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Abstract 

Melanoma is the most deadly form of skin cancer which develops from the 

pigment producing cells called melanocytes. Unlike the majority of other 

cancers, the incidence rates of melanoma are still on the rise and the few 

treatment options currently available are being hindered by resistance. A 

recent chemical genetic screen carried out in Xenopus laevis embryos 

identified that the already FDA approved drug leflunomide used for 

rheumatoid arthritis patients also holds potential therapeutic value in treating 

melanoma. This thesis shows the results of a new successful chemical 

genetic and cell based viability screen of the NCI Diversity set II library. 13 

potential novel targets for treating melanoma were identified.   

This thesis also further characterised the function of leflunomide and showed 

that leflunomide reduces the number of viable cells in both wild type and 

BRAFV600E mutant melanoma cell lines. Further experiments revealed 

leflunomide reduces cell proliferation and causes cells to arrest in G1 of the 

cell cycle. Cell death assays showed leflunomide to cause apoptosis coupled 

with a stable mitochondrial membrane potential at 25 and 50µM leflunomide. 

However at 100µM the number of apoptotic cells decreased and an increase 

in the number of viable cells with a hyperpolarised mitochondrial membrane 

potential was observed. To determine if leflunomide had the potential to be 

used in combination with other melanoma drugs, it was tested in combination 

with the MEK inhibitor selumetinib. This combination showed a synergistic 

effect in the majority of the cell lines tested. The M375 melanoma cell line 

produced strong synergy values across all of the combinations of leflunomide 

and selumetinib tested. This combination led to an enhanced decrease in 

tumour size when tested in vivo in a mouse xenograft model when compared 

to either drug alone.  

Key words; Melanoma, BRAFV600E, leflunomide, cell viability, selumetinib, 

synergy, combination index value, NCI Diversity Set II, Xenopus laevis.  
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Chapter 1: Introduction 

1.1 Melanoma 

1.1.1 Normal melanocyte development 

Melanocytes are the specialised pigment-producing cells found 

predominately in the skin and eyes of humans and other vertebrates (Uong 

and Zon, 2010). Melanocytes are derived from a transient multipotent 

population of cells called the neural crest during embryogenesis. The neural 

crest is induced at the time of gastrulation in the ectoderm at the margins of 

the forming neural tube (Erickson and Reedy, 1998). Neural crest cells are 

initially multipotent. Gradually they become lineage-restricted giving rise to 

numerous different cell types such as smooth muscle, neurons of the 

peripheral nervous system, craniofacial bone and cartilage and melanocytes 

(Dorsky et al, 1998). The fate of neural crest cells is dependent upon the 

anatomical location they migrate to and the specific signals received there 

(Le Douarin et al, 2008).  

 

Melanocytes migrate to and localise in the basal layer of the epidermis and in 

hair follicles (Slominski et al, 2004). In the epidermis melanocytes acquire a 

dendritic morphology allowing their cell projections to interact with 

surrounding keratinocytes at a ratio of approximately 1:40 (Cooper and 

Raible, 2009). This interaction with keratinocytes is vital for the homeostasis 

of melanocytes (Gray-Schopfer et al, 2007). Melanocytes play a key role in 

protecting our skin from ultra-violet (UV) induced DNA damage by producing 

and transferring melanin to keratinocytes in response to UV radiation, which 

results in the tanning process (Drummer and Flaherty, 2012). Ironically it is 

these melanocytes that are the precursors of melanoma, the most 

aggressive form of skin cancer (Gray-Schopfler et al, 2007).  
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1.1.2 Melanocytes and melanoma 

Melanoma is the most deadly form of skin cancer. Unlike the majority of 

cancers, the incidence rates are still on the rise. Melanoma accounts for less 

than 5% of reported skin cancer cases but is perversely the cause of the 

majority of skin cancer deaths (Skin Cancer Foundation, 2012). In 

approximately 13,348 cases of malignant melanoma were diagnosed and in 

2012, 2148 reported deaths from melanoma in 2012 in the UK (Cancer 

Research UK, 2012). Nonetheless if detected early the majority of 

melanomas are easily curable as, unlike other cancers, they are visible on 

the skin. It is only when melanoma has acquired the ability to spread to other 

parts of the body (often the brain, liver and lung) in later stages that it 

becomes incredibly hard to treat (Melanoma Research Foundation, 2012). 

The cause of melanoma tends to be a combination of exogenous 

(environmental) and endogenous (genetic) factors (Bandarchi et al, 2010).  

 

A general consensus model for classical melanoma progression is shown in 

figure 1.1. Initially, melanocytes must become transformed allowing them to 

escape their tight regulation by keratinocytes (Gary-Schopfer et al, 2007). 

Consequently melanocytes can aberrantly proliferate resulting in the 

formation of benign nevi (or moles) within the epidermis that typically 

undergo cellular senescence. Once senescence is overcome or 

circumvented these nevi can then spread intra-epidermally referred to as the 

radial growth phase (RGP) (Zaidi et al, 2008). Melanomas within RGP 

(referred to as the primary melanoma) have low metastatic ability and are 

associated with good prognosis (Gaggioli and Sahain, 2007). The last stage 

called the vertical growth phase (VGP) is where cells have breached the 

basement membrane and invaded the underlying dermis. This transition to 

VGP is associated with poor prognosis as the cells have now acquired 

metastatic potential and can infiltrate the lymphatic or vascular systems and 

spread to distant metastatic sites (Gray-Schopfer et al, 2007). However it 

should be noted that not all metastatic melanomas progress through each of 

these stages and some can arise without a primary melanoma.  
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Figure 1.1. Progression of melanocyte transformation. Melanocytes undergo a 

series of stages to become malignant. The black arrows indicate the directional 

movement of melanocytes during radial growth phase (RGP) and vertical growth 

phase (VGP). Note that some malignant melanomas do not pass through the nevus 

stage. A nevus is a benign proliferation of melanocytes.  

 

1.1.3 The MAPK pathway and melanoma 

It has been established that many signalling pathways involved during 

melanocyte development are ‘hijacked’ in the development and progression 

of melanoma. One key pathway is the mitogen-activated protein kinase 

(MAPK) pathway (figure 1.2), in which receptor tyrosine kinases (RTK’s) 

become activated upon the binding of extracellular growth factors, cytokines 

and hormone ligands. The cytoplasmic domain of RTK’s consists of multiple 

tyrosine residues that are subject to phosphorylation, seven of which are 

auto phosphorylation sites. These tyrosine phosphorylation sites act as a 

recognition and assembly site for signalling adaptor proteins and guanine 

exchange factors (GEFs) (Ulrich and Schlessinger, 1990; Schlessinger, 

2000; Pawson, 2002; Morandell et al, 2008). One such signalling adaptor 

protein is growth factor receptor bound protein 2 (Grb2). Grb2 consists of 

one SH2 domain and two SH3 domains. The SH2 domain allows the binding 
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of Grb2 to the tyrosine phosphorylated sites on RTK’s in the cytoplasm. The 

remaining SH3 domains allow binding to proline rich regions on GEFs such 

as son of sevenless (SOS), forming a signalling complex (Li et al, 1993; 

Marshall CJ, 1996). The recruitment of Grb2 and SOS to RTK’s brings SOS 

in close proximity to the plasma membrane bound small G-protein rat 

sarcoma (RAS).  RAS is a member of the GTPase family and possess the 

intrinsic ability to hydrolyse guanosine-5'-triphosphate (GTP). In its inactive 

form RAS is bound to guanosine diphosphate (GDP) and in its active form is 

bound to GTP. Upon binding to SOS, SOS facilitates the activation of RAS 

by causing the dissociation of GDP from RAS, allowing the binding of GTP to 

RAS due to its 10-fold higher abundance compared with GDP in the 

cytoplasm (Quilliam et al, 1995; Downward J, 1996; Margarit et al, 2003).  

