect the prenylation of Ras GTPases. Therefore, attention has been drawn 

to investigate the effect of statins in cancer cell lines that harbored RAS mutations, including 

melanoma, colon and pancreatic cancer cells [423, 457, 458]. Several studies reported that 

RAS oncogenic signaling might involve in statin sensitivity in cancer cells. For example, Yu 

et al (2017) transfected MCF10 basal breast cells with HRASG12V and KRASG12V mutant 

proteins and found that the transfection enhanced the sensitivity of the cells to fluvastatin, 

reflected from the result that the IC50 value to fluvastatin decreased from 22 µM to 13 µM 

[459]. Held et al. (2011) reported that the combination of simvastatin and flavopiridol 

synergistically inhibited the growth of melanoma cells and that the combination was more 

effective in melanoma cell lines with NRAS or HRAS mutation [423]. Utilizing a large panel 

of 42 NZM melanoma cell lines, we investigated the relationship between statin efficacy and 

driver mutations in the melanoma cells. Interestingly, we found that the efficacy of all the 

three statins tested was quite similar in all the three genotype groups. This is consistent with 

the results of some previous studies, which reported that statin effect in cancer cells with 

RAS mutations was similar to that in RAS-wild type cancer cells. For example, lovastatin 

produced a similar inhibitory extent in SW850 KRAS-WT pancreatic cancer cells and A818-
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4 KRAS-mutant pancreatic cancer cells, with IC50 of approximately 10 µM [460]. We 

believe that the use of a large number of cell lines is important in identifying a correlation 

between RAS mutations and statin efficacy. Our study results were further affirmed by the 

fact that no epidemiological studies have ever found the link between the statin effect and the 

RAS mutation status of the patients [461, 462].       

One feature about the statin effect in NZM melanoma cells was that the statins produced cell 

kill effect rather than just slowing down the proliferation of the melanoma cells. Our data 

demonstrated the cellular mechanisms for this effect include statins blocking the cell cycle at 

the G1 phase, inducing apoptosis, and suppressing the migration of the melanoma cells. One 

of the reasons for these actions might be statin treatment resulted in cholesterol depletion in 

the melanoma cells. Cholesterol was important for the early G1 phase in the cell cycle. 

Together with isoprenoids, cholesterol is required for cell division and growth. In malignant 

cells, the sterol-induced negative feedback regulation is lost or decreased, which makes the 

cancer cells tend to have higher cholesterol content compared to the corresponding normal 

tissues. Addition of cholesterol rescued cancer cells from statin treatment. The finding that 

statins blocked the cell cycle at the G1 phase is important too, especially for drug 

combination development. A combination of statins and a G2-phase blocker, such as the pan-

CDK inhibitor flavoridiol, has been shown to produce synergistic inhibition in melanoma cell 

lines [423].  

4.3.2 Applications of statin in melanoma treatment 

An important part of our study was to explore the possibility of statins being used in 

melanoma treatment as monotherapy as well as in combination with other drugs. While the 

anticancer effects of statins in some cancer cells have been reported before, clinical trials of 

statins as single agents are still limited. One of the possible reasons for that is the anticancer 
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effects of statin that have been shown in preclinical studies only occurred at relatively high 

concentrations, which might be difficult to achieve in patients as high dose of statins could 

result in increased toxicity for the patients such as muscle pain, vomiting, and diarrhea [463, 

464]. The risk of statin toxicity is even greater for patients with mutations in the COQ2 genes 

[464]. Furthermore, cancer patients often used other types of medication, some of which have 

been shown to increase the toxicity of statins, such as clarithromycin, erythromycin, and 

cimetidine as these drugs inhibit CYP3A4, the metabolite enzyme of statins [465]. These 

illustrate that searching for a therapeutic window of statin treatment is crucial for applying 

statins as anticancer agents on their own. We have mentioned earlier the effect of the three 

statins as single agents in NZM melanoma cell lines. Compared to a large number of 

inhibitors and drugs that have been tested in our lab, statins were among the most potent 

drugs in NZM melanoma cells and they could also produce cytotoxic effects in the melanoma 

cells. The statins were effective across the cell line panel with the IC50 values were largely 

less than 1 µM, which has been shown to be tolerable and achievable in patients without 

causing toxicities. Since our panel of NZM cell lines is highly diverse with different driver 

mutations, the finding that statins were effective across the panel is exciting because 

currently, a significant population of patients does not respond to any of the current therapies. 

As a single agent, simvastatin suppressed the growth of the melanoma tumors in two 

independent xenograft models. Importantly, we found that simvastatin was highly tolerable in 

the mice models at all the doses tested. Together, these results provide solid evidence that 

statins, at clinically relevant dose ranges, could be used as independent anticancer drugs for 

melanoma.        

A number of studies have also looked into combining existing anticancer drugs with statins. 

Karagkounis et al. (2018) reported that a combined regime between radiation and simvastatin 

increased the treatment efficacy in inhibiting colony formation and cell viability of 4 
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colorectal cancer cell lines SW480, DLD1, SW837, and HRT18 [466]. Simvastatin also 

sensitized prostate cancer cells to radiation therapy [467]. In addition, statins were also 

reported to improve the antitumor effect of a number of chemotherapy groups, including 

doxorubicin, platinum, paclitaxel, and irinotecan. Currently, targeted therapies are one of the 

two new classes of treatment for melanoma, including BRAF and MEK inhibitors. Therefore, 

we investigated the combined effect when those drugs were combined with a statin. 

Interestingly, we found that the combination of vemurafenib and either simvastatin or 

fluvastatin increased the effect of the treatment in BRAF-mutant cell lines in synergistic or 

additive manners. Similarly, combinations of statins and the MEK inhibitor CI-1040 were 

also synergistic or additive in a number of NZM melanoma cell lines, which included both 

BRAF-mutant and BRAF-wild type cell lines. We further explored the combinations between 

statins the pan-PI3K inhibitor ZSTK474 and found that these combinations also significantly 

enhanced the treatment efficacy in NZM melanoma cell lines. Together, these provide 

evidence that the combination of statins and targeted therapies could enhance treatment 

efficacy. We continued to use two different xenograft models to study the effect of 

simvastatin and vemurafenib combination. In the BRAF-wild type NZM36 xenograft model, 

vemurafenib did not show any effect on tumour growth as expected. Simvastatin suppressed 

the growth of the tumors. The combination of simvastatin and vemurafenib did not increase 

the treatment efficacy compared to simvastatin monotherapy. However, in the xenograft 

model of the NZM12 (BRAF-mutant) cell line, both vemurafenib and simvastatin showed 

inhibition on the tumor growth. When they were combined together, the combination strongly 

suppressed the tumor growth in a synergistic manner. This result is exciting because it could 

lead to a new combined treatment that is more effective and with better tolerability due to 

possible dose reduction of every single drug.  
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Finally, we investigated whether the combination of statins and vemurafenib could overcome 

vemurafenib resistance. It is now well established that vemurafenib resistance occurs within 

6-10 months in almost all treated patients. We modeled the development of the resistance to 

vemurafenib by chronically exposing the BRAF-mutant NZM12 melanoma cells with 

increasing concentrations of vemurafenib until the resistance emerged. We then inoculated 

the resistant clones of NZM12 melanoma cells (NZM12-resistant cells) into NIH-III mice and 

examined the effect of simvastatin and vemurafenib as monotherapy and combotherapy in 

those tumours. We found that the tumours of NZM12-resistant cells retained its resistance in 

vivo. In fact, the growth of the vemurafenib-treated tumours was even faster than that of the 

control tumours. Simvastatin was still effective in those vemurafenib-resistant tumours. This 

in itself was an important finding as this suggests that simvastatin could be a second-line 

treatment option for melanoma tumours after they develop acquired resistance to 

vemurafenib. However, what is even more interesting was that the combination of 

simvastatin and vemurafenib synergistically suppressed the growth of the NZM12-resistant 

tumours, which suggests that simvastatin resensitized the tumours to vemurafenib. 

4.3.3 Mechanisms of statin effects in melanoma cells 

Traditionally, studies into drug mechanisms often rely on knockout and/or knockdown of a 

gene or a small group of genes in order to examine the roles of the genes toward the drug 

efficacy. However, for drugs whose mechanisms remain unclear, this approach might not be 

exhaustive and miss out important aspects in the drug mechanisms. Our study utilized recent 

advancement in whole genome knockout technology to interrogate gene functions at the 

genome scale. Specifically, we used genome-scale CRISPR knockout (GECKO) with 

GECKO v2 sgRNA library covering 19,000 protein-coding genes, which were successfully 

introduced into NZM37 cells by a robust two-lentivector system. Furthermore, we focused on 

the most consistent events that were found by different bioinformatics algorithms, i.e. 
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MAGECK, RIGER and HIT-Select, and in different statins, i.e. simvastatin, fluvastatin, and 

lovastatin. We believed this strict criterion was likely to increase the reliability of the analysis 

results.   

One of the new findings of the current study is that CAB39 was one of the most statistically 

significant genes that might involve in the sensitivity of melanoma cells to the statins. 

CAB39 encodes the calcium binding protein 39, also known as mouse protein 25 (MO25) 

due to its original identification as an exceptionally highly conserved protein expressed at the 

early stages of mouse embryo [468, 469]. CAB39 exists in two closely related isoforms, α-

CAB39 and β-CAB39. One major function of CAB39 is to act as scaffolding subunit for a 

heterotrimeric complex composed of LKB1 kinase, STRAD pseudokinase and CAB39 [470, 

471]. By maintaining this complex, CAB39 maintains the interaction between LKB1 and 

CAB39 and STRAD, which is required for the stability and activation of LKB1 and the 

relocalization of this protein from the nucleus to the cytoplasm [471-473]. LKB1 is known as 

a tumour suppressor as well as a major activator of AMPK signalling [472, 474]. In the 

absence of LKB1 or AMPK signalling, the cell growth rate was found to accelerated [475]. 

Inhibition of CAB39 by miR-451 resulted in inhibition of LKB1 and AMPK and promotion 

of cancer cell growth and invasion [476, 477]. In contrast, overexpression of CAB39 lead to 

activation of AMPK and consequently inhibited cell proliferation and invasion [478]. This is 

consistent with studies about the anti-cancer effects of metformin by an AMPK-mediated 

mechanism, which resulted in phosphorylation of the catalytic subunit of the 

LKB1/STRAD/CAB39-β complex [479, 480]. Pulito et al. reported that metformin also 

increased the expression of AMPK activators, including CAB39 and sestrin-1 via inhibition 

of miR-21 [481]. In the current study, CAB39 is among the most statistically significant 

genes, suggesting that CAB39 might play an important role in the sensitivity of melanoma 

cells to statins. We validated this result by siRNA and found CAB39-knockdown NZM37 
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indeed became more resistant to simvastatin and fluvastatin than CAB39-WT NZM37. 

Furthermore, since LKB1 is also known as a negative regulator of mTOR signalling, 

inhibition of CAB39, therefore, could also lead to activation of mTOR signalling [476, 482]. 

Consistent with this, we also found that a combination of the mTOR inhibitor BEZ-235 and 

fluvastatin increased the inhibitory effect in an additive manner. This finding, therefore, is 

important in that it not only identifies a novel candidate gene for statin mechanism of actions 

but also suggests a novel angle in combination between statins and drugs targeting the AMPK 

and mTOR signalling pathways.         

In addition to the capacity of activating AMPK, CAB39 also has an important role in p53 

signalling via LKB1 [483]. LKB1 directly interacts with p53 in the nucleus and 

phosphorylates p53 Ser15 and p53 Ser392, which mediate LKB1-induced cell cycle arrest at 

the G1 phase [484]. Indeed, our analysis identifies TP53 as another top statistically 

significant gene. This might suggest that p53 involves the sensitivity of melanoma cells to 

statins. Normally, p53 exerts its tumor suppressor function via maintaining the integrity of 

the DNA by inducing the host cell to undergo cell cycle arrest when the DNA is damaged or 

induce host cell apoptosis when the DNA damage is serious. The absence of p53 lead to 

increased susceptibility of mice to spontaneous tumours, which occurs early in life and lead 

to the early death of the mice [485]. Approximately 50% of all cancers harbour mutant TP53, 

which resulted in the loss of the tumor suppressive function of p53. However, unlike other 

cancers, p53 mutations are rare in melanoma [486-489]. This might be consistent with our 

finding that NZM melanoma cells are more sensitive to statins than other non-melanoma 

cancer cells. The involvement of p53 in statin sensitivity might be linked to the association 

between p53 and the Hippo pathway. The key tumour suppressor LAT1/2 of the Hippo 

pathway has been shown to stabilize and activate p53 in response to DNA damage and 

oncogenic stress [490]. Similarly, p53 could also bind to and transactivate LAT1/2 [491]. 
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Together, LAT1/2 and p53 form a positive feedback loop and lead to limiting cell growth via 

inactivating the transcriptional coactivators YAP and TAZ [492, 493]. Furthermore, p53 

might also involve in statin sensitivity by mediating the cholesterol synthesis via SREBP. 

Mutant p53 in cancer cells could directly bind to SREBP1/2 and upregulate the expression of 

their target genes, which in turn upregulate the mevalonate pathway activity [494]. This 

might probably decrease the inhibition magnitudes of statins in the mevalonate pathway. In 

contrast, wild-type p53 could bind to SREBP1/2 and suppress the expression of their target 

genes, which results in controlling the activity of the mevalonate pathway according to the 

intracellular levels of sterols [495]. Together, these indicate that when the normal tumour 

suppressive function of p53 is lost, the mevalonate pathway and the Hippo pathway could 

become over-activated and therefore make the cells become more resistant to statins. 

Consistent with this, we observed that TP53-knockdown NZM37 cells were more resistant to 

simvastatin and fluvastatin. In addition, stabilization of p53 by an MDM2 inhibitor such as 

nutline-3a increased the sensitivity of NZM37 cells to the statins. MDM2 inhibitors are 

known as a group of drugs highly potent of killing wild-type p53 harbouring cancer cells both 

in vitro and in vivo. However, it is currently difficult to apply these compounds for further 

stages in drug development due to their toxicity. The possible role of p53 in the sensitivity of 

melanoma cells to statins, therefore, might suggest a novel angle combination between statin 

and MDM2 inhibitors in order to lower the doses of each type of compound so that the 

toxicities could be minimized to the tolerable extent while still retaining the effects at 

therapeutic levels.  

Interestingly, we found another novel candidate gene, KDM6A, that possibly involves the 

sensitivity of melanoma cells to the statins. KDM6A, also known as ubiquitously transcribed 

TPR gene on the X chromosome (UTX), is a specific demethylase of lysine 27 of histone H3 

(H3K27). So far, the roles of KDM6A in different cancer types remain to be elucidated. In 
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some cancer types such as breast and prostate cancers, KDM6A demonstrates prooncogenic 

properties while in other cancers such as urothelial bladder carcinoma, KDM6A functions as 

a tumour suppressor. KDM6A is the second most significantly mutated cancer-associated 

gene after p53 in urothelial bladder carcinoma [496]. It is unclear how KDM6A involves the 

sensitivity of melanoma cells to statins. However, recent lines of evidence suggest that 

KDM6A might work in cooperation with CAB39-induced activation of AMPK toward the 

methylation of H3K27me3. In one hand, KDM6A, as a demethylase of H3K27me3, 

negatively regulates the levels of H3K27me3. When KDM6A was inhibited by metformin, 

the levels of H3K27me3 were increased [497]. In the other hand, AMPK has been shown to 

negatively regulate polycomb repressive complex 2 (PRC2), the primary methyltransferase of 

H3K27me3. AMPK inhibited PRC2 by physically interacting with its catalytic subunit, Zeste 

homologue 2 (EZH2), and inactivating phosphorylating EZH2 and PRC2. EZH2 has been 

found commonly overexpressed in human melanomas and murine melanomas. High levels of 

the inactive phosphorylated EZH2 have been found to correlate with better prognosis of 

patients of breast and ovarian cancer, suggesting the AMPK-mediated inactivation of EZH2 

might function as a tumour suppressive axis. Together, the presence of KDM6A and the 

activation of AMPK might work in a collaborative way on the phosphorylation of 

EZH2/PRC2 and H3K27me3 levels, which result in suppression of the melanoma cell 

growth.  