 

Activated RAS binds with high affinity to rapidly accelerated fibrosarcoma 

(RAF) and causes RAF to translocate to the plasma membrane (Yajima et al, 

2011; Drummer and Flaherty, 2012). For RAF to become fully activated, the 

effector binding domain of RAS must bind to two regions in the N-terminus of 

RAF; the RAS binding domain (RBD) and the cysteine rich domain (CRD). 

Both are necessary for RAF activation (Hu et al, 1995; Brtva et al, 1995). 

RAF is a serine/threonine kinase and in its active form initiates a 

phosphorylation cascade by phosphorylating and activating the downstream 

mitogen activated protein kinase kinase 1 and 2 (MEK1/2). RAF activates 

MEK1/2 by phosphorylating two serine residues conserved in the activation 

loop at positions 217 and 221. Phosphorylation at either residues results in 

partial activation of MEK1/2 (Alessi et al, 1994; Zheng et al. 1994; Kolch, 

2000). Finally, activated MEK1/2 phosphorylates the extracellular-signal-

regulated kinase 1 and 2 (ERK1/2). MEK1/2 are dual specificity kinases and 

can phosphorylate both serine/threonine and tyrosine residues. MEK1/2 

activates ERK1/2 by phosphorylating both threonine and tyrosine residues of 

a conserved Thr-X-Tyr motif in the activation loop. Phosphorylation of both 

the threonine and tyrosine residues is required for ERK1/2 activation (Ferrel 

and Bhatt, 1994; Chen and Thorner, 2007, Kolch, 2000). The consequence 
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of activating this pathway is the regulation of cell proliferation, apoptosis, 

differentiation and survival (Solit and Rosen, 2010).  

 

1.1.4 Homeostatic negative feedback regulation of the MAPK pathway 

The MAPK pathway is subject to strict regulation predominately by 

homeostatic negative feedback mechanisms (Sturm et al, 2010). Several of 

these negative feedback mechanisms involve inhibitory phosphorylation of 

upstream components of the MAPK pathway, catalysed by ERK1/2 (figure 

1.2). For example, ERK1/2 can phosphorylate some RTKs, which inhibits 

their kinase activity and dampens the signalling propagation (such as 

phosphorylation at Threonine 669 on epidermal growth factor receptor 

(EGFR)) (Heisermann et al, 1990; Li et al, 2008). ERK1/2 can also 

phosphorylate SOS at multiple sites which causes SOS to dissociate from 

GRB2 and ultimately inhibits RAS activation (Buday et al, 1995; Dong et al. 

1996; Porfiri et al, 1996). RAF is also subject to phosphorylation by ERK1/2 

at serine 289, 296 and 30. Inhibitory phosphorylation at these residues 

inhibits RAFs ability to phosphorylate its downstream target MEK1/2 

(Dhougherty et al, 2005; Rushworth et al, 2006; Ritt et al, 2010). Finally 

ERK1/2 can phosphorylate MEK1/2 to prevent phosphorylation of ERK1/2. 

All of the above examples of ERK1/2 catalysed inhibitory phosphorylation of 

upstream components of the MAPK pathway provides a fast and short-term 

duration of negative control on the pathway (Caunt et al. 2015).  

 

The MAPK pathway is also regulated by self-regulating homeostatic 

feedback controls via ERK1/2 induced transcription of Sprouty proteins 

(SPRY) and dual-specificity-phosphatases (DUSPs). SPRY proteins can 

dampen the MAPK signalling by either binding to the SOS-GRB2 complex 

inhibiting RAS activation or by interfering with the catalytic domain of RAF 

(McKay et al, 2007). DUSPs have the ability to dephosphorylate threonine 

and tyrosine residues on ERK1/2 and inactivating its intrinsic kinase activity. 

Specifically, DUSPs inactivate ERK by dephosphorylating the pT-E-pY motif 
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(Caunt et al, 2013; Owens et al, 2007; Caunt et al, 2015). The de novo 

expression of both SPRY and DUSPs exhibit a more long-term durable, 

however their induction is slower (Caut et al, 2015).  

 

In addition to DUSPs, hematopoietic tyrosine phosphatase (HePTP) and 

protein phosphatase 2 (PP2A) have been implicated in dephosphorylating 

ERK1/2, rendering its activity (figure 1.2). HePTP and PP2A both 

dephosphorylate residues in the activation loop of ERK1/2, however HePTP 

specifically dephosphorylates tyrosine 187 and PP2A dephosphorylates 

threonine 185 (Zhou et al, 2002).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. A schematic diagram of the homeostatic negative feedback loops of 

the MAPK pathway (adapted from Caunt et al, 2015).  
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1.1.5 Mutations in the MAPK pathway  

In 2002, a seminal discovery was made which revolutionised the melanoma 

field and transformed our understanding of melanoma oncogenesis. Davies 

et al (2002) discovered that a component of the MAPK pathway was mutated 

in 50-70% of melanomas and 7% of a wide range of other cancers; the 

culprit being BRAF, one of the three isoforms of RAF. The most common 

mutation in BRAF is a substitution of a glutamic acid for a valine at position 

600 (V600E). This mutation results in a 700-fold over activation of the BRAF 

kinase (Uong and Zon, 2010), thus over-stimulating cellular proliferation and 

survival, which are both essential features required for tumour growth (figure 

1.3) (Gray-Schopfer et al, 2007).  

   

Figure 1.3. The MAPK signalling cascade. (A) MAPK signalling under wildtype 

and normal physiological conditions. (B) MAPK signalling in human melanomas that 

harbour the mutant BRAFV600E mutation. The increase in cell proliferation and 

survival drives the growth of the tumour.  

B A 
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Approximately 80% of human nevi harbour the BRAFV600E mutation (Kumar 

et al, 2004; Yazdi et al, 2003), but they rarely develop into metastatic 

melanomas. It stands to reason that the BRAFV600E mutation occurs early on 

during melanoma oncogenesis and is not sufficient alone to cause 

malignancy, thus playing a role in activating this checkpoint or ‘barrier’. 

Additional genetic hits or alterations must be acquired to overcome this 

barrier to form a malignancy (Tsao et al, 2012). This ‘barrier’ imposed by 

BRAFV600E is more commonly known as oncogene-induced senescence. 

Senescence is a phenomenon whereby cells have reached their replicative 

capacity and can no longer progress through the cell cycle and become 

arrested. The idea of senescence was first introduced back in 1961 when the 

‘Hayflick limit’ (replicative senescence) was first discovered in fibroblasts due 

to telomere shortening (Hayflick and Moorhead, 1961). The overexpression 

of an oncogene can induce premature senescence in normal cells acting as 

a mechanism to prevent malignant transformation (Zhang and Herlyn, 2012). 

The BRAFV600E mutation is a perfect example of how an oncogene can 

participate in stimulating oncogene-induced senescence; a fail-safe 

mechanism similar to apoptosis.  

 

However this concept that human nevi are arrested in senescence is being 

challenged as there is conflicting data distinguishing human nevi from 

metastatic melanomas using senescence markers. Tran et al (2012) have 

failed to show consistently, or at all, the staining of human nevi with reported 

senescence markers such as (SA)-β-galactosidase, promyeloytic leukemia 

protein and H3KMe3. This has raised a debate questioning whether 

oncogene-induced senescence is a pre-requisite for malignant 

transformation of melanocytes into melanoma cells. It has also highlighted 

that new biomarkers for senescent cells need to be identified to improve 

reliability of results (Zhang and Herlyn, 2012).  