Another novel candidate gene for statin sensitivity that we found is UBE2H. UBE2H encodes 

ubiquitin-conjugating enzyme E2H, which catalyzes the conjugating step in the 

ubiquitination reaction. It has been known that intracellular sterol levels are maintained by 

the SREBP-mediated negative feedback mechanism. When the sterol levels are accumulated, 

HMGCR is triggered to bind to insig-1 and insig-2 in the ER membrane, which in turn 

triggers the recruitment of the membrane-associated ubiquitin ligase gp78 for the 



 

209 

 

ubiquitination of HMGCR. After this process, HMGCR is degraded and, as a result, the 

activity mevalonate pathway is decreased to balance with the high levels of intracellular 

sterols. Our study results suggest that UBE2H might play an important part in the 

ubiquitination of HMGCR since the deletion of this gene was found to be among the most 

statistically significant in the population of cells resistant to statins. Deletion of UBE2H 

might attenuate the negative feedback mechanism of the mevalonate pathway, which could 

result in over synthesis of cholesterol and other sterols and, consequently, make the cells 

more resistant to statins.  

Finally, another advantage of using whole genome knockout screens is that they allow the 

identification of the absence of genes in the statin-treated GECKO libraries in comparison to 

the control GECKO libraries. This drop-out usually happens to genes that make the 

melanoma cells more sensitive to statins. Therefore, cells that have those genes deleted tend 

to be dropped out from the whole library and eventually become absence or under 

representative from the statin-treated GECKO library compared to the control GECKO 

library. Strikingly, the most significantly dropped out gene is MBTPS2, also known as S2P, 

which is a key component in the SREBP-mediated negative feedback regulation of the 

mevalonate pathway. Inhibition of this gene, therefore, is a promising approach in increasing 

the efficacy of statins in melanoma. Furthermore, pathway analysis reveals the drop out of a 

cluster of genes that belong to essential survival pathways including PI3K, MAPK, ribosome 

and proteasome pathways. This result might open up a range of novel combination between 

statins and drugs that target these pathways.   

Overall, we found that statins exerted their effect on melanoma cells through multiple 

pathways essential for cancer cell growth rather than only one specific pathway. This is 

probably not surprising given the pleiotropic effects of statins and multiple mechanisms have 

been reported so far in the literature. Apoptosis and cell cycle were the two most significant 
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pathways, which are critical pathways for cancer cell growth and survival. This is consistent 

with our previous findings that simvastatin-induced cell cycle arrest and apoptosis in 

melanoma cells. Another consistently significant pathway was the Hippo signaling pathway, 

which is consistent with previous studies about the role of this pathway in statin actions in 

cancer cells. Importantly, we found evidence for novel genes and mechanism of the 

sensitivity of melanoma to statins that have not reported before, including CAB39, TP53, 

KDM6A, UBE2H, and MBTPS2.  

4.3.4 Summary of the study and main findings 

The current study in this chapter was performed in an effort to understand in details the effect 

and mechanisms of the actions of statins in melanoma by using an extended panel of 

melanoma cell lines, of which the major driver mutations were representative of the 

mutational landscape of melanomas. An important finding of this study is that in general, the 

NZM early passage melanoma cell lines show a higher sensitivity to statins than non-

melanoma cancer lines we tested.  This suggests melanoma may be a type of cancer 

particularly sensitive to statins. Furthermore, the NRAS mutant melanoma lines as a whole 

were certainly not more sensitive to statins than other melanomas. This is different from 

several previous studies that reported that cancer cell lines with RAS mutations tended to be 

more sensitive to statins [423, 459]. Our studies provide insights into the cellular mechanisms 

for the antiproliferative effect of statins on NZM melanoma cell lines including effects on 

apoptosis induction, cell cycle arrest at the G1 phase, and migration inhibition. Using a 

whole-genome CRISPR knockout screen, we identified a number of genes and cellular 

pathways that, at least in the case of NZM37 cells, are involved in dictating the sensitivity of 

a cell to statins. These genes regulate essential cellular functions, including the Hippo 

pathway, p53, mevalonate pathway, and RAS signalling pathways. In the cases of TP53 and 

CAB39, RNA interference was used to validate the results of these screens.  
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Another important part of our study is to investigate the possibility of applying statins in 

melanoma treatment as monotherapy and combotherapy. As monotherapy, all the statins 

tested produced strong in vitro anticancer effect in NZM melanoma cells at clinically 

achievable concentrations. Simvastatin also showed an antitumor effect as monotherapy in 

three different NZM melanoma xenograft models. To understand whether the addition of 

statins could enhance the efficacy of targeted therapies commonly used in melanoma 

treatment, we performed a combination study in vitro and in vivo. We continued to test the 

efficacy of vemurafenib and simvastatin combination in vivo using different xenograft 

models and found that the combination was synergistic in BRAF-mutant xenograft tumours. 

Strikingly, the combination was able to overcome acquired vemurafenib-resistance in the 

NZM12PR tumours.  

Importantly, we show strong evidence about the mechanisms of statin actions on melanoma 

cells. In addition to known mechanisms such as the Hippo pathway and cholesterol synthesis, 

we found novel gene candidates that have not been reported before, including CAB39, TP53, 

KDM6A, UBE2H, and MBTPS2. Validation of two of these novel gene candidates, CAB39 

and KDM6A, confirmed that they contribute to the sensitivity of the cells to the statins, 

which was consistent with the screen results. Furthermore, from these novel gene candidates, 

we identify novel angles for drug combination using statins and drugs targeting signalling of 

these new genes, including p53, AMPK, EZH2, MBTPS2, ribosome, proteasome, and the 

two survival PI3K and MAPK pathways. 

To our best knowledge, this chapter presents the most comprehensive study to date 

investigating the anticancer effect of statins in melanoma cell lines. We showed strong 

evidence of the anticancer effect of statins in 42 low-passage NZM melanoma cell lines using 

three different statins. This study is also the first study that captured a transcriptional status of 

the mevalonate pathway in such a large number of melanoma cell lines. Furthermore, the 
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current study is also the first study that used whole-genome CRISPR knockout screens for 

three different statins to identify genes that involve in the sensitivity of melanoma cells to all 

these three statins. Together, this study showed strong evidence that statins could be used for 

melanoma treatment both as single agents and in combination regimes, especially in tumours 

that are acquired resistant to vemurafenib. These findings, therefore, are a firm rationale for 

developing clinical trials of statins in melanoma patients.  

4.3.5 Limitations 

The current study in this chapter provides important evidence for the effect and mechanisms 

of statins on melanomas, which together build up a solid rationale for clinical trials of statins 

in melanoma patients. However, we acknowledge that our study has several limitations that 

we plan to address in the next steps. First, the number of xenograft models used in this study 

was still limited compared to the number of NZM cell lines for the in vitro experiments. The 

in vitro and in vivo data strongly suggested that anticancer effects of statins in melanoma cell 

lines were independent to their BRAF and NRAS mutation status. However, we still believe 

that having at least one more NRAS mutant xenograft model would make the study more 

complete. Second, when we studied the effect of simvastatin in the vemurafenib resistant 

tumours, we only looked at the resistance that was already developed. Although overcoming 

existing resistance of vemurafenib is important since this is the most common scenario for 

patients treated with vemurafenib, it is also important to investigate whether co-treatment of 

statin and vemurafenib could potentially delay the emergence of the resistance. Finally, 

recent evidence showed that statin effect could be affected by gender and diet. Our xenograft 

studies were all performed in female mice using a standard diet. Therefore, we plan to look 

into this in the next steps by including male mice and diet with higher cholesterol levels and 

determine if these changes might affect the statin effects in the tumor growth.  
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4.4 CONCLUSIONS AND FOLLOW-UP PLAN  

The study in this chapter aims to understand the effects and molecular mechanisms of statins 

in melanoma. The study was carried out using molecularly well-defined models of 

melanomas using 42 low-passage NZM melanoma cell lines derived from melanoma patients 

in New Zealand, of which the mutational spectrum was representative with what has been 

seen in melanomas. To our knowledge, this is the most comprehensive panel that has ever 

been used to investigate the anticancer effect of statins in melanoma. The current study 

captured a transcriptional profile of all major genes that regulate the mevalonate pathway and 

the relevant processes including SREBP-mediated regulation, protein prenylation, and 

cholesterol uptake. At concentrations ranges that could practically be achieved in patients, all 

the three statins tested strongly inhibited the growth of NZM melanoma cells regardless of 

their BRAF and NRAS mutation status. Interestingly, we found evidence that NZM 

melanoma cell lines were more sensitive to statins than the non-melanoma cancer cell lines 

tested. Cellular mechanisms underlying the statin-induced inhibition effect included cell 

cycle arrest at the G1 phase, apoptosis induction, and cell migration inhibition. The current 

study was the first study to apply three independent whole-genome CRISPR knockout screen 

for three different statins in melanoma cells. We identified a number of top candidate genes 

that were reproducibly associated with the sensitivity to all the three statins, among which 

there were genes that have been identified before. Interestingly, we found a number of novel 

genes that could potentially involve in statin sensitivity in melanoma cells, including TP53, 

CAB39, and KDM6A. We validated the screen results on TP53 and CAB39 genes using 

siRNA and found that these two genes indeed significantly contributed to the sensitivity of 

melanoma cells to statin treatment, which confirmed the results of the whole-genome 

CRISPR knockout screens. Finally, our study provided strong evidence that statins could be 



 

214 

 

used as independent anticancer drugs for melanoma as well as in combinations with current 

targeted therapies, the latter of which could overcome acquired resistance to vemurafenib      

In the next steps, we plan to add at least one more xenograft model, for example, NRAS-

mutant NZM40 xenograft models, to further confirm statin effects in xenografts of different 

genotypes. Next, we plan to study the effect of statins in the long-term growth of melanoma 

xenograft tumours. This experiment will help us to answer two questions. The first question 

is whether the addition of statins to the vemurafenib therapy could delay the emergence of the 

resistance to vemurafenib. The second question is whether statin-based treatment could 

extend the survival of the experimental mice. Finally, we plan to do repeat our xenograft 

experiments in male mice with and without cholesterol enrichment in the mice diet. This will 

help us to understand the extent to which sex hormones and exogenous cholesterol levels 

might affect the statin effect.     

 

 

 

 

 

 

 

 

 

 

Chapter 5. Understanding the role of vascular endothelial growth factor 

signalling in melanoma biology 
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5.1 INTRODUCTION 

5.1.1 Angiogenesis in cancer 

Tumour angiogenesis refers to a process where new blood vessels are formed from pre-

existing vessels, approach toward a tumour, and branch into it to form the tumour’s 

vasculature [498]. This process is essential in tumour establishment, progression, and 

metastasis [499, 500]. Most cancers start as a group of individual malignant cells, which form 

a microscopic cluster without any blood vessels. To continue to grow beyond the size of 1-2 

mm in diameter, this cluster of malignant cells requires a blood supply to provide them with 

oxygen and nutrients [151, 501]. Fortunately, this does not happen in most of those 

microscopic groups of cancer cells [502]. Due to their lack of angiogenesis, they do not grow 

and remain dormant in the body and are discovered only by chance [151, 152]. An autopsy 

study by Nielsen et al. (1987) identified microscopic clusters of cancer cells in the mammary 

glands of nearly 40% of women aged 40 to 50 [153]. This rate is much higher than the rate of 

being diagnosed with breast cancer for women of this age group [503]. Similarly, cancer cells 

were found in 38% of thyroid glands from individuals aged 41 to 60, who died of trauma. 

This rate, again, is much higher than the lifetime rate of ever being diagnosed with thyroid 

cancer [154].  
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Figure 5.1 Normal vasculature in healthy tissues and abnormal vasculature in malignant tumours. Reused 

with permission from Jain (2001) [504]. Copyright 2001 Springer Nature.  

One of the most obvious characteristics of malignant tumours is that they are frequently 

associated with high-density vasculature and are highly hemorrhagic [505, 506]. This is most 

likely the result of accelerated and uncontrolled angiogenesis in tumours [504, 506]. These 

newly formed vessels promote tumour cells to proliferate by providing them with oxygen, 

nutrients, and growth factors. Fast growing and aggressive tumours were found to be 

associated with increased markers of angiogenesis [507]. Furthermore, therapies that caused 

regression in tumour vasculature also suppressed the tumour growth [145]. Not only does 

angiogenesis promote the growth of the tumour cells, but it is also one of the most important 

mechanisms by which tumour cells metastasize [145]. Due to common defects in the integrity 

of tumour vasculature, cancer cells can readily migrate through the vessel wall into the 

microcirculation of the tumour, first invading the surrounding tissues, and then travelling to 

distant sites within the body [504]. When tumour angiogenesis is inhibited, not only does the 

local growth of tumours stop but the invasion and metastasis of the tumour – a major cause of 

death for cancer patients – are also suppressed [145, 151, 498, 504]. Therefore, targeting 

tumour angiogenesis has been a major focus of global drug discovery efforts over the last 20 

years.  
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We now know that tumour angiogenesis is positively regulated by a number of pro-

angiogenic factors,  including vascular endothelial growth factors  (VEGFs),  basic fibroblast 

growth factor (bFGF), angiogenin, transforming growth factor (TGF)-α, TGF-β, tumour 

necrosis factor (TNF)-α, platelet-derived endothelial growth factor (PDGF), granulocyte 

colony-stimulating factor (GCSF), placental growth factor (PlGF), interleukin-8, hepatocyte 

growth factor (HGF) and epidermal growth factor (EGF) [508]. On the other hand, tumour 

angiogenesis is also negatively regulated by anti-angiogenic factors, including angiostatin 

and endostatin [509]. However, the continuous progression of angiogenesis in tumours 

reflects that pro-angiogenic factors have more impact than anti-angiogenic factors on tumour 

vasculature. Targeting pro-angiogenic factors, therefore, is the most promising angle to 

suppress tumour angiogenesis [510]. To date, the list of pro-angiogenic factors is still 

growing. However, it is widely believed that VEGF-A, one of the first angiogenic factors 

identified, is the most influential factor in the process of tumour angiogenesis [145]. While 

single agent treatment with drugs targeting VEGFA has proven ineffective in treating 

melanoma [511-513] this chapter explores the role of targeting VEGF-A as part of a 

combination therapy strategy that simultaneously targets both the tumour stroma and the 

tumour cells.   

5.1.2 VEGF-A  

VEGF-A is one of the six members of the VEGF family, which includes VEGF-A, VEGF-B, 

VEGF-C, VEGF-D, VEGF-E, and placenta growth factor (PlGF). These members are closely 

related growth factors that are characterized by the presence of eight conserved cysteine 

residues [514]. VEGF-A is a homodimeric glycoprotein with the molecular weight of 

approximately 45 kDa. VEGF-A was discovered independently by two research groups, 

including Harold Drovak’s group in 1983, who described it as a vascular permeability factor 
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[515], and Napoleon Ferrara’s group in 1989, who named it as a vascular endothelial growth 

factor [516]. VEGF-A is highly conserved among vertebrates, from mammals to fish, at both 

genomic and polypeptide structures. Therefore, VEGF-A derived from one species is usually 

functional in endothelial cells from another species [514]. The VEGFA gene that encodes 

VEGF-A protein contains 8 exons. This is different from all the genes that encode the other 

members of the VEGF family, which contain only 7 exons. The VEGFA gene is located on 

the short arm of chromosome 6  (6p21.1) in humans or chromosome 17 (24.20 cM) in mice. 

The exon 1 and exon 2 contain a hydrophobic signal sequence that regulates the secretion of 

VEGF-A. The exon 3 and exon 4 contain a VEGF homology domain (VHD) that contains 

conserved cysteine residues [145, 514, 517]. 

5.1.3 VEGF-A receptors 

VEGF-A exerts its biological actions through binding and stimulating the two tyrosine-kinase 

receptors VEGFR1 and VEGFR2 [518]. VEGF-B and PlGF bind exclusively to VEGFR1 

while VEGF-C and VEGF-D bind mainly to VEGFR3 [519]. The three VEGFRs receptors 

are characterized by the presence of seven immunoglobulin-like domains in their 

extracellular parts [520]. VEGFR1 and VEGFR2 receptors are expressed mainly in vascular 

endothelial cells and VEGFR3 expressed mainly in lymphatic endothelial cells. In addition to 

VEGFR1 and VEGFR2, neuropilin1 and neuropilin2 are the two co-receptors which enhance 

the binding capacity of VEGFR2 to VEGF-A [521]. Binding of VEGF-A to VEGFR1 or 

VEGFR2 results in dimerization of these VEGF receptors, which in turn activates the kinase 

activity of the receptors by inducing phosphorylation of tyrosine residues in the intracellular 

domain of the receptors [521]. This promotes the recruitment of molecules containing Src 

homology 2 (SH2) or phosphotyrosine-binding (PTB) domains. This leads to activation of 

downstream signalling pathways, including the RAS/RAF/MEK/ERK and PI3K/AKT/mTOR 
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pathways. While VEGFR1 has a high affinity to VEGF-A and VEGF-B, it is widely believed 

that VEGFR2 is the most important receptor modulating biological activities of VEGF-A 

[514, 521].  

5.1.4 VEGF-A isoforms 

The VEGFA gene has 8 exons separated by 7 introns [517]. In theory, isoforms resulting from 

any combination of those 8 exons are possible. However, except for VEGF-111, all VEGF-A 

isoforms identified to date contain the first five exons (exon 1 to exon 5) and the last exon 

(exon 8) [522]. This means that VEGF-A isoforms only differ by the presence or absence of 

exon 6 and exon 7. Since all VEGF-A isoforms contain exon 1 to exon 5, they all contain the 

28-residue signal peptide and dimerization domain encoded by exons 2 and 5. Therefore, all 

VEGF-A isoforms are secreted homodimeric glycoproteins [522]. 
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Figure 5.2 Vascular endothelial growth factor receptors (VEGFRs). Reuse with permission from Holmes et al. 

(2007) [523]. 

 

 

The three most common isoforms of VEGF-A in vertebrates are VEGF-121, VEGF-165, and 

VEGF-189, with the numbers indicating the number of amino acids in each polypeptide 

[522]. VEGF-189 is encoded by exons 1-8 and contains a heparin-binding domain encoded 

by exons 6 and 7. This causes VEGF-189 to have a high affinity for heparan sulfate 

proteoglycans (HSPGs) in the cell surface and extracellular matrix (ECM). As a result, 

VEGF-189 is mainly found associated with the cell surface and ECM. However, VEGF-189 

can be released from HSPGs by cleavage with matrix metalloproteinases and heparanase 

[524]. In this way, VEGF-189 acts as a reservoir of VEGF, so that VEGF-A can be mobilized 

rapidly. VEGF-165 contains exon 7–encoded peptides but lacks those encoded by exon 6. 
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This means that VEGF-165 contains only a part of the heparin-binding domain and therefore 

has a weaker affinity for HSPGs. As a result, a proportion of VEGF165 is readily diffusible 

in the tumour microenvironment and the rest of VEGF165 is cell surface-associated [517, 

524]. Since VEGF-121 lacks both exon 6 and exon 7–encoded peptides, it does not contain 

the heparin-binding domain and is readily diffusible in the tumour microenvironment [522]. 

Importantly, all VEGF-A isoforms can bind to VEGFR1 and VEGFR2 receptors [523, 524]. 

VEGF165 is the most potent angiogenic isoform of VEGF. It induces vascular permeability 

and angiogenesis in vivo models and in physiological processes including embryonic 

implantation, female menstrual cycles, wound healing, and tissue remodelling [517, 521, 

525]. Furthermore, VEGF165 is also a growth factor for non-endothelial cells. Mice 

expressing only VEGF164 (equivalent to VEGF165 in human) still retained normal 

development. In contrast, inactivation of this isoform resulted in embryonic lethality due to 

vascular defects in multiple organs [517, 521, 525].  

5.1.5 VEGF-A activities 

VEGF-A is widely believed to be the primary angiogenic factor in both physiological 

conditions (pregnancy, female menstruation cycles, wound healing) and pathological 

conditions (diabetic retinopathy, rheumatoid arthritis, cardiovascular diseases, and cancer) 

[500]. VEGF-A is a readily secreted cytokine and therefore can act in both autocrine and 

paracrine fashions [524]. In developing embryos, the expression of VEGF-A and its receptors 

were found increased in regions of high density of vessels [526]. Deletion of one allele of the 

VEGFA gene was found to cause embryonic lethality with defects in the vascular system 

[527]. Furthermore, antagonists of VEGF-A or its receptors have been shown to reduce 

angiogenesis in animal models [528, 529].  
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Figure 5.3 Major isoforms of VEGF-A in mammals. Copyright 2017 Bridgett, Dellett, and Simpson [525]. 

Reproduced under the terms of the Creative Commons Attribution License (CC BY). 

VEGF-A is a potent mitogenic factor of endothelial cells, inducing proliferation and 

migration of endothelial cells [145, 524]. Importantly, VEGF-A can also induce the migration 

of endothelial precursors and blood cells, which could further regulate the development of T-

cells from early hematopoietic progenitor cells [514, 523]. In addition to the mitogenic effect, 

VEGF-A can also have non-mitogenic effects on endothelial cells. Endothelial cells of newly 

formed vessels can undergo apoptosis without survival signals but VEGF-A induces anti-

apoptotic signals and promotes the survival of endothelial cells [530, 531]. VEGF-A also can 

induce expression of MMPs and proteases, which in turn activate the release of cell-bound 

VEGF isoforms, which creates a positive feedback loop that induces angiogenesis [532].  

One key activity of VEGF-A relevant to the biology of cancer is that it induces vessel 

permeability [515]. This promotes a number of proteins to extravasate into the tumour 

stroma, one of which is plasma fibrin [533, 534]. This is similar to what is observed in the 

wound healing process where plasma fibrin also extravasates into the wound area [535]. In 
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the wound healing process, the presence of fibrin favours the wound closure outcome. 

However, fibrin in tumour stroma forms crosslinking, which act as a scaffolding for the 

migration of endothelial cells and other tumour stromal cells [536, 537]. Furthermore, fibrin 

crosslinking activates TGF-β signals, promotes collagen deposition and induces fibrosis and 

angiogenesis [535, 538].  

5.1.6 Regulation of VEGF-A 

The expression of VEGF-A is regulated by a number of growth factors and cytokines, 

including platelet-derived growth factors (PDGFs), tumour growth factor beta (TGF-β), 

epidermal growth factor (EGF), tumour necrosis factor (TNF), fibrosis growth factor-2 (FGF-

2), interleukin-1β (IL-1β), and interleukin-6 (IL-6) [500, 501]. However, the most prominent 

regulator of VEGF expression is oxygen tension [514, 523]. The VEGFA gene contains 

hypoxia-response enhancer elements (HREs) in its 5’ and 3’ untranslated regions. Under the 

normoxic condition, the von Hippel-Lindau (VHL) protein is ubiquitinated and can degrade 

HIF-1α. Under hypoxic conditions, VHL is no longer ubiquitinated and therefore does not 

degrade HIF-1α, which leads to HIF-1α accumulation. HIF-1α then binds to the HREs and 

induces VEGF-A expression [145, 524]. Hypoxia is an important hallmark of malignant 

tumours, where VEGF-A is mainly released by the tumour cells themselves. Tumour stromal 

cells such as fibroblasts and macrophages are also another important source for VEGF-A in 

the tumour microenvironment is the tumour stroma [539]. Although new vessels are formed 

as the result of tumour angiogenesis, their structure is abnormal, with the vessel wall being 

leaky and vasculature highly hemorrhagic, and the blood flow in tumour microcirculation is 

suboptimal [514]. This leaves both the tumour cells and the stromal cells under oxygen-

deficient conditions, which were found to be associated with increased expression of VEGF-

A in both these two components of the tumour microenvironment [514, 523].  
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5.1.7 Aims of this chapter 

As described above, VEGF signalling controls not only tumour angiogenesis but also results 

in imperfections in the tumour vasculature, which proved to be an advantage for tumours. 

Together, this has suggested that targeting VEGF-A signalling could be an ideal anti-cancer 

strategy. Unfortunately, while many different drugs targeting VEGF-A signalling have been 

developed, these have proven relatively ineffective as monotherapies at clinically achievable 

doses [511-513]. However, it remains possible that they could be more useful as part of a 

rationally designed combination therapy approach, particularly if used in conjunction with 

therapies directly targeting tumour cells themselves.     

This chapter aims to explore the role of VEGF in melanoma biology by using a wide panel of 

low-passage NZM human melanoma cell lines. Since VEGF is a secreted cytokine, we first 

investigated the VEGF-A secretion from NZM cell lines that have different oncogenic driver 

genotypes. We then compared the VEGF-A secretion between those genotype groups to 

identify potential correlations between VEGF-A secretion and driver mutations of melanoma. 

Finally, we used animal tumour models to examine whether this new information could help 

to improve the efficacy of current targeted treatment for melanoma and the mechanisms by 

which this could occur.  
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5.2 RESULTS 

5.2.1 Transcriptional expression of VEGF family in NZM melanoma cell lines 

First, we investigated the transcriptional expression of VEGF-A in the context of the whole 

VEGF family on the subset of 39 of the NZM lines for which  RNA Seq data was available. 

VEGF-A is transcriptionally expressed in all the NZM lines tested but levels vary greatly 

(Figure 5.4 A). In contrast, expression levels of VEGF-C and VEGF-D were much lower in 

all of the NZM lines. Interestingly, VEGF-B was also highly expressed in all the NZM lines 

tested. On average, expression levels of VEGF-A and VEGF-B were significantly higher than 

those of VEGF-C and VEGF-D (Figure 5.4 B). 
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Figure 5.4 Transcriptional expression of VEGF family in NZM melanoma cell lines. (A) Transcriptional 

expression of mRNA of VEGF-A, VEGF-B, VEGF-C, and VEGF-D in each cell line. (B) Average expression 

of VEGF-A, VEGF-B, VEGF-C and VEGF-D in NZM lines. Data were analyzed using a one-way ANOVA 

where P<0.05 indicates a significant difference. (****: P <0.0001). 
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5.2.2 VEGF-A secretion in NZM melanoma cell lines 

Since VEGF-A is a secreted cytokine, we assessed its secretion levels from different NZM 

cell lines. To date, secretion of VEGF-A from melanoma cells has only been reported in a 

modest number of melanoma cell lines [540, 541] and the lines were cultured in the 

atmospheric oxygen tension [542, 543]. However, our data showed that melanoma cells 

cultured in physiological oxygen tension (5%) had higher levels of VEGF-A secretion 

compared to when they were cultured in the atmospheric oxygen tensions (Figure 5.5 A). In 

addition, previous studies suggested that VEGF-A secretion levels might vary greatly among 

cell lines. Therefore, for our investigation of VEGF-A secretion in melanoma cells, we used 

77 of the early-passage NZM melanoma cell lines and cultured them in 5% oxygen tension 

(Figure 5.5 B). We collected cultured supernatants from these cell lines and measured the 

VEGF-A secretion levels in these samples. We found that all the 77 NZM lines secreted 

VEGF-A at detectable levels (Figure 5.5 C). There was great variability in VEGF secretion 

levels of different NZM lines. Interestingly, the average level of VEGF secretion of BRAF 

V600E-mutant NZM lines was significantly higher than those of NRAS-mutant NZM lines 

and NZM lines with neither BRAF nor NRAS mutations (Figure 5.5 C).    

 



 

228 

 

 

Figure 5.5 Secretion of VEGF-A in NZM melanoma cell lines. (A) Maintainance of NZM lines in 5% oxygen 

increased VEGF-A secretion. (B) The panel of 77 NZM lines used for VEGF-A secretion is composed of 47% 

BRAF mutant lines and 26% NRAS mutant lines. (C) Higher levels of VEGF-A secretion in BRAF V600E 

NZM lines. Data were analyzed using a t-test for (A) and a one-way ANOVA for (C) where P<0.05 indicates a 

significant difference. (**: P <0.01; ****: P< 0.0001). 
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5.2.3 VEGF-A signalling in melanoma 

The biological activity of VEGF-A and other members of the VEGF family is mainly 

modulated by the three tyrosine-kinase receptors VEGFR1, VEGFR2 and VEGFR3, which 

are encoded by the genes FLT1, KDR, and FLT4, respectively [524]. Therefore, we analyzed 

the expression of these genes to further understand the VEGF-A signalling in NZM 

melanoma lines. First, we compared the mRNA expression of these three genes in the same 

NZM lines (Figure 5.6-A). We found that the mRNA expression levels of the FLT4 gene 

(encoding VEGFR3) were consistently the lowest in all the NZM lines tested. In contrast, the 

mRNA expression levels of the two genes FLT1 and KDR (encoding VEGFR1 and VEGFR2, 

respectively) were relatively high in most of the NZM cell lines (Figure 5.6-A). On average, 

the mRNA expression levels of FLT1 and KDR were similar in the NZM lines (Figure 5.6-B). 

Next, we investigated the protein expression of those genes by western blotting (Figure 5.6-

C). While both mRNA of FLT1 (coding for VEGFR1) and KDR were expressed in NZM 

lines (Figure 5.6A), we found that KDR-encoded protein (VEGFR2) was more commonly 

expressed at detectable levels in the NZM lines (Figure 5.6C). Together, these data suggest 

that VEGFR2 is functionally the most important VEGF receptor in NZM lines. 

The frequent expression of VEGFR2 in NZM lines raised the possibility of autocrine 

signalling by VEGF-A. To explore this possibility, first, we examined the possible role of 

VEGF-A signalling in the growth of NZM cells by measuring the cell growth rates over 3 

days when the NZM cells were treated with axitinib, a highly selective and potent inhibitor of 

VEGFR2 [544] (Figure 5.7-A). In these plots the 100% value represents cytostasis and above 

this value would represent fewer cells than the starting point (i.e. cell death). Axitinib did not 

induce cell kill but slowed down the proliferation of NZM cells in most cases, but the degree 

to which this occurred and the amount of drug required to achieve this varied greatly. Only a 

small subset of NZM lines was partially sensitive to axitinib, including NZM3, NZM23, 
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NZM37, NZM52, NZM 85, NZM87, NZM90 and NZM92 (blue dots in Figure 5.7 A). The 

remaining NZM lines did not respond to axitinib treatment even at very high concentrations, 

(red and black dots Figure 5.7 A) with  NZM4, NZM13, NZM28, NZM31, NZM33, NZM78 

and NZM104 being particularly resistant. There was no obvious correlation between axitinib 

response and KDR mRNA or VEGFA mRNA levels or VEGF-A secretion (Figure 5.7 B,C,D 

respectively). Both the sensitive and resistant NZM line subsets include lines with relatively 

low levels of KDR mRNA and/or VEGF-A secretion as well as lines with relatively high 

levels of KDR mRNA and/or VEGF-A secretion (Figure 5.7 E). Furthermore, when analyzing 

the NZM line panel as a whole, we did not find any correlation between the sensitivity to 

axitinib, which is reflected by EC50 and inhibition, and the expression of KDR mRNA, FLT1 

mRNA, VEGFA mRNA or VEGF-A secretion (Figure 5.7 F).  

Overall this data suggests that the autocrine signalling of the VEGF-A/VEGFR2 axis is not 

likely to be a major direct driver per se of NZM melanoma cells. However, VEGF-A is a 

secreted growth factor known to modulate a number of several cell types in the tumour 

microenvironment and so it remains possible that the VEGFA produced by the melanoma 

cells could be acting on the cells in the tumour microenvironment in such a way as to benefit 

the growth of the tumour.  
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Figure 5.6 Expression of the receptors for VEGF-A signalling in NZM lines. (A) Transcriptional expression 

of genes encoding VEGFRs. (B) Higher expression levels of FLT1 and KDR than FLT4 in NZM lines. (C) The 

Western blotting analysis shows that VEGFR2 was the most frequently expressed in NZM lines.   
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Figure 5.7 Autocrine signalling of VEGF-A in NZM lines. (A) A modest response of NZM  lines to axitinib. 