 

In melanoma the BRAFV600E mutation is mutually exclusive with another 

component mutated in the MAPK pathway, NRAS, one of three isoforms of 
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RAS (Monzon and Dacey, 2012). Mutations in NRAS occur in 10-30% of 

melanomas with the most common mutation being a substitution of leucine 

for glutamine at position 61 (Q61L). This mutation in NRAS is a gain of 

function (GOF) mutation and results in constitutive activation of the Ras 

protein (Gray-Schopfer et al, 2007).  

 

1.1.6 The PI3K pathway and melanoma 

As well as RAS mutations having an effect on the MAPK pathway, it can also 

exert effects on the phospoinositide-3-kinase (PI3K) pathway (figure 1.3) 

(Monzan and Dancey, 2012). The PI3K pathway is initiated by RTK’s 

activating PI3K, although RAS can also directly activate PI3K (figure 1.4). 

Activated PI3K continues the signalling cascade by phosphorylating and 

converting the membrane lipid phosphatidylinositol (4,5) bisphosphate (PIP2) 

to phosphatidylinositol (3,4,5) triphosphate (PIP3). Both of these lipids are 

second messengers. PIP3 subsequently activates phosphatidylinositol-

dependent kinase 1 (PDK1) which activates the downstream effector Akt, a 

serine/threonine kinase (Cully et al, 2006). Akt phosphorylates a number of 

substrates, which results in cell survival, proliferation and angiogenesis. One 

such substrate is mammalian target of rapamycin (mTOR). This pathway is 

negatively regulated by Phosphatase and Tensin homolog (PTEN), which 

dephosphorylates PIP3 back to PIP2 and terminates the signalling cascade 

(Georgescu, 2010).  

 

Considering the downstream cellular effects of the PI3K pathway it is no 

surprise that the pathway is hyper activated in melanoma. PI3K is rarely itself 

activated (approximately 3% of metastatic melanomas). The majority of 

mutations occur within the oncogene Akt and the tumour suppressor PTEN. 

Akt is overexpressed in around 60% of melanomas resulting in hyperactivity 

of the pathway (Gray-Schopfer et al, 2007). There are three isoforms of Akt 

with Akt3 being the primary isoform affected (Stahl et al. 2004). PTEN is 

located on chromosome 10q23 (Steck et al, 1997) and is frequently 
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inactivated by somatic loss of heterozygosity mutations (Georgescu, 2010). 

This inactivation of PTEN in melanomas releases the negative regulatory 

function it has on the pathway and thus the signalling pathway remains 

constitutively active.  

Figure 1.4.    The molecular pathogenesis of melanoma with regards to RAS 

activation. MAPK and PI3K are independent signalling pathways, but simultaneous 

activation of these pathways via RAS causes defective cellular events, leading to 

melanoma (Monzon and Dancey, 2012).  

 

Interestingly, PTEN and NRAS mutations are mutually exclusive to each 

other, but PTEN and BRAF mutations occur frequently with each other in 

around 20% of melanoma cases (Tsau et al, 2012). This suggests that PTEN 

could act as an oncogenic driver in the presence of BRAFV600E mutation 

(Monzan and Dancey, 2012), alongside the fact that the MAPK and PI3K 
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pathway could act synergistically to increase cellular survival and malignancy 

(Atefi et al, 2011).  

 

As well as these ‘classical’ mutations in the PI3K pathway, recent novel 

somatic mutations have been identified. These include mutations in the 

genes for mTOR, NFKB1 and PIK3R4, which may be new potential 

therapeutic targets (Shull et al, 2012).  

 

1.1.7 The CDKN2A locus and melanoma 

The cyclin-dependent kinase inhibitor 2A (CDKN2A) locus is located on 

chromosome 9p21 and encodes for two suppressors, INK4A (p16INK4A) and 

ARF (p14ARF). The CDKN2A locus consists of 4 exons and through 

alternative splicing results in the production of the two different tumour 

suppressors (figure 1.5) (Chin, 2003). In melanoma this CDKN2A locus is 

frequently deleted. INK4A binds to and sequesters the activity of CDK4/6, 

which consequently stops retinoblastoma (RB) protein from becoming 

phosphorylated. In this un-phosphorylated state, RB is bound to the 

transcription factor E2F, which causes G1 cycle arrest. The loss of the 

CDKN2A locus will result in the loss of INK4A; this allows G1 to S phase 

progression and thus a continuous entry into the cell cycle (Tsau et al, 2012). 

On the other hand ARF inhibits human double minute-2 (HDM2) protein and 

induces its degradation, which ultimately prevents the degradation of p53 

caused by HDM2. p53 is a tumour suppressor involved in regulating the cell 

cycle. Loss of CDKN2A locus as seen in melanoma would cause 

uncontrolled degradation of p53 mediated by HDM2 and ultimately loss of 

cell cycle control and DNA repair (Law et al, 2012).  

 

1.1.8 C-KIT and melanoma 

C-KIT is a type III RTK for the ligand stem cell factor (SCF). The C-KIT locus 

is found on chromosome 4q11 (Curtin et al, 2006) and is either amplified or 
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mutated predominately in rare acral and mucosal melanomas on chronic 

sun-induced damaged skin (10-40%). Mutations in the C-KIT oncogene are 

activating mutations and most commonly occur in exons 11 and 13. 

Mutations in exon 11 code for the juxtamembrane domain and those in exon 

13 code for the kinase domain of the C-KIT oncogene. Thus, both of these 

mutations results in constitutively active C-KIT kinase activity. However over 

70% of the C-KIT mutations occur in exon 11 in the juxtamembrane domain, 

with the L576P mutation being the predominant mutation. C-KIT activates 

many pathways involved in differentiation pathway, proliferation and 

migration of melanocytes (such as the MAPK and PI3K pathway). Thus 

hyper activation of this receptor will allow optimal conditions for the growth of 

a tumour (Monzon and Damcey, 2012).  

Figure 1.5.    The CDKN2A locus and molecular function of the tumour suppressors 

ARF and INK4A. The CDKN2A locus consists of 4 exons (E), which through 

alternative splicing produces 2 tumour suppressor p14ARF (in green) and p16INK4A (in 

pink). Loss of the CDKN2A locus in melanoma disrupts the p53 and pRb pathways 

(Chudnovsky et al, 2005).  

http://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=1070435_JCI0524808.f2.jpg
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1.1.9 Gα subunits and melanoma  

G proteins are heterotrimeric guanine nucleotide binding proteins. G proteins 

transmit cellular signals from G-protein-coupled receptors (GPCR). 

Intracellular signalling through G proteins has been shown to be involved in 

the activation of the MAPK pathway (Johnson and Dhanasekaran, 1989; 

Goldmsith and Dhanasekaran, 2007). Two activating somatic mutations in 

the G-protein alpha subunit have been shown to frequently occur in uveal 

melanoma and blue nevi; GNAQ and GNA11 (Dorsam and Gutkind, 2007; 

Cárdenas-Navia et al, 2010). GNAQ mutations are seen in approximately 

50% primary uveal melanoma, 28% metastatic uveal melanoma and 46-83% 

in blue nevi. GNA11 mutations are seen in approximately 34% primary uveal 

melanoma, 63% metastatic melanoma and 7% blue nevi. GNAQ and GNA11 

mutations are mutually exclusive to each other; however the majority of both 

of these mutations occur within codon 209 in exon 5 of the gene (Onken et 

al, 2007; Van Raamsdonk et al, 2009; Van Raamsdonk et al, 2010; Bender 

et al, 2013). Both the GNAQ and GNA11 mutations are located in the 

catalytic GTP domain of the Gα subunit which prevents GTP hydrolysis to 

GDP. Therefore either the GNAQ or GNA11 protein is kept in the active GTP 

bound conformation resulting in constitutive downstream signalling (Landis et 

al, 1989; Kalinec et al, 1992).  