(B)(C)(D) No difference was found in the levels of KDR mRNA, VEGFA mRNA, and VEGF-A secretion. (E) 

Illustration of the distribution of resistant and sensitive NZM lines in terms of both VEGF-A secretion levels 

and KDR mRNA levels. (F) Pearson correlation between axitinib response, VEGF-A secretion and VEGF-A 

signalling components. 
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5.2.4 Potential link between the BRAF/MEK signalling pathway and VEGF-A secretion 

As shown earlier, on average the BRAF V600E mutant NZM lines secreted higher levels of 

VEGF-A than NZM lines that don’t harbour this mutation (Figure 5.5 C). Given that the 

BRAF V600E mutation is the most frequent oncogenic mutation in melanomas, we 

hypothesized that the BRAF V600E mutation played an important role in regulating VEGF-A 

secretion in NZM melanoma lines. To assess this hypothesis, first, we treated NZM cells with 

vemurafenib, a drug that specifically targets mutant BRAF [545], and compared the levels of 

VEGF-A secretion between vemurafenib-treated samples and the controls (Figure 5.8 A). We 

found that VEGF-A secretion in NZM cell lines harbouring the BRAF V600E mutation was 

strongly suppressed when the cells were treated with vemurafenib. In contrast, VEGF-A 

secretion in BRAF wild-type NZM cell lines was not reduced by the BRAF inhibition. In 

fact, VEGF-A secretion levels from NZM cell lines harbouring NRAS mutations were 

significantly upregulated by nearly 200% (Figure 5.8 B).      

Since vemurafenib is known to increase MEK-ERK signalling in wild type BRAF cells we 

next tested the effect of the MEK inhibitor CI-1040 and compared VEGF-A secretion levels 

in the CI-1040 treated cells and the controls (Figure 5.8 C). In NZM lines harbouring the 

BRAF V600E mutation, pharmacological inhibition of MEK achieved a nearly identical 

efficacy of vemurafenib in suppressing VEGF-A secretion (Figure 5.9 D). Furthermore, 

VEGF-A secretion in BRAF wild-type NZM lines was also strongly down-regulated by the 

MEK inhibition (Figure 5.9 D). Together, our data provide strong evidence that the 

BRAF/MEK signalling pathway plays an important role in regulating VEGF-A secretion in 

NZM melanoma cell lines. 
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Figure 5.8 Modulation of VEGF-A secretion by the BRAF/MEK signalling pathway. (A)(B) Vemurafenib 

treatment resulted in downregulation of VEGF-A secretion in BRAF mutant lines and upregulation of VEGF-A 

secretion in NRAS mutant lines. (C)(D) Treatment with CI-1040 downregulated VEGF-A secretion in all cell 

lines tested. Data were analyzed using a one-way ANOVA where P<0.05 indicates a significant difference. (**: 

P <0.01; ****: P< 0.0001). 

5.2.5 Co-targeting of BRAF and VEGF-A signalling in cultured NZM cells  

Vemurafenib is one of the treatment options for treating melanomas driven by the V600E 

BRAF mutations although resistance rapidly arises. While this drug is not funded in New 

Zealand, it is widely used elsewhere, now most commonly in the context of patients who 

have failed immunotherapies. Given that resistance to this class of drug arises rapidly it 
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remains important to find ways that the efficacy of this therapy might be improved.  Our data 

in the previous section suggest that the BRAF/MEK signalling pathway plays an important 

role in regulating VEGF-A secretion in NZM melanoma cell lines. This raises the possibility 

that co-inhibition of BRAF and VEGF-A/VEGFR2 signalling might improve the efficacy of 

the BRAF inhibition therapy. To examine this, we assessed the effect of a combination 

treatment of vemurafenib and axitinib on the growth of a randomly selected subset of NZM 

lines, including V600E mutant lines, NRAS mutant lines, and BRAFWT/NRASWT lines 

(Figure 5.9 A-E). As expected, the BRAF V600E mutant lines were sensitive to vemurafenib 

(Figure 5.9 A-B) while the BRAFWT lines, in contrast, were largely resistant to it (Figure 5.9 

C-F). When axitinib was added to this BRAF inhibition treatment, no improvement was 

observed in the combined effect compared to when each drug was used alone (Figure 5.9 A-

F). This strongly suggests that efficacy improvement, if any, from the combination of 

vemurafenib and axitinib, would be more likely to happen in vivo, where the tumour 

microenvironment components are also present. 
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Figure 5.9 In vitro combination of vemurafenib and axitinib. NZM cells were treated with vemurafenib 0.1-

10 µM and/or axitinib 0.1-10 µM for 72 hours and analyzed by the SRB assay for viability. (A)(B) V600E NZM 

lines. (C)(D) NRAS mutant NZM lines. (E)(F) BRAFWT/NRASWT NZM lines.  
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5.2.6 Co-inhibition of BRAF and VEGFRs in BRAF V600E xenografts 

The effect of the axitinib-vemurafenib combination therapy was next assessed in xenograft 

models. First, we used the xenograft model of NZM7, which is a BRAF V600E mutant line. 

As expected, vemurafenib demonstrated inhibitory effects on tumour growth by nearly 40% 

after 14 days of treatment (Figure 5.10 A). Axitinib did not show any significant inhibition on 

tumour growth. However, when axitinib was combined with vemurafenib, we observed a 

synergism in the combined effect in that the combination nearly doubled the efficacy of 

vemurafenib (Figure 5.10 A). After 14 days, the combination-treated tumours were 

significantly smaller than vemurafenib-treated tumours (P < 0.01) and AXI-treated tumour (P 

<0.0001) (Figure 5.10 B).         

Notably, this synergy between vemurafenib and axitinib was observed in vivo in NZM7 

xenograft tumours when no effect was seen in vitro on NZM7 cells alone. This was consistent 

with a process that required effects both on the tumour cells and on the tumour 

microenvironment. To understand whether this was an isolated effect or a more general one, 

we tested whether the synergy of vemurafenib and axitinib could also be reproduced on 

another BRAF V600E model by using the NZM12 xenograft model (Figure 5.10 C). A single 

treatment of vemurafenib or axitinib was effective in delaying the tumour growth by 55% or 

30%, respectively. When the mice were dosed with both vemurafenib and axitinib, their 

tumours grew at significantly slower rates than with either drug alone. The difference 

between the combination and the single treatment groups could be observed as early as day 4 

(Figure 5.10 C). When the treatment was complete, the average tumour size of the 

combination group was similar to when the treatment began and significantly smaller 

compared to that of the control group and vemurafenib-treated and axitinib-treated groups 

(Figure 5.10 D). The combination caused a reduction of over 80% in tumour growth, 
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indicating the combination increased the treatment efficacy in an additive manner (Figure 

5.10 D).  

To understand whether the combination of vemurafenib and axitinib could improve the 

treatment in tumours that are already very sensitive to vemurafenib on its own, we used a 

third BRAF V600E model by using NZM77 xenografts, a line very sensitive to vemurafenib 

in a previous drug screen in our lab. Indeed, monotherapy of vemurafenib strongly reduced 

the growth of the tumours by nearly 80%, while axitinib as a single agent also reduced the 

tumour growth by about 50% (Figure 5.10 E). However, when the two drugs were combined, 

the growth of the tumour was further suppressed to a greater extent compared to either drug 

used alone (Figure 5.10 F). Furthermore, the tumours decreased in size compared to the 

starting point, which was not observed with either monotherapy (Figure 5.10 F). These data 

indicate that the treatment improvement could be still achieved by this combination even 

when the tumours were already very sensitive to each single agent treatment.       

To understand whether the combination could increase the toxicities of the treatment, we 

regularly checked the experiment mice for symptoms of toxicity and monitored the body 

weight. Both vemurafenib and axitinib were very well tolerated throughout all the three 

xenograft models mentioned above (Figure 5.11). Importantly, the combination of the two 

drugs did not cause any significant loss of body weight of the mice, indicating that the 

combination was not only effective in tumour growth inhibition but also safe for the mice 

(Figure 5.11).  
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Figure 5.10 Effect of the combination of vemurafenib and axitinib on V600E mutant xenografts. NZM 

cells (5x106) were inoculated in the right flank of NIH-III mice. Vemurafenib (50 mg/kg bid) and/or axitinib (10 

mg/kg bid) were dosed via oral gavage. (A) Tumour growth of NZM7 xenografts. (B) Tumour volume of NZM7 

xenografts at day 14. (C) Tumour growth of NZM12 xenografts. (D) Tumour volume of NZM12 xenografts at 

day 14. (E) Tumour growth of NZM77 xenografts. (F) Tumour volume of NZM77 xenografts at day 14. Data 

were analyzed by a one-way ANOVA with P<0.05 indicating significant difference (*, **, ***, ****: P<0.05, 

P<0.01, P<0.001, P<0.0001). N: number of mice; CTRL: control; VEM: vemurafenib; AXI: axitinib; COMBO: 

combination of vemurafenib and axitinib. 
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Figure 5.11 Mice body weight. During the xenograft experiments of NZM7, NZM12, and NZM77, the body 

weight of the mice was monitored. No weight loss was found in any of these three experiments. N: number of 

mice; CTRL: control; VEM: vemurafenib; AXI: axitinib; COMBO: combination of vemurafenib and axitinib. 

5.2.7 Co-inhibition of BRAF and VEGFRs in a vemurafenib-resistant xenograft 

The development of resistance to vemurafenib is known to be one of the major limitations to 

the long term efficacy of this class of drugs in the clinic [546]. Resistance to vemurafenib 
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occurs within 6-12 months in the majority of patients [547]. Therefore, we investigated 

whether the combination of vemurafenib and axitinib could overcome the resistance to 

vemurafenib. First, we modelled the emergence of vemurafenib resistance by culturing the 

V600E mutant NZM12 cells in increasing concentrations of vemurafenib (Figure 5.12 A). 

Initially, NZM12 cells were very sensitive to vemurafenib with EC50 being less than 0.1 µM. 

After 2 months cultured in increasing concentrations of vemurafenib, the cells became 

resistant to vemurafenib with EC50 being more than 10 µM. Next, we used the xenograft 

model of this resistant clone of NZM12 cells, referred to as NZM12PR, to study the effect of 

the combination of vemurafenib and axitinib (Figure 5.12 B). As expected, the xenograft 

tumours of NZM12PR retained its resistance to vemurafenib in vivo. In fact, treatment with 

vemurafenib caused the NZM12PR tumours to grow even faster than the control tumours. In 

contrast, axitinib still significantly inhibited the growth of NZM12PR tumours (Figure 5.12 

B) and after 14 days, axitinib caused a 40% reduction in the tumour growth (Figure 5.12 C). 

Most strikingly, the combination of vemurafenib and axitinib further suppressed tumour 

growth to a greater extent than the single treatment of axitinib, which could be observed from 

day 6 after the treatment started onward (Figure 5.12 C). After 14 days of treatment, the 

combination suppressed tumour growth by more than 80%, indicating a strong synergism 

between vemurafenib and axitinib in NZM12PR tumours. All the treatment conditions were 

well tolerated and did not cause any sign of toxicities or loss of body weight (Figure 5.12 D).  
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Figure 5.12 Effect of the combination of vemurafenib and axitinib in NZM12PR tumours. (A) NZM12 

parental line was cultured in the presence of increasing concentrations of vemurafenib until resistance emerged. 

NZM12PR cells (5x106) were inoculated in the right flank of NIH-III mice. Vemurafenib (50 mg/kg bid) and/or 

axitinib (10 mg/kg bid) were dosed via oral gavage. (B) Tumour growth of NZM12PR xenografts. (C) Tumour 

volume of NZM12PR xenografts at day 14. (D) No weight loss was observed. N: number of mice; CTRL: 

control; VEM: vemurafenib; AXI: axitinib; COMBO: combination of vemurafenib and axitinib. Data were 

analyzed by a one-way ANOVA with P<0.05 indicating significant difference (**, ***, ****: P<0.01, P<0.001, 

P<0.0001). 
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5.2.8 Co-inhibition of BRAF and VEGFRs in BRAF wild-type xenografts 

Melanomas that are wild-type for BRAF are intrinsically resistant to vemurafenib. The 

paradoxical findings of synergistic effects on the tumour growth of vemurafenib-resistant 

NZM12PR tumours lead us to further investigate the effects of the combination on xenograft 

tumours of NZM lines with wild-type BRAF. First, we used the xenograft model of NZM36, 

which is a BRAFWT/NRASWT line. As expected, vemurafenib did not have any effect on the 

growth of the tumours (Figure 5.13 A). Axitinib slightly delayed the tumour growth starting 

after 10 days of treatment and caused only a 20%- reduction in tumour growth after 14 days 

of treatment. However, the combination synergistically inhibited the tumour growth and 

reduced the tumour volume by more than 60%, which was significantly smaller than all the 

other treatment groups (Figure 5.13 B).   

To understand whether this was an isolated effect or a more general one, we further explored 

the effect of the combination on an NRAS mutant model by using the NZM86 xenograft 

model. Single-agent treatment of vemurafenib did not cause any effect on tumour growth. 

Axitinib only slightly reduced the tumour growth by 25% after 14 days of treatment. When 

the mice were dosed with both vemurafenib and axitinib, the growth of their tumours was 

remarkably suppressed (Figure 5.13 C). After 14 days of treatment, the combination reduced 

the tumour growth by nearly 90%, indicating a strong synergistic effect of the combination 

(Figure 5.12 D).    

To further understand the effect of the combination in a broader range of tumours, we 

continued to use a third BRAF wild-type model by using the xenograft model of NZM40 line, 

which is a BRAF-mutant/NRAS-mutant line. In this particular experiment, we observed the 

paradoxical effect of vemurafenib, which accelerated the growth of the tumour compared to 

the control. Axitinib did not have any effect on tumour growth. However, the combination of 
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vemurafenib and axitinib strongly suppressed the tumour growth in a synergistic manner and 

reduced the tumour growth by 60% (Figure 5.13 E-F). 

To understand whether the combination of vemurafenib and axitinib in BRAF wild-type 

tumours could increase the toxicities of the treatment, we checked for external signs of 

toxicities as well as recorded the body weight of the mice. Again, we found the combination 

was well tolerated across all the models tested. We also did not find any significant loss of 

body weight in the mice, which indicates that the combination was not only effective in 

tumour growth inhibition but also safe for the mice (Figure 5.14).  
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Figure 5.13 Effect of the combination of vemurafenib and axitinib on BRAF wild-type xenografts. NZM 

cells (5x106) were inoculated in the right flank of NIH-III mice. Vemurafenib (50 mg/kg bid) and/or axitinib (10 

mg/kg bid) were dosed via oral gavage. (A) Tumour growth of NZM36 xenografts. (B) Tumour volume of 

NZM36 xenografts at day 14. (C) Tumour growth of NZM86 xenografts. (D) Tumour volume of NZM86 

xenografts at day 14. (E) Tumour growth of NZM40 xenografts. (F) Tumour volume of NZM40 xenografts at 

day 14. N: number of mice; CTRL: control; VEM: vemurafenib; AXI: axitinib; COMBO: combination of 

vemurafenib and axitinib. Data were analyzed by a one-way ANOVA with P<0.05 indicating significant 

difference (**, ***, ****: P<0.01, P<0.001, P<0.0001). 
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Figure 5.14 Mice body weight. During the xenograft experiments of NZM7, NZM12, and NZM77, body 

weight of the mice was monitored. No weight loss was found in any of these three experiments. N: number of 

mice; CTRL: control; VEM: vemurafenib; AXI: axitinib; COMBO: combination of vemurafenib and axitinib.   

5.2.9 Co-inhibition of BRAF and VEGFR2 in syngeneic model  

In addition to using immunodeficient mice for in vivo experiments, we also evaluated the 

effect of vemurafenib and axitinib in immunocompetent mice to understand how an intact 

immune system might influence treatment efficacy. For this purpose, we utilized a syngeneic 

B16F10  model, which is a melanoma cell line generated from mice that forms tumours in 

immunocompetent mice [548]. We inoculated the B16F10 cells into C57BL/6 

immunocompetent mice to generate B16F10 tumours and treated the mice with the 
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combination of vemurafenib and axitinib (Figure 5.15 A).  B16F10 is a BRAF wild-type line 

and is known to be resistant to vemurafenib as it has wild type BRAF [549]. As expected, the 

control tumours grew very fast and treatment with vemurafenib alone did not show any effect 

on the fast growth of the B16F10 tumours (Figure 5.15 B). A single treatment with axitinib 

decreased the growth rate of the tumours by 50% (Figure 5.15 C). The combination of 

vemurafenib and axitinib caused the tumours to grow remarkably slower compared to the 

other three groups. Compared to axitinib alone, which already reduced the tumour growth by 

50%, the combination further reduced the tumour growth by another 50% (Figure 5.15 B-C). 

All the treatment conditions proved to be safe to the mice as no weight loss or toxicity signs 

were observed during the experiment (Figure 5.15 D).          
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Figure 5.15 Effect of the combination of vemurafenib and axitinib in a syngeneic model of B16F10. (A) 

B16F10 (1 x105 cell per mouse) were inoculated cultured in the right flank of C57BL/6 mice. Vemurafenib (50 

mg/kg bid) and/or axitinib (10 mg/kg bid) were dosed via oral gavage. (B) Tumour growth of B16F10 tumours. 

(C) Tumour volume of B16F10 tumours at day 8 (D) No weight loss was observed. N: number of mice; CTRL: 

control; VEM: vemurafenib; AXI: axitinib; COMBO: combination of vemurafenib and axitinib.  Data were 

analyzed by a one-way ANOVA with P<0.05 indicating a significant difference.    (***, ****: P<0.001, 

P<0.0001). 
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5.2.10 Dose-dependent effect of the combination of vemurafenib and axitinib  

In the xenografts described so far, the axitinib was used at a rather conservative dose (10 

mg/kg) as other studies have used up to 50-100 mg/kg [544, 550].  This was to minimize the 

potential for side effects and toxicity. To understand whether increasing axitinib dose could 

increase the efficacy of the treatment without causing any significant increase in toxicity, we 

investigated the effect of the combination when axitinib was dosed at 25 mg/kg using the 

NZM40 the xenograft model. Again, vemurafenib did not cause any reduction in the tumour 

growth but the increased dose of axitinib showed a large inhibition in the growth rate of the 

tumour (Figure 5.16 A) and reduced the tumour size by 45% after 14 days of treatment 

(Figure 5.16 B). When vemurafenib was combined with the higher dose of axitinib, the 

combination further increased the inhibitory effect on the tumour (Figure 5.16 A), these 

effects being greater than those when axitinib was dosed at 10 mg/kg. After 14 days of 

treatment, the combination reduced the tumour growth by nearly 90% compared to the 

control tumours. Compared to axitinib alone, the combination further caused another 80% 

reduction in tumour growth, indicating a stronger synergism of vemurafenib and axitinib 

when the dose of axitinib was increased (Figure 5.16 B). Furthermore, no signs of toxicities 

or loss of body weight were observed at the higher dose of axitinib (Figure 5.16 E).  

Next, we examined the effect of the combination with a higher dose of axitinib in the 

syngeneic model of B16F10. Similar to our previous experiment (Figure 5.15), the control 

tumour grew very fast and vemurafenib alone did not cause any change in this fast growth 

rate (Figure 5.16 C). Axitinib alone slowed down the growth of the tumours by 42% after 6 

days of treatment. Compared to our previous experiment (Figure 5.15), the higher dose of 

axitinib was 130% more potent in delaying the tumour growth (Figure 5.16 C). When 

vemurafenib was combined with the higher dose of axitinib, the combination caused a further 

55% reduction in tumour growth compared to axitinib alone. Compared to the previous 
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combination with axitinib dose of 10 mg/kg, the efficacy of the new combination with the 

higher dose of axitinib was enhanced by 179%. Again, we found that the combination with 

the higher dose of axitinib was well tolerated by the mice and no weight loss was observed in 

the experiment (Figure 5.16 F).  Together, these data not only reinforce the findings of the 

previous experiments but also provide evidence that it is possible to titrate the individual 

doses in order to achieve a desired magnitude of efficacy, which would be very useful for the 

follow-up trials in order to explore the best dose range in terms of efficacy and toxicity.   
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Figure 5.16 Effect of the combination of vemurafenib and axitinib with a higher dose of axitinib. NZM 

cells (5x106) were inoculated in the right flank of NIH-III mice. Vemurafenib (50 mg/kg bid) and/or axitinib (25 

mg/kg bid) were dosed via oral gavage. (A) Tumour growth of NZM40 xenografts. (B) Tumour volume of 

NZM40 xenografts at day 14. (C) Tumour growth of B16F10 tumours. (D) Tumour volume of B16F10 tumours 

at day 6 (E)(F) No weight loss was observed. N: number of mice; CTRL: control; VEM: vemurafenib; AXI: 

axitinib; COMBO: combination of vemurafenib and axitinib. Data were analyzed by a one-way ANOVA with 

P<0.05 indicating significant difference (**, ***, ****:P<0.01, P<0.001, P<0.0001). 
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5.2.11 Effect of the co-inhibition of BRAF and VEGFRs on the survival of the mice 

In addition to the investigation into the short term effect of the combination on the tumour 

growth, we sought to further investigate the long-term effect of the combination on the 

survival of the mice to begin to understand whether resistance develops. For this purpose, we 

did an extended experiment by using the xenograft model of NZM40, in which the mice were 

dosed daily for 105 days instead of 14 days as in previous experiments. Figure 5.17A 

summarizes the tumour growth rates and this showed a very similar pattern that was observed 

in our previous experiments (Figure 5.13E and Figure 5.16E), in which the combination 

synergistically suppressed the tumour growth (Figure 5.17 A) and reduced the tumour 

volume by 64% (Figure 5.17 B). Importantly, we found in the extended part of our 

experiment that the combination significantly improved the survival of the mice in 

comparison to the control (hazard ratio 0.09; P <0.001) as well as to vemurafenib alone 

(hazard ratio = 0.1; P <0.0001) and axitinib alone (hazard ratio = 0.1; P <0.0001) (Figure 

5.17 C). In contrast, neither treatment with vemurafenib alone (hazard ratio = 0.69; P = 0.31) 

nor axitinib (hazard ratio = 0.67; P = 0.27) could extend the survival of the mice. Long-term 

treatment could possibly result in accumulative toxicity in general. However, we found that 

all the treatment conditions were well tolerated with no loss of the mice body weight 

throughout the whole treatment period (Figure 5.17 D).   
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Figure 5.17 Long-term effect of the combination of vemurafenib and axitinib on NZM40 xenografts. (A) 

Tumour growth of NZM40 xenografts. (B) Tumour volume of NZM40 xenografts at day 14. (C) Kaplan-Meier 

curve of the survival as determined by the time to reach 800% of the original tumour volumes in different 

treatment groups. The combination strongly increased the survival of the mice compared to control, 

vemurafenib alone, and axitinib alone being 0.09, 0.1 and 0.1, respectively. (D) No body weight loss of the mice 

was observed even in such a long-term experiment. N: number of mice; CTRL: control; VEM: vemurafenib; 

AXI: axitinib; COMBO: combination of vemurafenib and axitinib. Data were analyzed by a one-way ANOVA 

with P<0.05 indicate indicating significant difference (**, ***, ****: P<0.01, P<0.001, P<0.0001). 
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5.2.12 Role of the tumour microenvironment in the effect of the combination 

The findings that the combination was effective in only tumours and not in cultured cells led 

us to investigate the involvement of the major cell types in the tumour microenvironment, 

including endothelial cells and macrophages. First, we performed immunohistochemistry 

analysis on the NZM40 tumour sections to understand how the combination affected the 

presence of endothelial cells as detected by the CD31 marker. Figure 5.18 A shows that 

vemurafenib-treated tumour sections tended to have more blood vessels and with larger 

diameters. Axitinib sections, on the other hand, had fewer blood vessels. The combination 

further suppressed the vasculature of tumours (Figure 5.18 A green colour). Next, we 

examined the influence of the treatment on M1 and M2 tumour-associated macrophages 

(TAMs) as they are the two major phenotypes of TAMs [551] and the ratio of M1:M2 has 

been shown to be inversely correlated with the tumour progression and prognosis [552-554]. 

Indeed, NZM40 tumour sections had very weak fluorescence signals when stained with M1 

marker even after different antibodies were tried. (M1 data not shown but was done by Ms 

Betty Shih and Dr Claire Wang in our lab). In contrast, the NZM40 tumour sections gave 

stronger fluorescence signals when stained with the M2 marker MMR. Vemurafenib alone 

did not show any effect on M2 macrophage marker MMR in the NZM40 tumour sections 

(Figure 5.18 A red colour). Axitinib, however, caused a remarkable reduction of the number 

of M2 macrophages in the tumour sections. When vemurafenib and axitinib were combined 

reduction at a greater extent was observed compared to the single agent treatment of axitinib 

(Figure 5.18 A red colour). Finally, we examined whether the combination had an effect on 

the growth of tumour stromal cells or the melanoma cells themselves or both. To do that, we 

utilized the RNAscope technique to distinguish human-specific and mouse-specific 

proliferation marker Ki-67 in NRAS mutant NZM40 xenograft tumour. This model was 

vemurafenib resistant (Figure 5.16 A) and in concordance with this, it is seen that the Ki67 
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levels are actually increased in the vemurafenib treated tumours (Figure 5.18B). In contrast 

axitinib did not affect Ki67 levels compared with control but we found that the combination 

of vemurafenib and axitinib strongly suppressed the expression of this proliferation marker in 

both human and mouse cell populations, which provides evidence that the synergy of 

vemurafenib and axitinib in the tumour environment occurred in both melanoma cells 

themselves and in stromal cells. (Figure 5.18 B).  Using RNAScope it is also clear that levels 

of both stromal (green) and tumour cell VEGFA mRNA are increased by vemurafenib in 

NZM40 xenografts but that both are totally suppressed by the combination of axitinib and 

vemurafenib after 14 days of drug treatment (Figure 5.18 C).  
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Figure 5.18 Imaging study analysing the involvement of tumour cells and stromal cells. Mice bearing 

NZM40 xenografted tumours were treated for 14 days with vemurafenib (50 mg/kg bid), axitinib (10 mg/kg), a 

combination of vemurafenib and axitinib, or vehicle control. (A) IHC staining of endothelial cells (CD31) and 

M2 macrophages (MMR). (B) RNAscope imaging for the proliferation marker Ki67 from the human cells and 

mouse cells. (C) RNAscope for VEGFA from the human cells and mouse cells.  

5.2.13 Pathway regulations in the tumour microenvironment caused by the co-inhibition 

of BRAF and VEGFRs 

To further understand the changes in the tumour at the signalling pathway level, we 

performed a whole-transcriptome analysis of the mRNA extracted from NZM40 xenograft 

tumours. Like any other xenograft tumour, NZM40 xenograft tumours were also composed of 

cells belonging to two different species: human (melanoma cells) and mouse (tumour stromal 

cells). We utilized this feature to analyze mRNA changes in these two compartments of the 

tumours [555]. To separate the two species mRNA populations, we used a Disambiguate 

algorithm [287] to distinguish reads that can be mapped to melanoma cells (human) and 
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tumour stromal cells (mouse) [287, 555]. This analysis was performed on NZM40 xenograft 

tumours harvested for analysis at early points after drug treatment as the aim of our analysis 

was to identify changes in gene expression induced by the drug treatment as these will be 

responsible for causing the effects on the trajectory of the xenograft growth. Two time points, 

24 hours and 48 hours, were chosen as it is likely that the initial effects of the drugs will 

trigger secondary effects. Differential expression analysis was performed by using edgeR 

Bioconductor package [290]. Differentially expressed genes (P < 0.05) were then subjected to 

CAMERA analysis using limma R package [556, 557]. This analysis groups changes in 

individual genes into functional pathways and thus allows the identification of drug effects on 

such functional pathways as a whole. Of most interest was the identification of pathways 

uniquely regulated by the combination that could suggest how this combination of drugs was 

able to achieve such powerful synergies in vivo models. The analysis of data from the mouse 

RNA can reveal the effects on the tumour microenvironment cells whereas the data on the 

human RNA can reveal direct and indirect effects on the melanoma cells.    

Analysis of human RNA showed sets of genes that were modulated in each treatment group 

at 24h and 48h. The numbers of modulated genes at 24h for the vemurafenib, axitinib, and 

combination groups were 1385, 102, and 2411, respectively (Figure 5.19 A). The numbers of 

modulated genes at 48h for the vemurafenib, axitinib, and combination groups were 2128, 

3416, and 3096, respectively (Figure 5.19 B). There was some overlap of gene modulation 

between the three treatment groups but the combination of drugs clearly resulted in unique 

sets of modulated genes at both time points (Figure 5.19 A,B). Clues as to the mechanism 

responsible for the potential synthetic lethality of the drug combination are likely to lie in 

these unique changes in gene expression induced only by the drug combination.  This could 

potentially all be due to changes in a single gene or due to the compounded effects of 

multiple smaller changes in gene expression that result in a consistent change in a functional 
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pathway.  To assess the possibility of the latter we used the CAMERA software.  This 

analysis revealed two pathways that were only regulated by the drug combination (Figure 

5.19 C,D). Interestingly, at 24h, we found that the EMT pathway was downregulated in the 

melanoma cells only in the combination group (Figure 5.19 C,E). Furthermore, at 48h, the 

TP53 pathway was upregulated in the melanoma cells only in the combination group (Figure 

5.19 D,F). We further looked into the alteration of these two pathways over time in the 

combination group by comparing modulated genes of these pathways between the two time 

points 24h and 48h (Figure 5.20 A,B). At 24h, we found a panel of important genes of the 

EMT pathway that were significantly down-regulated in the combination such as MMP1, 

CXCL8 and TGFBI (Figure 5.20 C). A remarkable overlap was also found between genes 

modulated at 24h and 48h such as ECM1, ITGB3 and MCM7. In addition, at 48h, another 7 

genes of the EMT pathway were found to be downregulated, including ITGB1, NNMT, 

LAMC1, FERMT2, PLOD1, PLOD2 and ITGAV. Similarly, we also observed the 

upregulation of the TP53 pathway in the combination group at 48h. The upregulation of 

several key positive regulators of the TP53 signalling pathway contributed to this pathway 

effect including  TP53, BLCAP and TAP1, together with the downregulation of negative 

regulators of the TP53 signalling pathway such as ATR and RFWD2 (Figure 5.20).  One point 

of interest with these findings is that the pathways uniquely affected by the drug combination 

are different at 24 and 48 hours suggesting that the ability to target different tumour 

mechanisms at different times might be an important part of the therapeutic efficacy of the 

combination of drugs that sets it apart from monotherapies. 

Given that the TP53 and EMT pathways were uniquely modulated in the combination group 

for human mRNA, we next investigated individual genes of these pathways whose expression 

was significantly changed by the drug combination compared with either drug alone. The 

criteria to identify such genes were: (1) the genes belong to either EMT or TP53 hallmark 
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pathways; (2) expression foldchanges of the genes in the combination group were larger than 

those of corresponding genes in either single treatment group; and (3) the expression 

foldchanges were significant in the combination group (P<0.05) but not significant in at least 

one single treatment group. While P<0.05 in itself might not be a strong criterion, the 

combination of all these 3 criteria is likely to enhance the probability of identifying genes that 

were primarily modulated in the combination group. Two subsets of 82 and 89 genes fitting 

these criteria were identified for 24h (Figure 5.21 A) and 48h (Figure 5.21 B), respectively. 

All of these changes in human genes must represent changes intrinsic to the melanoma cells 

so it will be of interest to understand which of these  “combination only” changes in gene 

expression could potentially contribute to the synergistic effects of the drugs on tumour cell 

growth. 