 

1.2 Therapeutic targeting 

Many inhibitors against components of signalling cascades have been 

developed and undergone clinical trial evaluation, with the majority failing, for 

example ras farnesyl transferase inhibitors. Drug discovery into inhibitors that 

specifically targeted RAF kinases in melanoma initially identified sorafenib. 

However disappointing results from clinical trials of sorafenib revealed 

sorafenib to be a non-selective RAF inhibitor. Instead sorafenib was shown 

to be a multi-kinase inhibitor and displayed therapeutic efficacy for the 

treatment of renal cell carcinoma (RCC), hepatocellular cancer and thyroid 

cancer. In 2005, 2007 and 2013 the Food and Drug Administration (FDA) 

have since approved sorafenib for the treatment of RCC, hepatocellular 
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cancer and thyroid cancer respectively (U.S. Food and Drug Administration, 

2015). However since 2011 major advances in the treatment of melanoma 

have been made, with the FDA approving six therapies in the EU, US and 

Japan; ipilimumab, pembrolizumab, nivolumab, vemurafenib, dabrafenib and 

trametinib.  

 

1.2.1 Immunotherapy  

1.2.2  Ipilimumab 

Ipilimumab is a novel immunological treatment for unresectable and 

metastatic melanoma. Ipilimumab is a fully human monoclonal antibody 

against cytotoxic T-lymphocyte antigen-4 (CTLA-4) which utilises the T-cell 

response as its mechanism of action (Lipson and Drake, 2011).  

 

T-cell activation requires two signals. The first signal being the presentation 

of an antigen in complex with a major histocompatibility complex (MHC) on 

an antigen presenting cell (APC) to a T-cell receptor and subsequent 

binding. This signal is amplified via the second signal whereby the co-

stimulatory CD28 receptor on the T-cell binds with a B7 ligand (CD80 and 

CD86) on the APC. The now fully activated T-cell can elicit an immune 

response, such as T-cell proliferation and cytokine release (figure 1.6A) 

(Peggs et al, 2006). However, prolonged T-cell activation induces the 

upregulation of CTLA-4, a membrane bound receptor on the T-cell with 

antagonistic effects (Chambers et al, 2001; Mansh, 2011). CTLA-4 competes 

with CD28 for the binding of B7 ligands on APC’S, with which CTLA-4 has a 

much higher affinity for. Consequently an inhibitory signal is produced, 

downregulating T-cell activation and responses leading to a shutdown of the 

immune response and immune tolerance (figure 1.6.B) (Robert  et al, 2009).  

 

However, blocking the interaction of CTLA-4 with the B7 ligands can 

enhance the T-cell-induced antitumor immune response in patients. This is 
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how ipilimumab exerts its therapeutic effects. By blocking this interaction, no 

inhibitory signals by CTLA-4 are released, augmenting T-cell activation and 

proliferation and permitting the T-cell immune response to continue (figure 

1.6.C). Thus, the patients’ immune response against tumours is enhanced 

(Tarhini et al, 2010).  

 

Figure 1.6.     T-cell activation and mechanism of action of ipilimumab. T-cell 

receptor (TCR) shown in pink, major histocompatibility complex (MHC) shown in 

yellow. The receptors CD28 is shown in red and CTLA-4 in green. The ligand  B7 is 

shown in blue.  

 

The first trial looking into the potential benefits of ipilimumab was a 

randomized phase III double-blind study of 676 pre-treated patients for 

metastatic melanoma. Patients were assigned monotherapy of ipilimumab or 

a glycoprotein 100 (gp100) peptide vaccine or both in combination. The 

A B C 
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primary end point was overall survival (OS). The median OS for patients 

receiving ipilimumab and gp100 was 10.1 months, an improvement 

compared to 6.4 months with patients receiving gp100 (Hodi et al, 2012). 

The success of this trial led to the FDA approval of ipilimumab in March 2011 

at a dosage of 3mg/kg (Verschraegen, 2012).  

 

The second randomised phase III double-blind trial involved 502 patients 

with previously untreated metastatic melanoma, comparing ipilimumab to 

dacarbazine. Patients were either assigned treatment of dacarbazine with 

ipilimumab or dacarbazine alone. The primary end point was OS. The OS 

increased from 9.1 months in patients receiving dacarbazine alone to 11.2 

months in patients receiving dacarbazine plus ipilimumab (Robert et al, 

2011). This study aided bringing ipilimumab as a first in-line treatment for 

patients with metastatic melanoma.  

 

However, in both phase III trials, immune related adverse events (IRAEs) 

were observed. The most common IRAE’s were skin rash, hepatitis, colitis, 

hypophysitis and hepatic inflammation. In the first phase III trial, serious 

(grade 3-5) IRAE’s occurred in 10-15% of patients (Hodi et al, 2011; Lipson 

and Drake, 2011) and 14 deaths resulted in taking ipilimumab (Hodi et al, 

2011). This highlights the fact that although ipilimumab clearly improves 

survival rate, consistent immune monitoring in patients taking ipilimumab is 

vital (Mansh, 2011).  

 

A recent follow up study of 1861 melanoma patients treated with ipilimumab 

has emphasized the success of ipilimumab, which reported a 22% 3 year 

survival rate in all patients. What was most striking from this study was that 

at the 3 year survival mark, the survival curve started to plateau, with the 

majority of patients from this point on surviving up to 10 years post treatment. 

This suggests that patients treated with ipilimumab have long-term durable 

responses which result in long-term survival (Schadendorf et al, 2015). 
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1.2.3 PD-1 antibody treatment  

The success of immunotherapy has continued with a second generation of 

immunotherapies that have been developed to target the programmed cell 

death-1/programmed death-ligand 1 (PD-1/PD-L1) pathway, with two 

monoclonal anti PD-1 antibodies obtaining FDA approval in 2014. The PD-1 

/PD-L1 pathway is another immune checkpoint (similar to the biology behind 

ipilimumab) and a means by which cancer cells evade the immune system. 

PD-1 is an inhibitory receptor located on T-cells (Thomson et al, 2006; Hino 

et al, 2010). There are two ligands for the PD-1 receptor, PD-L1 and PD-L2. 

When PD-1 binds to either one of its ligands, T-cell activation is inhibited, 

dampening the immune response (Kier et al, 2008; Okazaki and Honjo, 

2007). Many cancer cells have been shown to express PD-L1 and therefore 

essentially ‘hijack’ this pathway to evade immune surveillance (Pardoll, 

2012).  

 

Antibodies targeting PD-1 and PD-L1 have been developed to block the 

interaction between the two, enabling restoration of a T-cell anti-tumour 

response to kill the cancer cells. In 2014 two monoclonal anti PD-1 

antibodies were approved by the FDA for the treatment of melanoma; 

Nivolumab and pembrolizumab. In a phase I trial of nivolumab, 107 

melanoma patients were treated with a range of doses of nivolumab every 

two weeks for a duration of eight weeks. The overall response rate was 31% 

and the median duration of response was 24 months. (Topailin et al, 2012). 

In a phase III trial, in which 418 previously untreated melanoma patients 

negative for a BRAF mutation were recruited to compare nivolumab to 

dacarbazine, the objective response in the nivolumab arm was 40% 

compared to 13.9% in the dacarbazine arm. More significantly, the 1 year 

survival rates for nivolumab treated patients were 72.9% compared with 

42.1% for dacarbazine treated patients (Robert et al, 2015). The results of 

these trials strongly show that nivolumab can improve the response rates, 

duration of response and OS in melanoma patients. As well as these 

promising results for melanoma patients, nivolumab and other anti PD-1 and 
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PD-L1 antibodies have also shown promising results in treating other 

cancers such as renal, breast and non-small cell lung cancer (Harvey, 2014; 

Tykodi, 2014; Schapler, 2014; Stagg, 2013).   

 

1.2.4 Small molecule MAPK pathway inhibitors  

1.2.5 Vemurafenib 

Vemurafenib is a potent small molecule inhibitor of BRAFV600E developed by 

Plexxikon Inc with a 10-fold higher potency for mutated BRAFV600E than 

wildtype (Tsau et al, 2012). Clinical trials for vemurafenib began in 2006 with 

an initial Phase I trial referred to as BRAF Inhibitor in Melanoma-1 (BRIM). 

The BRIM-1 was a multicentre trial involving 55 patients with any cancer type 

and 32 BRAFV600E melanoma patients. This trial concluded that the 

recommended maximum tolerated dose (MTD) for the Phase II BRIM-2 trial 

was 960mg twice daily. Within the BRAFV600E melanoma cohort, there was an 

81% partial or complete response rate, indicating vemurafenib had 

impressive single agent activity (Flaherty et al, 2010).  

 

The Phase II (BRIM-2) multicentre trial targeted BRAFV600E melanoma 

patients who have had prior treatment with a total of 132 patients enrolling. 

Ten of these patients had the BRAFV600K mutation and the remaining 122 had 

the BRAFV600E mutation. The primary end point was overall response rate 

which proved to be 53%. The median duration of response was 6.8 months 

and median OS was 15.9 months (Ribas et al, 2011; Sosman et al, 2012).  

 

The overwhelming success of the initial Phase I and II clinical trials led to the 

initiation of the Phase III trial (BRIM-3). This was a two-armed randomised 

trial investigating whether vemurafenib would prolong the rate of progression 

free survival (PFS) compared with dacarbazine. Eligible patients were those 

with unresectable stage III or IV BRAFV600E positive melanoma who had not 

had any prior treatment. In total, 675 patients were enrolled for the BRIM-3 
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trial. The median OS was 13.2 months for the vemurafenib cohort compared 

to 9.6 months in the dacarbazine cohort. The six month PFS was estimated 

at 83% and 63% for vemurafenib and dacarbazine treated patients 

respectively. Throughout each of these trials on vemurafenib, adverse events 

were noted. Associated adverse events with vemurafenib included the 

following; arthralgia, rash, fatigue, keratoacanthoma (KA), alopecia and 

squamous cell carcinoma (SCC) (Chapman et al, 2011).  

 

The FDA approved vemurafenib in August 2011 and it is now used as a first-

in line monotherapy for patients with metastatic or unresectable melanoma 

harbouring the BRAFV600E mutation (Monzon and Dancey, 2012).  

 

1.2.6 MEK inhibitors 

Inhibitors targeting another component of the MAPK pathway, MEK 1 and 

MEK 2 have recently emerged as potential therapeutic treatments for 

melanoma. However like anti PD-1 antibodies, MEK inhibitors also hold 

therapeutic value in other cancers including colon, pancreatic and non-small 

cell lung cancer.  

 

PD98059 and U0126 were the first MEK inhibitors to be reported but 

exhibited poor pharmacokinetic and pharmacodynamic properties and were 

not tested in the clinic (Alessi et al, 1995; Dudley et al, 1995; Favata MF et 

al, 1998). CI-1040 and PD0325901 were the first MEK inhibitors to progress 

to the clinic (Sebolt-Leopold et al, 1999). Preclinical studies showed both of 

these MEK inhibitors were able to inhibit downstream ERK in the cell lines 

tested, determined via western blots. Additional mouse xenograft studies 

showed that tumour growth was reduced upon treatment with either of these 

MEK inhibitors (Solit et al, 2006.). However these promising preclinical 

results did not translate into clinical trials; both were failed due to the toxicity 

observed in early phase trials (Rinehart et al, 2004; Lorusso et al, 2005).  
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In May 2013, success with MEK inhibitors was seen with the FDA approval 

of trametinib, a selective inhibitor of both MEK1 and MEK2 (Gilmartin et al, 

2011). In a phase III randomised open-trial, 322 patients were enrolled who 

harboured either a BRAFV600E or BRAFV600K mutation. Patients were 

randomly assigned to receive trametinib alone (2mg once daily) or 

chemotherapy in a 2:1 ratio. The chemotherapy being dacarbazine (1000mg) 

or paclitaxel (175mg) delivered every 3 weeks intravenously.  The primary 

and secondary end point was PFS and OS respectively. The PFS was 4.8 

months in the patients receiving tramatenib compared to 1.5 months in 

patients receiving chemotherapy. The OS at 6 months was 81% for patients 

receiving trametinib and 67% in patients receiving chemotherapy. However 

57 of the 108 patients receiving chemotherapy crossed over to receive 

trametinib. Common toxicities observed throughout this study were rash, 

diarrhoea and peripheral edema. Overall this clinical trial demonstrated that 

trametinib was an effective treatment for melanoma patients harbouring a 

BRAFV600E or BRAFV600K mutation (Flaherty et al, 2012a).  

 

However, what became apparent from clinical trials with trametinib and other 

MEK inhibitors was that the response for these inhibitors was strongest in 

patients that presented with a BRAF mutationV600E. This trend was seen 

clearly in an early randomised open-label phase II trial of another selective 

MEK inhibitor, selumetinib. 200 chemotherapy naïve patients with 

unresectable stage III/IV melanoma were randomly assigned to receive 

selumetinib (100mg twice daily in 28 day cycles) or temozolomide 

(200mg/m2 /d for 5 days then 23 days off). Although no difference was seen 

regarding the primary end point of PFS, 5 out 6 patients who had a partial 

response to selumetinib harboured a BRAF mutation (V600E, V600K, K601E 

and K581S) (Kirkwood et al, 2012).  

 

Due to the tumourogenicity of the MAPK pathway in melanoma, MEK 

inhibitors are an attractive approach in treating melanoma and as a result 

many more MEK inhibitors are currently undergoing clinical trials. One of 
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which is MEK162 (Binimetinib, produced by Novartis), a selective inhibitor of 

MEK1 and MEK2. In a phase II trial the efficacy of MEK162 was studied in 

melanoma patients with either BRAF (V600E, K601E, V600R, V600K and 

G606E) or NRAS (Q61R, Q61K and Q61L) mutations. Out of the 41 patients 

harbouring a BRAF mutation, 8 had a partial response. From the 30 patients 

harbouring an NRAS mutation, 6 had a partial response. Likewise, the 

median PFS for the BRAF and NRAS mutant patients was 3.55 and 3.65 

months respectively (Ascierto et al, 2013). This study holds significance in 

the melanoma field not only due to MEK162 having an effect on BRAF 

mutant melanoma patients, but also due to it being the first reported drug 

having clear efficacy in NRAS mutant patients. To date, there are no 

targeting therapies patients with NRAS mutant melanoma and the prognosis 

is poor. As a result of this study, further clinical trials of MEK162 for treating 

NRAS mutant melanoma patients are ongoing (Jakob et al, 2012).  