Next, we performed the same type of analysis on mouse RNA in treatment groups. Analysis 

of the three treatment groups again demonstrates a significant population of RNA changed 

only in the combination of drug treatment. The numbers of modulated genes at 24h for the 

vemurafenib, axitinib, and combination groups were 565, 435, and 629, respectively (Figure 

5.22 A). The numbers of modulated genes at 48h for the vemurafenib, axitinib, and 

combination groups were 929, 988, and 2214, respectively (Figure 5.22 B). The analysis 

showed that at 24 hours 4 pathways were controlled only by the combination therapy and at 

48 hours 3 pathways were controlled in this way (Figure 5.22 C,D).  The pathway analysis 

with CAMERA identified 2 pathways that were uniquely regulated by the combination were 

modified at both the 24h and 48h time points, these being angiogenesis (Figure 5.22 E) and 

TGF-β pathways (Figure 5.22 F).  More specifically, at 24h, we found a list of key regulators 

of the angiogenesis pathway that were downregulated, including Kdr, Mcam, Ets1, Ctnn and 

Tie1. At 48h, some different angiogenesis genes were found to be downregulated in the 

combination group, including Pdgfra, Hif1a, Vcan and Tek. Angiogenesis genes that were 
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downregulated at both 24h and 48h included Nos3, Stc1 and Ednrb (Figure 5.23 C). On the 

other hand, two negative regulators of the angiogenesis pathway, Bak1 and Hmox1, were 

found to be upregulated. Similar to the angiogenesis pathway, the TGF-β pathway was also 

downregulated at both 24h and 48h (Figure 5.23 D). Genes that were downregulated at both 

the time points included Stc1, Nuak1, Gdf6 and Vav3. At 48h, we found a number of 

important genes of the TGF-β pathway that were downregulated, including FgfR3, Tgfbr1, 

Hgf and Usp25 (Figure 5.23 D).  

Given that the angiogenesis and TGF-β pathways were uniquely modulated in the 

combination group for mouse mRNA, we next investigated individual genes of these 

pathways whose expression was significantly changed by the drug combination compared 

with either drug alone. The criteria to identify such genes were: (1) the genes belong to either 

angiogenesis or TGF-β hallmark pathways; (2) expression foldchanges of the genes in the 

combination group were larger than those of corresponding genes in either single treatment 

group; and (3) the expression foldchanges were significant in the combination group (P<0.05) 

but not significant in at least one single treatment group. Two subsets of 70 and 113 genes 

fitting these criteria were identified for 24h (Figure 5.24 A) and 48h (Figure 5.24 B), 

respectively. Examples of synergistic increases in gene expression at this time point include 

an interesting increase in the inflammatory regulator Trem1 and in an uncharacterised gene 

Gm38431 (Figure 5.24 A).  At 48 hours there were large decreases in Rel, Capn6, Lck, Ghr, 

Ace and the reprogramming transcription factor Klf4 and a large increase in Tip1 for example 

(Figure 5.24 B).  Since there are multiple mouse cell types present in the stroma it will be 

important in future to understand to what extent these gene expression changes represent 

changes in cell types present in the tumour. This was beyond the scope of the current thesis. 

Taken together, our data provide strong evidence for major synergistic effects of the drug 

combination on gene expression at the pathway level as well as individual gene level in both 
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cancer cell and stromal cell compartments of the tumours. In the RNA from human 

melanoma cells, the combination activated the tumour suppressor TP53 pathway and 

suppressed the EMT pathway. In the RNA from host mouse stromal cells, the combination 

suppressed two critical pathways of the tumours, i.e. angiogenesis pathway and TGF-β 

pathway.   
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Figure 5.19. Modulation of human mRNAs. (A) Modulation of human mRNAs at 24h. (B) Modulation of 

human mRNAs at 48h. (C) Number of pathways significantly modulated after 24h treatment with vemurafenib, 

axitinib, or combination analyzed with CAMERA. (D) Number of pathways significantly modulated after 48h 

treatment with vemurafenib, axitinib, or combination. (E) Downregulation of the epithelial-mesenchymal 

transition pathway in the combination at 24h. (E) Upregulation of the TP53 signalling pathway in the 

combination at 48h. 
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Figure 5.20. The evolution of the EMT and TP53 pathways in the combination group. (A) Numbers of 

modulated genes of the EMT pathway in the combination group at 24h and 48h. (B) Numbers of modulated 

genes of the TP53 pathway in the combination group at 24h and 48h. (C) Overlap of genes of the EMT pathway 

in the combination group between 24h and 48h. (D) Overlap of genes of the TP53 pathway in the combination 

group between 24h and 48h. 
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Figure 5.21 Potential synergy in human mRNAs. (A) Fold changes of human mRNAs at 24h (upper panel) 

and the significance of their change (lower panel). (B) Fold changes of human mRNAs at 48h (upper panel) and 

the significance of their change (lower panel). 
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Figure 5.22. Modulation of mouse mRNAs. (A) Modulation of mouse mRNAs at 24h. (B) Modulation of 

human mRNAs at 48h. (C) Number of pathways significantly modulated after 24h treatment with vemurafenib, 

axitinib, or combination analyzed with CAMERA. (D) Number of pathways significantly modulated after 48h 

treatment with vemurafenib, axitinib, or combination. (E)(F) Downregulation of the angiogenesis and TGF-β 

pathways at 24h and 48h, respectively. 
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Figure 5.23. The evolution of the angiogenesis and TGF-β pathways in the tumor stroma of the 

combination group. (A) Numbers of modulated genes of the angiogenesis pathway in the combination group at 

24h and 48h. (B) Numbers of modulated genes of the TGF-β pathway in the combination group at 24h and 48h. 

(C) Overlap of genes of the angiogenesis in the combination group between 24h and 48h. (D) Overlap of genes 

of the TGF-β pathway in the combination group between 24h and 48h. 
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Figure 5.24 Potential synergy in mouse mRNAs. (A) Fold changes of mouse mRNAs at 24h (upper panel) 

and the significance of their change (lower panel). (B) ) Fold changes of mouse mRNAs at 48h (upper panel) 

and the significance of their change (lower panel). 
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5.3 DISCUSSION  

5.3.1 VEGF-A signalling in NZM melanoma cell lines 

Previous studies have indicated the principal role of the family of vascular endothelial growth 

factors in tumour angiogenesis [152, 523, 524, 539]. While VEGF-A is widely believed to be 

the most influential factor regulating the angiogenesis and lymphangiogenesis of the tumour, 

other members including VEGF-B, VEGF-C, and VEGF-D were also found to play important 

supporting roles in tumour growth and progression [554, 558-561]. Given that tumour cells 

are one of the major sources of tumour VEGFs [539, 562, 563], we investigated the 

transcriptional expression of VEGFs in a panel of 39 NZM early passage melanoma cell 

lines. Our data indicate that VEGF-A and VEGFB are the major VEGF genes that are 

transcriptionally expressed in all the melanoma cell lines tested. Other VEGF members either 

did not express (VEGF-D) or expressed at much lower levels (VEGF-C). Previous studies 

also reported VEGF expression but in much smaller numbers of melanoma cell lines than 

studied here. Koch et al. (2014) reported mRNA expression of VEGF-A, VEGF-R1, and 

VEGF-R1 in two primary (MEL-270, OM-431) and metastatic (OMM-2.3, OMM-2.5) uveal 

melanoma cell lines [540].  Similarly, a study by Masood et al. (2001) showed mRNA 

expression of VEGF-A, VEGF-R1, and VEGF-R2 in 3 melanoma cell lines (A375; 526; and 

M21) [564]. Interestingly, no mRNA expression of either VEGF-A, VEGFR1, or VEGFR2 

was detected in human fibroblast cell line T1 or human T-cell leukemia cell lines (HuT78) or 

erythroid leukemia (HL-60) [564]. It is important though to point out that in the current study 

the physiological oxygen tension 5% was used for cell maintenance while other studies 

appear to have grown cells at atmospheric oxygen. As oxygen is the most important regulator 

of VEGF expression [517, 520, 565], we believe that VEGF expression under the 

physiological oxygen tension is more clinically relevant.  
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Since VEGF-A is a secreted cytokine, it is important to understand the secretion level of this 

cytokine in melanoma cell lines. Previous studies demonstrated that VEGF-A secretion levels 

vary greatly between different melanoma cell lines [541, 543, 566]. Therefore, we used a 

wide panel of 77 NZM melanoma cell lines that represent all major driver mutations of 

melanoma. We found that all the NZM melanoma cell lines tested secreted VEGF-A at 

detectable levels. Together with the mRNA results, our data demonstrated that VEGF-A is 

expressed in all the melanoma cell lines tested at both transcriptional and protein levels.    

VEGF-A exerts its biological effects by binding to its specific receptors, including 

VEGFR1(encoded by FLT1 gene) and VEGFR2 (encoded by KDR gene), the latter is 

believed to be the most important receptor in modulating VEGF-A activity [518, 524]. Liu et 

al. (1991) used RT-PCR to examine the expression of VEGFA mRNA and KDR mRNA in 15 

different human cancer cell lines and noticed that KDR mRNA was expressed only in the 

melanoma cell lines while all the cell lines expressed VEGFA mRNA [567]. The current 

study demonstrated that transcriptional expression levels of VEGFR2 and VEGFR1 were 

significantly higher than that of VEGFR3 in early passage melanoma models. Further 

analysis by Western blotting studies revealed that VEGFR2 is more frequently expressed at 

protein level compared to VEGFR1. We also found no correlation between the expression 

levels of VEGF-A and VEGFRs in NZM melanoma cell lines. Furthermore, our data suggest 

that, despite the presence of cognate receptors in the NZM lines, that VEGF-A autocrine 

activity most likely isn’t a major driver for NZM melanoma cell growth as pharmacological 

blocking of VEGF-A receptors with the potent and highly selective drug axitinib only caused 

modest levels of inhibition of the cell viability in growth assays of NZM monocultures in 

vitro.  
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The number of cell lines analysed here also gives the most comprehensive overview to date 

of VEGF signalling in melanoma cell models. Taken together, the current study provides 

strong evidence that VEGF-A, VEGF-B and VEGFR2 are major components of the VEGF 

family in melanoma cells. The VEGF signalling is more likely to contribute to paracrine 

activities rather than autocrine actions in melanoma tumours as (i) VEGFR1 levels (the target 

of both VEGF-A and VEGF-B) are very low in most of the cell lines and (ii) despite 

VEGFR2 being present on many of the NZM lines we saw no evidence it was a major 

contributor to cell growth and/or survival in vitro.  However, both VEGF-A and VEGF-B 

would potentially have effects on the tumour microenvironment.     

5.3.2 The link between VEGF-A secretion and the RAS/BRAF/MEK signalling pathway   

VEGF-A is produced in the cell and then secreted to the extracellular environment. We found 

that the mRNA expression levels of VEGF-A did not significantly correlate to VEGF 

secretion levels. This is consistent with previous findings that the level of intracellular 

VEGF-A might not be always correlated with the level of secreted VEGF-A [568]. 

Differences in the mechanisms regulating VEGF-A secretion is likely to be the main reason 

for this difference. To date, the regulation mechanism for VEGF-A secretion remains largely 

unknown. Interestingly, during our analysis of the VEGF-A secretion levels and their 

genotypes, we noticed that, on average, VEGF-A secretion levels in V600E BRAF-mutant 

NZM cell lines were significantly higher than lines that are wild-type for BRAF. This led us 

to hypothesize that the RAS/BRAF/MEK pathway might be involved in mediating the 

secretion of VEGF-A from melanoma cells. Indeed, inhibition of the downstream signalling 

of this pathway with a MEK inhibitor suppressed the secretion of VEGF-A in all the 

melanoma cell lines tested. Next, we found that targeting mutant-BRAF with vemurafenib 

suppressed the secretion of VEGF-A in NZM lines with mutant-BRAF, but not in NZM lines 
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with wild-type BRAF. In fact, vemurafenib treatment increased the VEGF secretion levels in 

NZM lines with wild-type BRAF and mutant NRAS. This might contribute to the previously 

reported paradoxical stimulatory effects of vemurafenib in melanoma tumours with NRAS 

mutations [569]. Together, our data indicate that the RAS/BRAF/MEK pathway plays an 

important role in regulating VEGF-A secretion from melanoma cells.   

5.3.3 Role of VEGF-A in the growth of melanoma tumours  

Our findings lead us to explore the role of the contribution of VEGF-A in vivo in tumour 

xenografts, where elements of the tumour microenvironment are present and paracrine 

activity is included. We first started with xenografts of V600E-mutant NZM lines which we 

expected would be sensitive to vemurafenib and we hypothesized the VEGF receptor 

inhibitor axitinib might have effects in these tumours if the VEGF-A secreted by the 

melanomas, and potentially by stromal cells, was playing a role in the growth and survival of 

the tumour as a whole. In the xenograft model of the V600E-mutant NZM77 cell lines, 

axitinib (10 mg/kg) decreased the tumour volume by 50% compared to the control group. 

Similarly, axitinib slowed down the growth rate of the xenograft tumours of V600E mutant 

NZM12 cell lines by approximately 30%. It is noteworthy to mention that this inhibition was 

achieved at a rather conservative dose of axitinib (10 mg/kg).  

The partial inhibitory effect of VEGF-A receptor inhibitor axitinib on V600E-mutant 

xenograft tumours was somewhat expected given these cells expressed the highest levels of 

VEGFA secretion in vitro. What was quite striking though was that in all V600E xenografts 

tested, the addition of vemurafenib together with axitinib had remarkable additive or 

synergistic effects. In the xenograft model of the BRAF mutant NZM12 cell line, for 

example, vemurafenib effectively suppressed the growth of the tumours by 50% compared to 
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the control group. When vemurafenib and axitinib were combined, the tumour growth was 

further suppressed in a synergistic manner. Even in the xenograft model of BRAF mutant 

NZM77 where vemurafenib and axitinib already had quite strong effects on their own, the 

combination between vemurafenib and axitinib still enhanced the treatment efficacy in an 

additive manner. While the studies described in this chapter were being done, a report 

emerged of a similar additive effect of the mutant BRAF inhibitor PLX4720 (closely related 

to vemurafenib) and the anti-VEGF monoclonal antibody bevacizumab in a xenograft of the 

V600E mutant A375 melanoma cell line [570]. Taken together, our data provide very strong 

evidence that the co-targeting VEGF-A receptor and mutant BRAF with vemurafenib and 

axitinib can improve the efficacy of axitinib as well as the known efficacy of vemurafenib in 

mutant V600E melanomas.   

Given that resistance to vemurafenib rapidly arises in patients [547, 571] the more important 

question is whether this combination could prevent the development of resistance.   We were 

unable to observe the development of vemurafenib resistance in the xenograft models we 

used as the standard model we used only treated for 14 days and we didn’t observe it in the 

one long term experiment we performed. One of the cell lines tested (NZM77) showed a 

dramatic response in vivo that could potentially allow us to understand this if we were to 

perform longer-term studies but this was not possible in the time frame of this thesis.   

However, we did have available a clone of the NZM12 BRAF V600E mutant cell line that 

had developed acquired resistance to vemurafenib while being grown in culture in the 

presence of increasing concentrations of vemurafenib until the resistance emerged. We found 

that xenograft tumours of this resistant cell clone (NZM12PR) retained its resistance in vivo 

as well, reflected from the observation that vemurafenib treatment not only failed to inhibit 

the tumour growth but also resulted in acceleration of the tumour growth. However, 
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resistance to vemurafenib did not affect the efficacy of axitinib. Surprisingly, the combination 

of vemurafenib and axitinib still remained synergistic in the inhibiting growth of the 

NZM12PR tumours. This was unexpected and raised the possibility that the combination 

might also be active in tumours harbouring wild-type BRAF or mutant NRAS, which are 

intrinsically resistant to vemurafenib. This indeed proved to be the case as we find synergistic 

effects of the combination treatment in three different xenografts of NZM lines wild-type for 

BRAF, two of which are NRAS mutant and the third line is wildtype for both BRAF and 

NRAS. This synergy was also seen in the syngeneic B16 model which is also wild type for 

BRAF and NRAS.  Importantly, this combination also had a much longer-term effect than 

either agent alone in the NZM40 NRAS mutant model and significantly improved the 

survival of the experimental mice with the hazard ratio of the combination vs control were 

0.09 (P<0.0001) and hazard ratio of the combination vs axitinib alone as well as the 

combination vs vemurafenib alone being 0.1 (P < 0.001).   