 

1.2.7 Paradoxical ERK activation and vemurafenib resistance phenomena 

Despite the clinical efficacy of vemurafenib, the median duration of response 

in patients is only 6-7 months (Flaherty, 2010b). It is now apparent that 

selective BRAF inhibitors (SBI’s) have opposing roles. They can either inhibit 

or activate the MAPK pathway depending on the cellular context and 

genotype (Hatzivassiliou et al, 2010). The three RAF proteins form dimers. 

Figure 1.7 shows that in melanoma cells with wild-type BRAF, SBI’s can 

inhibit one of the protomers in CRAF-BRAF heterodimers and CRAF-CRAF 

homodimers, but transactivation of the uninhibited protomer occurs and 

leads to hyperactivation of the MAPK pathway (Heidorn et al, 2010; 

Poulikakos et al, 2010; Hatzivassiliou et al, 2010). This paradoxical signalling 

is enhanced in the presence of oncogenic RAS. Whereas in melanoma cells 

with the BRAFV600E mutation and non-oncogenic RAS, BRAF functions as a 

monomer and transactivation does not occur, thus SBI’s exert an exclusive 

inhibitory effect in this context (Poulikakos et al, 2010). This evidence 

highlights that the genetic profiling of patients’ needs to be done with 



41 
 

precision in administration of SBI’s to prevent tumourigenesis, not to promote 

it (Monzon and Dancey, 2012).  

 

Resistance to vemurafenib is currently a key issue researchers within the 

melanoma field are faced with.  There are no second in line treatments for 

melanoma patients (Monzon and Dancey, 2012), so it is critical to unravel 

and tackle the mechanisms behind this resistance to develop future 

therapies. Resistance to SBI’s occurs via MAPK-dependent and MAPK-

independent mechanisms. MAPK-dependent mechanisms include secondary 

NRAS mutations, CRAF activation, acquired MEK mutations and up-

regulation of COT kinase. MAPK-independent mechanisms include up-

regulation of PDGFRβ (platelet derived growth factor receptor β) and other 

RTK’S such as IGF1R (insulin-like growth factor receptor 1), activation of the 

PI3K pathway and the loss of PTEN (figure 1.8) (Wagle et al, 2011; Nazarian 

et al, 2010; Johannessen et al, 2010; Villanueva et al, 2010; Paraiso et al, 

2010).  
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Figure 1.7.    Mechanism underlying BRAF inhibition in cells harbouring  BRAFV600E 

mutation and paradoxical signalling of the MAPK pathway caused by SBI’s. BRAF* 

= BRAFV600E (Tsau et al, 2012).  

 

Nazarian and colleagues developed three cell lines with acquired resistance 

to vemurafenib from melanoma cell lines which harboured the BRAFV600E 

mutation. One of the cell lines showed strong resistance to PLX4032 and 

was shown to have acquired an NRAS (Q61K) mutation, which the parental 

cell line did not have. This acquisition of a NRAS mutation was also 

confirmed in 2/16 biopsy samples tested. The other two cell lines were 

revealed to overexpress PDGFRβ compared to the parental cell line. This 

was validated in 4/11 tumour samples from patients compared to the biopsy 

sample taken prior to treatment (Nazarian et al, 2010).  
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Villanueva and colleagues approached investigating mechanisms of 

resistance by evaluating the role of the three RAF isoforms in melanoma cell 

lines resistant to the BRAF inihibitor SB-590885. Their lab showed that 

increased expression of ARAF or CRAF in BRAF inhibitor cell lines was able 

to sustain MAPK signalling and proliferation. They concluded that resistance 

to BRAF inhibitors causes a dynamic switch of dependence from mutant 

BRAFV600E to either two of the other wild-type isoforms. Additionally they also 

showed resistance can occur in a MAPK-independent manner whereby 

BRAF-inhibitor resistant cell lines were shown to express increased levels of 

IGF1R by flow cytometry. IGF1R inhibition in these BRAF resistant cell lines 

showed a decrease in cell viability. Although in this study IGF1R inhibition 

was shown to suppress AKT activation, IGF1R inhibitors are not very 

specific. Due to signalling through IGF1R being capable of activating the 

PI3K/AKT and MAPK pathway, this study has therefore hypothesised that 

IGF1R signalling can stimulate the PI3K/AKT pathway in BRAFV600E 

melanomas that have acquired resistance to SBI’s (Villanueva et al, 2010; 

Poulikos and Rosen, 2011).  

 

In a third paper published in 2010, Johannessen and colleagues showed that 

the two kinases CRAF and COT were able to drive resistance to 

vemurafenib. In a novel approach, they introduced a cDNA library encoding 

~75% of annotated human kinases into a BRAFV600E melanoma cell line that 

is sensitive to vemurafenib. After the addition of vemurafenib, the kinases 

CRAF and COT were revealed to have conferred resistance to the inhibitor. 

This was an interesting finding as it was the first time another kinase has 

been shown to be able to phosphorylate MEK independent from a RAF 

kinase. What was also interesting was that COT expression was inversely 

correlated to BRAFV600E expression implying that BRAFV600E normally 

antagonised the expression of COT (Johannessen et al, 2010; Alcalá and 

Flaherty, 2012). Figure 1.7 summarises these findings.  
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Figure 1.8.   Schematic representation of the mechanisms driving BRAF inhibitor 

resistance. Inhibitors which can be used to block components of the signalling 

pathways are shown in yellow text (Villanueva et al, 2011).  

 

1.3 Combinatorial therapies and future approaches 

It is clearly becoming evident that in treatment of melanoma monotherapy is 

not the answer. Combinatorial therapy targeting multiple signalling pathways 

or components within the same pathway is where the future strategies lie to 

try and delay or override tumour resistance and so provide stronger more 

durable responses. This is because there is enough evidence suggesting 

that there is functional redundancy between signalling pathways. A number 

of drug combinations are currently being investigated in clinical trials with 

some proving hopeful. Such combinations include combined 

immunotherapies, BRAF inhibitors in combination with immunotherapies and 

BRAF inhibitors in combination with MEK inhibitors.  
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1.3.1 Combined immunotherapy  

The combination of the anti CTLA-4 antibody ipilimumab and the anti PD-1 

antibody nivolumab is the first immunotherapy combination being explored. 

In a phase I clinical trial 53 patients received nivolumab and ipilimumab 

every three weeks for four doses followed by nivolumab alone every three 

weeks for 4 doses and then again with nivolumab and ipilimumab every 12 

weeks for up to 8 doses. This was referred to as concurrent treatment 

regime. In this cohort of patients there was a 53% overall response 

(Wolchock et al, 2013).  

 

A subsequent follow up study reported promising results from this initial 

cohort of 53 patients alongside a new cohort of 41 patients. This new cohort 

was given the same induction regime as the previous cohort (four doses of 

nivolumab and ipilimumab every three weeks) but this time followed with 

nivolumab being delivered at 3mg/kg every 2 weeks for up to 2 years. In both 

cohorts all of the 94 patients enrolled had either stage III or IV melanoma, 

with 55% not having any prior treatment. Confirmed results from the first 

cohort of 53 patients showed that 17% of patients had a complete response. 

The one and two year overall survival for this cohort was 85% and 79% 

respectively. Most strikingly 41.5% of these patients had ≥80% tumour 

reduction. The results from this cohort were reiterated in the cohort of 41 

patients due to their overall response being 43%. In both cohorts, 62% of 

patients showed grade 3/4 IRAE’s, which are a higher rate than that 

compared to the IRAE’s seen with either immunotherapy alone. However in 

most patients these IRAE’s were manageable or reversible in some cases 

and the safety profile of this combined immunotherapy was deemed 

acceptable (Sznol et al, J Clin Oncol 32:5s, 2014 suppl; abstr LBA9003). 