The synergy between axitinib and vemurafenib in melanoma lines wild type for BRAF is an 

unexpected finding but one with significant potential therapeutic relevance. Melanoma 

patients with BRAF-wild type tumours have more limited treatment options as clinically 

approved BRAF inhibitors cause a paradoxical activation of BRAF signalling in tumours 

with WT BRAF [572]. This can accelerate tumour growth [182] and/or contribute to the 

development of cutaneous side effects [573]. Therefore BRAF inhibitors are currently only 

approved for BRAF-mutant melanomas.  However, even BRAF mutant melanoma tumours 

might be a mixture of BRAF mutant cells and BRAF wild-type cells. In a study by Wilmott et 

al. (2013), nearly 30% of the BRAF V600E melanoma tumours contained a subpopulation of 

tumour cells (20-40%) without BRAF V600E staining [574]. In addition, despite this 

heterogeneity of BRAF V600E staining in melanoma tumours, these expression levels of 



 

275 

 

V600E did not correlate with the response to BRAF inhibition therapy [574]. One plausible 

reason for the lack of correlation between BRAF V600E staining and vemurafenib response 

could be that some BRAF wild-type melanoma cells were also sensitive to vemurafenib. In 

fact, our own in vitro screening also showed that a number of NZM cell lines did respond to 

vemurafenib even though they are BRAF-wild type cell lines. This is consistent with other 

studies. For example, Krayem et al. (2014) found that four out of six lines with 

BRAFWT/NRASWT were sensitive to vemurafenib with IC50 ranging from 0.8 to 3 µM [575]. 

These sensitive lines were characterized by low phospho-CRAF and high cAMP expression 

levels [575]. Furthermore, Tahiri et al. (2013) studied ex vivo the effect of vemurafenib in 

tumour kinase activity of a range of melanoma tumours, including BRAF-wild type 

melanomas [576]. Interestingly, 25% of those BRAF-wild type melanoma tumours show 

kinase activity profiles in response to vemurafenib treatment that was very similar to those of 

BRAF-mutant melanoma tumours [576]. However, attempts to use vemurafenib as 

monotherapy in BRAF wild-type melanomas was unsuccessful [246].  

There are examples of synergistic effects of drug combinations including BRAF inhibitors 

that directly affect the growth or viability of cultured BRAF WT melanoma cells in vitro. For 

example, Niehr et al. (2011) studied the combination of vemurafenib and metformin in 

melanoma cell lines in vitro. Six out of eleven BRAF V600E mutant lines showed a 

synergistic response to the combination and seven out of eight BRAF wild-type lines were 

synergistic to the combination [577]. Sutton et al. (2016) performed a high throughput 

screening of a 10,560 compound library and found a compound C012 which synergistically 

enhanced vemurafenib potency in all the BRAF wild-type melanoma cell lines tested [578]. 

Similarly, vemurafenib-based combinations have also been tested in vemurafenib-resistant 

melanoma cells. Peh et al. (2017) developed a vemurafenib-resistant clone A375VR from the 
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parental cell line A375 and found that the combination of vemurafenib and a pro-caspase 3 

activator PAC-1 remained potent and synergistic against the vemurafenib-resistant cells 

[579]. While these studies show it is possible to improve the direct effects of drugs targeting 

the BRAF mutant melanomas they do not address the issue of how combinations might 

simultaneously affect both the melanoma cells and the tumour microenvironment cells. 

Our studies point more towards a strategy where one drug targets the melanoma cells and a 

second targets VEGF-A paracrine signalling emanating from the melanoma cells. We have 

found two other studies that provide support for this strategy in BRAF mutant melanoma. 

One example is using the drug metformin which has anti-cancer effects in many cell lines but 

has the opposite effect in melanoma cells. Martin et. al. have shown that metformin increases 

VEGFA secretion in melanoma and that this parallels the increase in tumour growth in two 

xenografts of BRAF mutant cell lines [580]. This effect could be overcome by combination 

treatment with the anti-VEGFA antibody bevacizumab in much the same way as we see 

synergistic effects when adding a VEGFR2 inhibitor. Comunaza et. al. also showed that the 

addition of bevacizumab to the mutant BRAF inhibitor PLX4720 had additive effects in 

inhibiting tumour growth in two BRAF mutant xenograft models.  Our findings add to these 

previous findings by showing the same effects on BRAF mutant melanoma can be achieved 

using two oral drugs.  Our results also greatly expand on the previous studies by showing the 

combination works in the context of BRAF wild type melanomas and vemurafenib resistant 

melanomas. Importantly our results also go on to show that the combination is effective in the 

context of the intact immune system which shows the combination is not disrupting any anti-

tumour effects of the adaptive immune system. 

It is important to understand how long the effect of the combination lasts and whether it could 

improve the survival of the animals. In an extended xenograft treatment for 100 days in the 
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NRAS mutant NZM40 xenograft, the combination treatment remained highly effective in 

most of the tumours for the length of the experiment. This is consistent with the idea that the 

combination is preventing the emergence of vemurafenib resistant melanomas but further 

studies will be required to definitively prove this. Another important aspect of drug 

combination is the potential toxicity as a combination of efficacy might also result in the 

combination of toxicities from every single drug. We found that the combination was 

effective at a rather low dose of axitinib (10 mg/kg) and remained tolerable at a higher dose 

of 25 mg/kg. This is relatively low for mouse experiments with doses of axitinib of up to 60 

mg/kg [581] and 100 mg/kg [582]) being reported in other studies. Even in our long-term 

experiment, the combination proved to be safe and did not affect the body weight of the mice 

throughout the experiment. This tolerability we observe might suggest there is scope for dose 

titration of every single drug in any future human clinical trials.  

The finding here that the combination is effective in the syngeneic mouse model is also 

important as it gives further credence to the idea that this combination could work in the real 

world and that the xenograft results suggest that the effects of the combination are more 

likely due to effects on the innate immune system or on stromal cell population in the tumour 

microenvironment.   

5.3.4 Understanding the effect of the combination therapy on the stroma 

Our findings of synergistic effects of the combination between vemurafenib and axitinib lead 

to the important question of how the combination of these two drugs is able to essentially 

create a synthetic lethal type effect. The fact that the combination was synergistic in tumours 

but not in cultured cells strongly suggests that the involvement of the tumour stroma in the 

synthetic lethality observed and that VEGFA signalling was a key part of the effects. Indeed 



 

278 

 

the fact that we show that vemurafenib increases VEGF-A release both from melanoma cells 

in vitro and with the human-specific RNAScope data in vivo suggests that excess VEGFA 

secretion induced by vemurafenib may in part be responsible for the paradoxical effects.  

This VEGFA signalling would in the first instance have its effects on the tumour by acting on 

the stroma given that we see little evidence for autocrine signalling. Tumour stroma plays a 

key role in the development, growth, and invasion of the tumour [583]. Endothelial cells are 

the most important stromal cell type on tumour angiogenesis and lymphangiogenesis [539]. 

Evidence from our IHC work showed that the combination suppressed the presence of the 

endothelial cells and the vasculature in the tumour. These effects are greater than those seen 

with PLX4720 and bevacizumab combination in the BRAF mutant xenograft in the 

Comunanza et. al. study [570] and is likely to have significant effects on tumour growth and 

viability of tumour cells. Another important element of the tumour stroma is tumour-

associated macrophages, whose major phenotypes are M1-polarized and M2-polarized 

macrophages [584]. Our IHC analysis in NZM40 tumour sections showed very strong 

staining of the M2 macrophage marker MMR and very low staining of M1 macrophage 

marker, which might suggest that the M2 is the major phenotype of the macrophages in 

NZM40 tumours. This is consistent with previous reports that M2 is the major phenotype of 

tumour-associated macrophages in poor prognosis tumours [584]. M2 macrophages play 

important roles in stroma formation, tumour growth, angiogenesis and immunosuppression 

[585]. The ratio M1:M2 of the total TAMs in a tumour was found to correlate with the stage 

of the tumour [552]. In our study, the combination strongly suppressed the presence of M2 

tumour-associated macrophages in the tumour sections of the BRAF WT NZM40 cells, 

which is qualitatively similar to the effects of the PLX4720 and bevacizumab combination in 

A375 BRAF mutant xenografts in the Comunanza et. al. study [570].  
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Utilizing the difference in species origin between melanoma cells (human origin) and stroma 

cells (host mouse origin), we further looked at the effect of the combination in the growth 

rate of these two separate compartments of the tumour microenvironment. It is difficult to 

apply the traditional IHC approach for this due to the poor species specificity of the 

antibodies for the growth marker Ki67. This leads us to use RNAscope, which allowed us to 

detect highly specific RNA sequences for human as well as mouse Ki67. Interestingly, we 

found that the combination strongly suppressed the proliferation marker Ki67 derived from 

human cells as well as mouse cells. This provides evidence of the synergy of vemurafenib 

and axitinib happened in both populations in both tumour cell and stromal cell compartments. 

Together, our IHC and RNAscope data supported a combined role of the tumour cells and 

tumour stroma in modulating the effect of the combination in melanoma tumour as a whole. 

Together this indicates that the combination is creating a synthetic lethality that is 

simultaneously able to attenuate the growth of the tumour cells while also modifying the 

tumour microenvironment to one not conducive for tumour growth. 

5.3.5 Understanding the mechanisms of the effect of the combination therapy on the 

stroma vs the tumour cells 

To focus on the involvement of tumour stroma and melanoma cells in the treatment efficacy 

at signalling pathway and individual gene levels, we performed an RNA sequencing study 

using the xenografts of BRAF-wild type/NRAS-mutant NZM40 cell lines. In these 

experiments, the animals were treated with drugs for 24 hours and 48 hours as it is at this 

stage that the drugs will be inducing the changes in gene expression that will shape their 

effects on tumour growth and viability.  We used a set of bioinformatics packages to separate 

mRNA sequences from melanoma cells (human origin) and RNA sequences from the tumour 

stroma (mouse origin).  
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One way to look for the basis of the synthetic lethal effect is to seek to identify individual 

genes that might be responsible or contribute to the effects.  One category of such genes 

would be identifiable as being synergistically regulated by the drug combination.  Indeed we 

identified synergistic effects of the combination on the expression of a number of genes that 

could each in part explain the synthetic lethality of the drug combination. One implication is 

that such genes might potentially identify new drug targets. RNAs synergistically regulated in 

both the human and mouse RNA would be particularly interesting as that would suggest a 

new target for monotherapy in melanoma but we didn’t find any such targets. However, some 

potentially targetable genes were identified in the mouse RNA data. The findings that Ghr 

and Lck are synergistically down-regulated in the mouse RNA suggest that targeting growth 

hormone or Lck signalling might have beneficial effects as part of a melanoma combination 

therapy.  Another example in the mouse RNA is synergistic downregulation of both Ace and 

Tek by the combination implying inhibition of these might be useful in suppressing pro-

cancer stroma. Ace encodes angiotensin-converting enzyme (ACE), which catalyzes the 

conversion of the anti-angiogenesis angiotensin I to the pro-angiogenesis angiotensin II. 

Vemurafenib and axitinib when used alone did not have any effect on the expression of this 

gene. However, when they were combined, Ace was strongly downregulated. Another 

important gene in angiogenesis that manifested the synthetic lethality was Tek. TEK is known 

as the receptor for angiopoetin1 and angiopoietin 2, thus promoting the angiogenesis process 

[586-588]. Again, each of the individual drugs did not show any effect on these genes on 

their own.  This identifies this as a system worth further investigation as the results suggest 

inhibitors of the ACE-angiotensin-TEK pathways might be useful in melanoma treatment 

although presumably, these would have to be used as part of a combination treatment to have 

efficacy. ACE inhibitors are a widely used class of drug [589, 590] so this is something that 

can easily be tested.    
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In addition to major changes in single genes, it is also possible that many smaller changes in 

different genes could add up to a significant synergistic effect on a whole functional pathway 

in cells.  To correlate and understand this we used the CAMERA pathway analysis algorithm, 

which allowed us to identify pathways that were significantly affected only by the drug 

combination. To identify such synergistic effects we focussed on identifying pathway 

changes that occur only in the combination group. Interestingly, one of such changes that we 

found in the human RNA population is changes in expression of a range of genes that predict 

the upregulation the p53 pathway – the most important pathway in tumour suppression 

activity. It is well known that loss of functions of tumour suppressor proteins such as p53 is 

frequently found in cancers, including some melanomas [591]. The tumour suppression 

function of p53 is negatively regulated via the p53/MDM2 interaction [592]. Reactivation of 

the silenced p53 was found to be the mechanism of several treatments [593]. Nutlin-3, for 

example, prevents the interaction between p53 and MDM2 and therefore restores the tumour 

suppression function of p53 [592]. A study of Ji et al. (2011) in a panel of 51 melanoma cell 

lines showed that nutlin-3 decreased the melanoma cell viability in a manner directly related 

to the p53 status. Importantly, the authors also found that the reactivation of p53 potentiated 

the efficacy of MEK inhibition intervention in melanoma cells, which would mechanistically 

be consistent with what we observed in the current studies [594]. Our data also showed that 

the combination significantly upregulated TRIM16 and TRIM26 at 48h by 200% and 160%, 

respectively. TRIM16 and TRIM26 belong to the tripartite motifs (TRIM) family of RING-B 

box-coiled-coil (RBCC) proteins, many of which have been reported to act as tumour 

suppressor genes [595, 596]. TRIM16 was found to be able to induce apoptosis and inhibit 

the progression of the tumour [595]. TRIM13 was found to inhibiting tumour growth via 

stabilizing p53 [596]. TRIM26 were demonstrated to act as novel tumour suppressors in 

hepatocellular carcinoma [597]. Indeed, TRIM16 was found to be responsible for the effect 
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of the combination between vemurafenib and the compound C012 in BRAF-wild type 

melanoma cells [578].           

Next, we analysed the populations of RNA sequences from the mouse tumour stromal cells. 

Interestingly, the CAMERA analysis showed that the angiogenesis pathway was significantly 

suppressed in the combination group compared with either drug alone. This is consistent with 

what we observe with CD31 staining in the IHC staining of the tumours.   Angiogenesis is 

central in all aspects of the growth and progression of any tumour and this involves different 

cell types in the tumour microenvironment, including endothelial cells, fibroblasts, TAMs, 

and extracellular macrophages [498, 500, 501, 508, 510, 568]. The synergistic effects of 

combination with the effects on Kdr, Mcam, Nos3, Ace, Pdgfra and Tek noted above may be 

part of these synergistic effects. In addition to angiogenesis, we also found that the TGF-β 

pathway was downregulated in the combination group alone. TGF-β pathway plays an 

important role in promoting tumour progression and targeting this pathway, therefore, has 

recently emerged as a new strategy for anticancer drug development. In particular, TGF-β has 

been implicated in the processes by which melanoma cells develop resistance to BRAF and 

MEK inhibitors [598]. We found that the combination of vemurafenib and axitinib 

significantly downregulated expression of genes that encode receptors essential for mediating 

signalling of ligands of the TGF- β family, including  Tgfbr1 (mediating TGF- β signalling), 

Bmpr1b (mediating BMP signalling), and Acvr2a (mediating activin signalling). Expression 

of Smad1 and Smad5, signalling molecules downstream of those receptors, were also 

significantly downregulated. Our data are consistent with the study by Comunanza et al. 

(2017) which also found that the TGF-β pathway was negatively modulated by the 

combination of PLX4720 and the VEGF-A antibody bevacizumab in A375 cell xenografts 

[570].  
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5.3.6 Main findings of the study  

The study in this chapter explored the role of VEGF-A signalling in melanoma biology and 

investigated a way to improve current melanoma treatment based on the data obtained. Our 

study utilized a wide panel of low-passage NZM melanoma cell lines, which were maintained 

at the physiological oxygen tension 5%. Our data support the important role of VEGF-A and 

its corresponding receptors in melanomas, most likely the paracrine interaction between 

melanoma cells and tumour microenvironment components. We show an important link 

between VEGF-A secretion and the RAS/BRAF/MEK pathway. First, V600E-mutant 

melanoma cell lines secreted VEGF at significantly higher levels compared to cell lines with 

RAS mutations or nonBRAF/nonRAS lines. Furthermore, BRAF inhibition with vemurafenib 

suppressed VEGF-A secretion in V600E-mutant NZM melanoma cell lines. In contrast, 

VEGF-A secretion in BRAF-wild type NZM melanoma cell lines was not reduced by 

vemurafenib and was in fact upregulated in NRAS-mutant cell lines. This leads us to explore 

the role of VEGF-A in vivo in tumour xenografts and whether co-targeting BRAF and VEGF-

A receptors could enhance the efficacy of the treatment. We found that targeting VEGF 

receptors did slow down the growth of the xenografts of a range of NZM melanoma cell 

lines. However, co-inhibition of BRAF and VEGF receptors synergistically suppressed the 

growth of not only tumour xenografts of V600E-mutant cell lines that are intrinsically 

sensitive to vemurafenib but also of melanoma cells that have acquired resistance to 

vemurafenib. Most strikingly, we found that the same combination also synergistically 

inhibited the growth of xenografts of a number of BRAF-wild type cell lines. A similar trend 

was found in the syngeneic B16 murine melanoma model, which also has wild-type BRAF. 

This suggests the combination was also effective when an intact immune system was present. 

Pathway-related synthetic lethality was identified in two key pathways of the tumour cells 

when vemurafenib and axitinib were combined: upregulation of the endothelial-mesenchymal 
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transition and downregulation of the p53 pathways. Furthermore, synthetic lethality was also 

found in the tumour stroma in the combination group where the two essential tumour-

promoting pathways TGF-beta and angiogenesis were significantly downregulated. Together, 

our findings suggest an important link between the VEGF-A axis and BRAF signalling in 

melanoma biology and co-targeting those two axes could enhance the efficacy of BRAF 

inhibition therapy not only in BRAF-mutant but also overcome the paradoxical effects 

causing MEK-ERK pathway activation in BRAF wild-type tumours. 

5.3.7 Limitations 

The current study in this chapter provides important new findings in the roles of VEGF-A 

signalling in melanoma biology and strong evidence about the efficacy as well as 

mechanisms of the co-inhibition VEGF-A receptors and BRAF. However, we acknowledge 

that the current study does have limitations that we plan to address in our future study. First, 

in our VEGF-A measurement method, we only measured the VEGF-165 isoform. Although 

VEGF-165 is widely believed to be the most influential isoform in VEGF-A activity as a 

whole, we believe that measuring of other isoforms that are also readily diffusible such as 

VEGF-121 would greatly increase the insight into VEGF-A secretion regulation. Another 

limitation is that we haven’t directly explored the potential role of VEGF-B in the effects we 

see.  This could be explored by selective knockout of VEGFA and VEGFB in the melanoma 

cells and then exploring the effects on the response in xenografts. Furthermore, we haven’t 

investigated the effect of the drug combination in tumour metastasis. Finally, our findings on 

the mechanisms of the combination, particular those at the pathway and gene levels, requires 

follow-up mechanistic validation and IHC and RNAscope analysis in tumours and should be 

performed in a range of NZM cell lines.  
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5.4 CONCLUSIONS AND FOLLOW-UP PLANS 

The study in this chapter investigated the roles of VEGF-A in melanoma biology. The study 

design has included a large panel of low-passage NZM melanoma cell lines representative for 

the mutational burden landscape of melanoma and a series of xenograft and syngeneic 

models. A combination of investigation and measurement methods were used based on 

molecular and bioinformatics tools. We found that RAS/BRAF/MEK played an important 

role in regulating the release of VEGF-A from melanoma cells to the extracellular 

environment, where it plays a crucial role in the angiogenesis and growth of the tumour. 

Targeting VEGF-A receptors with axitinib slowed down the growth of a number of tumour 

models. However, when axitinib was combined with the BRAF inhibitor vemurafenib, the 

combination synergistically suppressed the growth of xenograft tumours, even those that have 

acquired resistance to vemurafenib or those with BRAF-wild type. Importantly, the 

combination between axitinib and vemurafenib proved to be able to increase the survival of 

the mice in one long-term xenograft model of BRAF-wild type/NRAS mutant NZM40 and 

were synergistic in syngeneic models with intact immune systems. Studies of the tumours 

after treatment revealed that the combination produced synthetic lethality in several 

components of the tumour including human melanoma cells and mouse stromal cells. In the 

melanoma cell population, the combination led to the upregulation of a group of genes 

mapped to the p53 pathway and the downregulation of a group of genes mapped to the EMT 

pathway. In the stroma cell population, the combination led to the downregulation of groups 

of genes mapped to the angiogenesis pathway and the TGF-β pathway.       

One of the next steps we plan to do is to validate our findings on the mechanisms of the 

combination. To do that we are first going to repeat another RNA sequencing study using 
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more models to see if the same genes and pathways could be reproduced. From the panel of 

the modulated genes from the RNA sequencing data, we will identify potential new drug 

targets and validate using knockdown/knockout methods with RNA interference and 

CRISPR/Cas9 principles. Another follow-up experiment we plan to do is to measure different 

isoforms of VEGF-A, most likely VEGF-121. Finally, we plan to investigate the combination 

using metastatic and syngeneic models which allow us to examine the capacity of the 

treatment on the metastasis process and obtain a more detailed understanding of what 

happened in the syngeneic model.   

It will be important to understand if the effects of the drug combination are specific to this 

combination or are a class effect.  Our group has performed one melanoma cell xenograft 

study with a VEGFR2 inhibitor that was developed in house and in combination with 

vemurafenib this gave very similar results to axitinib although results are not shown here for 

commercial reasons.  A future xenograft using axitinib together with dabrafenib, the other 

widely used mutant BRAF inhibitor, would provide further reassurance it is a class effect.  It 

will also be important to look at the effect of the combination of a VEGFR2 inhibitor with a 

MEK inhibitor since such drugs overcome the paradoxical activation of the MAPK pathway 

[599].  The important question here would be whether the addition of the VEGFR inhibitor 

overcomes the development of resistance that is known to arise even with MEK inhibitors.   

In addition to resistance, anti BRAF treatments are associated with a range of dermal side 

effects and photo sensitivity that limit treatment doses [573].   This is important as it was 

shown very early on in the development of BRAF inhibitors that there needs to be a very high 

level of suppression of mutant BRAF signalling to achieve clinical efficacy [545] and the 

dose-limiting toxicities could prevent this from happening. We did not study dermal side 

effects in our models although there were no obvious indications of this in our experiments in 
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future, it would be important to understand how the combination treatment affects these 

responses and whether it allows for increased dosing of vemurafenib. We are also interested 

in understanding the paradoxical activation in stromal cells and whether VEGF-A secretion is 

the main driver of this. To further understand this, we generated VEGF-A knockout clones 

from NZM37 and NZM40 using CRISPR/Cas9 technology. However, these clones did not 

develop tumours in xenograft models (Data not shown). While this is not a formal proof that 

tumour VEGF-A is a crucial initiator of tumour growth at new locations, it is very interesting 

nonetheless. Follow-up experiments with tumour cells inducible KO of VEGF-A will be an 

important way to prove this.   

The most important potential implication of the current study would be to improve the 

efficacy of vemurafenib for the clinical treatment of melanoma. Not only might the 

combination of axitinib and vemurafenib potentially improve the efficacy of vemurafenib in 

melanoma driven by V600E mutant BRAF but our results also provide evidence that it may 

be an effective drug combination in melanomas normally resistant to these BRAF inhibitors, 

potentially even those with wild type BRAF.  Since both axitinib and vemurafenib are widely 

used drugs it would potentially be possible to undertake a clinical trial using this drug 

combination in melanoma patients who had failed first-line therapies such as 

immunotherapies. To our knowledge, such a trial has not previously been completed although 

a phase-1 trial has been reported using a drug called Raf265 that is a multikinase inhibitor 

that simultaneously inhibits BRAF and VEGFR2 amongst other kinases [600].  Despite the 

problems of not being able to titrate the dose independently towards BRAF and VEGFR2 and 

the fact that it targets a range of other kinases, this drug has clinical efficacy in both BRAF 

mutant and wild type melanoma.  In many overseas countries, BRAF inhibitors together with 

MEK inhibitors would be the standard second-line therapy and here we haven’t extensively 
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investigated the effects of axitinib in a three-way combination with BRAF and MEK 

inhibitors.  However, neither of these classes of drugs are currently funded in New Zealand 

so an axitinib/vemurafenib clinical trial would be feasible in New Zealand and even the 

control arm using vemurafenib alone would allow NZ melanoma patients to access this drug.  
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Chapter 6. Concluding discussion 

 

The movie “Living Proof”, directed by Dan Ireland and starring Harry Connick Jr., was 

produced in 2008 based on the true story of the development of the anti-HER2 drug 

trastuzumab. One of the highlights in this movie would be the scenes depicting the despair 

and sadness of those patients who were left out of the treatment list. That might exemplify a 

broader reality in which many cancer patients, for different reasons, still did not benefit from 

any the newly developed therapies [601]. When vemurafenib was developed and approved 

for melanoma treatment, 40-60% of melanoma patients without BRAF mutations were 

excluded from the drug indication list [24]. Of those melanoma patients who did receive the 

treatment by targeted therapies and immune checkpoint inhibitors, up to 30 – 60% of the 

patients did not respond to the treatment [30, 546, 571]. But at least they got an opportunity 

to try the new therapies. There were patients who even could not afford the new therapies in 

the first place as the treatment cost, without funding from the public healthcare system, was 

far beyond their personal financial capacity [602]. Those are just some of the reasons that 

lead to a population of melanoma patients who were left with virtually no treatment options. 

They urgently need more treatment options that they could indeed have access to and benefit 

from.  

A major finding of this thesis is that we found the repurposing of statins from non-anticancer 

indication to anticancer usage is a very promising new angle to treat melanoma. Successful 

examples of drug repurposing have been seen in the history of medicine. Aspirin, for 

example, was repurposed from an analgesic and antipyretic drug to one of the most effective 

anti-platelet drugs to date [603]. Repurposing existing drugs helps to cut the cost that is 

otherwise required for the development of new treatment from completely new compounds. 

During the long history of clinical use of statins, they have become a very affordable group of 
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drugs. Pharmacological profiles of statins have been extensively studied, which proved that 

statins generally were very well-tolerated, especially in comparison with chemotherapeutic 

agents [604]. Therefore, the potential impact of this finding is really significant for healthcare 

even at population levels.   

Our studies showed that statins strongly suppressed the growth of melanoma cells in vitro and 

in vivo. Importantly, statins were effective across the whole mutational landscape of 

melanoma cell lines, including BRAF mutant line and BRAF wildtype lines. To date, 

mechanisms for statin actions in cancer cells remained to be elucidated. To achieve a whole 

picture of this, we applied a whole-genome knockout approach which allowed us to capture 

all possible mechanisms of statins. Interestingly, we found that statins exerted their anticancer 

effects through mechanisms involving multiple genes rather than just a certain single 

pathway. Not only being able to pick up those mechanisms that were previously reported, but 

we also identified new genes required for statin sensitivity in melanoma cells such as CAB39, 

KDM6A, and MBTPS2. These findings, in turn, open up new angles for melanoma treatment. 

For example, we found that loss of MBTPS2 was linked to increased sensitivity of lovastatin 

in melanoma cells. This is an interesting finding because targeting MBTPS2 by nelfinavir 

was previously found to block the growth of melanoma cells in culture [605], and therefore it 

could be used in combination with statins to achieve greater efficacies. Furthermore, if the 

mechanisms of sensitivity to statins involved multiple genes, the resistance to statins might 

also develop through different ways, which might be in part responsible for the conflict 

epidemiological data about the effects of statins in cancer from different studies. The 

combination of a statin and MBTPS2 inhibitors might be a potential way to prevent and 

overcome statin resistance. Furthermore, nelfinavir in combination with a BRAF inhibitor in 

a BRAF mutant melanoma xenograft model produced very similar results to those we 
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observe with stain treatment in combination with a BRAF inhibitor [606]. Therefore, a new 

treatment angle could be the combination of nelfinavir and vemurafenib or dabrafenib.    

Another major finding of this thesis is that we found the combination of vemurafenib and 

axitinib improved the treatment efficacies not only in BRAF mutant tumours but also in 

BRAF wildtype tumours and in tumours that were acquired resistant to vemurafenib. To date, 

BRAF inhibitors such as vemurafenib were only indicated for the melanoma patients 

harbouring BRAF mutations in their tumours due to potential paradoxical effects of BRAF 

inhibitors in BRAF wildtype tumours [546]. However, response to the BRAF inhibition 

treatment was not durable as resistance occurred after 6 – 12 months of treatment [546]. 

Although BRAF inhibitors are usually combined with MEK inhibitor to increase the 

efficacies and delay the resistance development, a significant percentage of patients still did 

not respond to this combinatorial approach. One possible reason for this could be related to 

the fact that both BRAF inhibitors and MEK inhibitors target the same signalling axis. Our 

studies revealed that VEGFR signalling was important for the growth of melanoma tumours 

and there was a functional link between VEGFR and BRAF in the microenvironment of 

melanoma tumours.  

Interestingly, this insight leads us to the finding that a combination of vemurafenib and 

axitinib synergistically suppressed the growth of a series of melanoma tumours, including 

both BRAF mutant and BRAF wildtype ones. We further looked into the two separate 

compartments of the tumour microenvironment by RNA sequencing and found synthetic 

lethality occurring in both compartments as the results of the combination. In the human 

tumour cell population, the combination resulted in the upregulation of the tumour suppressor 

TP53 signalling and the downregulation of the EMT pathway. In the mouse stromal cell 

population, the combination resulted in the downregulation of the angiogenesis and TGF-β 

pathways. Since the suppression of tumour growth was observed in different tumour models, 



 

292 

 

including two syngeneic ones with a fully intact immune system, we are more confident that 

the combination may also work in clinical trials. The finding has an important application 

impact because it not only could increase the treatment efficacy but could also extend the 

indication spectrum to BRAF wildtype melanoma patients.  

These findings are even more meaningful in the context in which the incidence and burden of 

melanoma keep increasing, especially in New Zealand where the melanoma incidence is 

among the highest in the world. Melanoma is one of few cancers that have a theoretically 

preventable cause. Public awareness campaigns have been deployed in New Zealand for the 

last 30 years in an attempt to lower the exposure of New Zealanders to UV radiation in the 

sunlight. However, our analysis showed that these efforts might be not enough because the 

incidence of melanoma in New Zealand continues to increase at nearly the same rate over the 

last 30 years. Worryingly, significant burdens of this disease fall in the young adult age 

groups. As a result, the number of melanoma patients would continue to increase, and the 

demand for more treatment options would be even greater. Our studies were based on a large 

collection of melanoma cell lines extracted from New Zealand patients, and we found that 

these cell lines were very representative for melanoma patients in term of mutational profile 

of oncogenic drivers and tumour suppressor genes as well as the response of those cell lines 

to targeted therapeutic drugs. This gives us more confidence that the findings in this thesis are 

highly translational for clinical trials. Furthermore, our studies were based on existing drugs 

that were already in clinical use, and this would make future clinical trials based on these 

findings more feasible given that all the drugs are well known in term of safety profiles and 

with affordable costs to obtain.     

Follow up studies are warranted to address certain limitations in our studies and extend our 

understanding of those results. For example, we only used a BRAF mutant tumour model and 

a double-wildtype tumour model to investigate the effect of simvastatin in melanoma. 
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Therefore, in the next steps, we are interested in understanding whether statin effects could 

also be seen in an NRAS mutant tumour model. Next, while we demonstrated the effect of 

simvastatin in xenograft tumours, we did not know if this effect was also associated with a 

survival improvement. Therefore, we are planning to do a long-term experiment to address 

this question. Since the mevalonate pathway also produces precursors of sex hormones, 

whether sexes could have a role in the drug response to statins is another intriguing question 

that we plan to look into. Finally, we plan to do another RNA sequencing study in another 

tumour model and identify genes that could be new drug targets for future combination 

investigation.  

The burden of melanoma is disturbing. And there is a significant population of melanoma 

patients being left with nearly no treatment options. They are waiting for new therapeutic 

options, ones that could work on their melanomas and ones that they could afford. Our study 

findings propose two strategies for this: to repurpose the low-cost statins to anticancer usage 

and to combine current therapies in a new effective way. This study was based on a panel of 

patient-derived melanoma cell lines that were representative with this disease, and the study 

results were based on drugs that were already available in clinical use. Together, these factors 

again underscore the possible impact of the thesis findings and a feasible translation of these 

findings into clinical trials in the near future.  
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