Success shown in these cohorts has led to a Phase III trial comparing the 

efficacy of nivolumab and ipilimumab to ipilimumab alone. A total of 945 

patients enrolled who had unresectable stage III and IV melanoma and had 

received no prior treatment. The patients were randomly assigned at a 1:1:1 

ratio to either nivolumab alone, ipilimumab alone or ipilimumab and 



46 
 

nivolumab. The primary end points for this study were PFS and OS. However 

the results for OS have not yet been published, only those for the PFS. The 

PFS was significantly longer in the patients receiving ipilimumab and 

nivolumab than either of the drugs alone. The PFS for ipilimumab and 

nivolumab was 11.5 months and 2.9 months and 6.9 months for ipilimumab 

and nivolumab alone. An interesting finding from this study was that patients 

who were positive for PD-L1 had a PFS of 14 months in both the ipilimumab 

and nivolumab group and nivolumab alone group. However a much more 

noticeable benefit was seen in the sub-group of patients who were negative 

for PD-L1 as the PFS for the patients receiving ipilimumab and nivolumab 

was 11.2 months but for those receiving just nivolumab it was 5.3 months. As 

reported from other studies, the occurrence of grade 3/4 IRAE’s in patients 

receiving combined immunotherapies is much greater than those receiving 

either immunotherapy alone. From this study patients receiving ipilimumab 

and nivolumab, nivolumab alone and ipilimumab alone who experienced 

grade 3/4 IRAE’s was 55%, 16.3% and 27.3% respectively. The most 

common events were diarrhoea, fatigue and pruritus (Larkin et al, 2015). The 

results from this study are very promising and encouraging within the field 

and the awaiting OS results are highly anticipated.  

 

1.3.2 Combined BRAF inhibitors and immunotherapy 

On the grounds that BRAF inhibitors give rapid response rates but short term 

durability and immunotherapies have low responses but elicit more long term 

durable responses, the combination of the two has been deemed a 

reasonable therapeutic approach (Ribas and Flaherty, 2011). However 

clinical trials have shown that for this combination to fulfil its full potential 

some optimisation in delivery is needed. One such trial had a cohort of 34 

enrolled melanoma patients harbouring a BRAFV600 mutation. 6 patients were 

given ipilimumab first then a BRAF inhibitor. All of these 6 patients had stable 

disease control. The other 28 patients were given a BRAF inhibitor first then 

ipilimumab. 48% of these patients had rapid disease progression and 

ultimately death occurred resulting in incomplete ipilimumab treatment. It is 
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therefore hypothesised that BRAFV600 mutant melanoma patients will benefit 

from receiving ipilimumab prior to a BRAF inhibitor (Ascierto et al, 2012; 

Ackerman et al, 2012).  

 

In a clinical trial investigating the combination of ipilimumab and 

vemurafenib, patients that were treatment naïve were given concurrent 

treatment of vemurafenib and ipilimumab. However, within weeks of patients 

receiving the first dose of the two drugs in combination, they developed 

grade 3 elevated levels of aminotransferases and this study was terminated. 

The outcome of this study was disappointing considering both of these 

treatment agents were both the only FDA approved agents in treating 

melanoma at the time this study was conducted (Ribas, 2013).  

 

1.3.3 Combined BRAF inhibitors and MEK inhibitors  

The tumorigenicity of the MAPK signalling pathway is at the heart of many 

melanomas. Dual MAPK inhibition is extensively being researched for two 

main reasons. Monotherapy with a BRAF inhibitor often results in the 

emergence of resistance within 6-7 months. The most common mechanism 

of resistance is re-activation of the MAPK pathway with studies reporting the 

acquisition of a MEK mutation. Increasing the level of inhibition on the MAPK 

pathway would raise the threshold required for bypass mechanisms to 

reactivate the pathway, thus the emergence of resistance is lowered 

(McArthur, 2015). Therefore it has been rationalised that inhibiting both 

BRAF and MEK could impede the onset of resistance seen with single agent 

BRAF inhibitor therapy. Secondly, it is hypothesised that dual BRAF and 

MEK inhibition could alleviate the commonly observed adverse events 

associated with BRAF inhibitor monotherapy; such as SSC and KA (Long et 

al, 2014).  In January 2014 the FDA granted accelerated approval to the 

combination of the BRAF inhibitor dabrafenib and the MEK inhibitor 

trametinib for the treatment of BRAF V600E OR V600K mutant melanoma 

patients with unresectable or metastatic melanoma.  
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A key trial helping to secure this FDA approval was the open-label Phase II 

trial which enrolled 162 patients harbouring a BRAF mutation (V600E or 

V600K) who were randomly assigned to receive dabrafenib alone (150mg 

twice daily) or dabrafenib and trametinib (trametinib at 1 or 2mg twice daily). 

The response rate in patients given dabrafenib alone was 54% in 

comparison to 76% in the patients in the combination cohort. Similarly, the 

duration of response for dabrafenib alone or dabrafenib in combination with 

trametinib was 5.6 months and 10.5 months respectively. The occurrence of 

SSC was also reduced, decreasing from 19% in dabrafenib alone patients to 

7% in patients receiving the combination indicating that this is a well-

tolerated therapeutic option. However common adverse events still 

presented including pyrexia, chills, fatigue and diarrhoea (Flaherty et al, 

2012b). 

 

A recent phase III clinical trial further aided in the road to approval of 

dabrafenib and trametinib. A total of 423 untreated patients with unresectable 

or metastatic melanoma harbouring a BRAF mutation (V600E and V600K) 

were randomly assigned to two groups. One group received dabrafenib 

(150mg twice daily) with a placebo. The other group received dabrafenib in 

combination with trametinib (150mg twice daily and 2mg once daily). The 

primary end point for this study was PFS. The median PFS for dabrafenib 

alone and in combination with trametinib was 8.8 months and 9.3 months 

respectively. The overall response rate for dabrafenib alone patients was 

51% in comparison to 67% to patients receiving dabrafenib and trametinib. 

Likewise with the Phase II trial, the occurrence of SCC was less in the 

dabrafenib and trametinib group than in the dabrafenib group, with a 

reduction from 9% to 2%. However, the rate and severity of pyrexia was 

higher in the dabrafenib and trametinib, group compared to the dabrafenib 

alone group (Long et al, 2014).  

 

Overall, compiling the evidence of these trials and others which are currently 

ongoing, it is feasible to predict that treating BRAFV600 mutant melanoma 
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patients with a BRAF and MEK inhibitor in combination is a better starting 

point than the current first in line treatment option, monotherapy of a BRAF 

inhibitor. This prediction will rely on the success of other ongoing clinical 

trials.  

 

1.3.4 Triple agent combination 

More recently researchers have started to explore the possibilities of using 

three therapeutic agents in treating melanoma. As previously described, the 

combination of dabrafenib and trametinib has been clinically proven to be 

well-tolerated and to improve PFS in melanoma patients. The tolerance of a 

triple combination such as dabrafenib, trametinib and ipilimumab has not yet 

been determined. However previous studies have also shown the 

combination of a BRAF inhibitor with immunotherapy to produce severe 

hepatotoxicity and successive studies should proceed with caution.  

 

A Phase I clinical trial investigated whether the combination of dabrafenib, 

trametinib and ipilimumab produced similar hepatotoxicity as seen 

previously. 10 patients were enrolled who harboured a BRAFV600E or 

BRAFV600K mutation with unresectable or metastatic melanoma who had 

received no more than 1 prior treatment. From these patients, 4 received 

dabrafenib and ipilimumab, 4 received dabrafenib, trametinib and ipilimumab 

and 2 patients received dabrafenib alone. From the patients receiving the 

dual combination of dabrafenib and ipilimumab, no grade 3/4 elevated levels 

of aminotransferases (this is a marker of liver toxicity and can lead to drug-

induced liver injury) or dose-limiting toxicities were observed. However from 

the 4 patients in this cohort, two have stopped the trial due to disease 

progression, with the remaining two patients ongoing. In the patients 

receiving the triple agent combination, again, no grade 3/4 elevated levels of 

aminotransferases were seen. However one patient stopped the trial due to 

dose limiting toxicities but the remainder are still ongoing. In both cohorts 
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similar frequent adverse events were presented including chills and fatigue 

(Puzanov et al, J Clin Oncol 32:5s, 2014 (suppl; abstr 2511).  

 

This current trial is still ongoing and the true efficacy of this triple agent 

combination is yet to be determined. However due to no grade 3/4 

hepatotoxicity being evident in this trial, it could be hypothesised that this 

toxicity could vary between BRAF inhibitors when in combination with 

ipilimumab and a ‘one rule fits all’ approach should not be taken.  

 

1.3.5 Intermittent treatment to overcome BRAF inhibitor resistance 

As well as therapeutically targeting components of signalling pathways and 

combinatorial approaches, the dosing regime of such therapeutic agents is 

not to be overlooked. Stuart et al (2013) used two primary human xenograft 

models to investigate two different dosing regimes of vemurafenib and the 

effect they had regarding resistance. The first dosing regime involved 

delivering vemurafenib continuously whilst the second regime delivered 

vemurafenib intermittently (4 weeks on and 2 weeks off). In both regimes 

vemurafenib was delivered at 15mg/kg-1 twice daily. In the mice with 

continuous delivery of vemurafenib, lethal drug resistance developed within 

100 days. In comparison no drug resistance was seen over a 200 day period 

in the mice treated with vemurafenib intermittently (Thakur et al, 2013). The 

results from this study can be explained by a proposed model (figure 1.9). 

Prior to receiving any treatment, the cells within the tumour are mainly drug-

sensitive cells with only the rare cell being drug-resistant at this stage. Upon 

treatment of the BRAF inhibitor, the level of MAPK signalling activity is 

reduced resulting in regression of the tumour. However when the BRAF 

inhibitor is delivered continuously, the tumour selects for cells which have 

high levels of MAPK signalling activity. Such cells are drug resistant and are 

considered to exhibit a fitness benefit in the presence of the BRAF inhibitor. 

As a result the population of the drug resistant cells grows. However if the 

BRAF inhibitor is being delivered intermittently, at the end of each dose the 
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resistant tumour cells switch to being in a fitness deficit in the absence of the 

drug and re-population of the drug-sensitive cells occurs. The population of 

drug sensitive cells again outweighs that of the drug resistant and as a result 

of these intermittent doses, the emergence of resistance is delayed (Thakur 

and Stuart, 2013; Holderfield et al, 2014).  

 

Figure 1.9.         The proposed model of the theory behind intermittent drug delivery 

and the delay in the onset of resistance (Thakur and Stuart, 2013). 

 

Intermittent delivery of a BRAF inhibitor or ‘drug holidays’ can delay the 

onset of resistance and have only recently started to be seen in the clinic. In 

a clinical trial, 2 melanoma patients receiving a BRAF inhibitor, presented 

with a secondary anti-tumour response after the treatment had stopped 

(Neyns et al, 2012). Many more trials are needed to determine the true 

significance of this model; however the current data is promising. 
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1.4 Chemical genetics 

1.4.1 Chemical genetic screens  

Chemical genetic screens use small molecules, typically less than 2000 

Daltons (Da) to assess how they alter the function of genes and to elucidate 

their role in biological processes. Additionally these screens have the 

potential to identify novel therapeutic targets for a range of diseases 

including cancer, aiding in the drug discovery process (Wheeler and Brändli, 

2009). Chemical genetic screens are an attractive alternative to mutagenesis 

screens due to their inexpensive start-up costs, simplicity of the experiments 

and the ability to control the concentration of the compounds being added. 

Chemical genetics also allows the addition and removal of compounds at any 

time, whereas with conventional mutagenesis screens this is not possible 

(Choi et al, 2014; Wheeler and Brändli, 2009). 

 

There are two approaches to chemical genetic screens, forward and reverse 

(Cong et al, 2012). Reverse chemical genetics is used when the target, a 

gene or protein, is known and small molecules are screened to specifically 

target that protein. If one of the screened compounds has been shown to 

interact with the known target gene or protein, the phenotype that was 

produced is studied further to elucidate how that specific gene or target 

functions in the model organism. Forward chemical genetics takes the 

opposite approach in which small molecules are screened on cells, tissues or 

whole embryos for a particular phenotype, but the target of these compounds 

is unknown. If the compound results in a phenotype of interest being 

produced, these can be classified as compound ‘hits’. These ‘hits’ are then 

investigated further to determine what the target is. This approach is also 

referred to as phenotype-based screens. However, one of the major 

drawbacks of this latter approach is that the elucidation of the target is often 

challenging. However, if it becomes known it has the potential of discovering 

novel genes or proteins or therapeutic targets (Kawasumi and Nghiem, 2007, 

Spring et al, 2005).  
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1.4.2 Model organisms for chemical genetic screens 

Zebrafish and the amphibian Xenopus are the only vertebrate model 

organisms amenable to chemical genetic screens. This allows compounds to 

be tested in a whole organism setting rather than an artificial in vitro setting 

as seen in cell-based screens. Zebrafish and Xenopus are favourable 

organisms for the same reasons. Both organisms can generate a large 

number of embryos and the fertilisation and development of these embryos 

occurs externally. Thus any dead embryos can be removed and the highest 

quality embryos can be selected for the screens. Eggs are easily obtainable 

throughout the year via hormonal injections. Regarding the screen itself, a 

large quantity of the embryos can be arrayed at one time. Both zebrafish and 

Xenopus embryos are surrounded by a vitelline membrane which is porous 

enough for the molecules to penetrate through. However Xenopus are 

evolutionarily closer to mammals than zebrafish, which is significant at the 

genomic level, and thus represent a sound model to study human 

development and biological processes (Wheeler and Brändli., 2009; 

Tomlinson et al, 2005; Wheeler and Lui, 2012).   

 

In 2000, the first high-throughput chemical genetic screen was published. In 

this chemical screen a randomly selected small molecule library consisting of 

1100 molecules was screened in zebrafish embryos. Defects in four organ 

systems were assessed by visual phenotype; central nervous system, 

cardiovascular system, neural crest and the ear. The results of this study 

showed that approximately 1% of the small molecules affected one of the 

specific organs detected for (Peterson et al. 2000).  The success of this 

chemical screen was also translated across in Xenopus laevis embryos. In a 

separate chemical genetic screen, chemicals from the same molecule library 

and methodology from the Peterson study were used in Xenopus laevis 

embryos. The results from this screen were analogous to that seen in the 

Peterson study, highlighting that both of these model organism are 

redundant (Tomlinson et al, 2005).  
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Subsequent studies have shown success in chemical genetic screens using 

the Xenopus laevis model. One such screen assayed 3000 compounds and 

their phenotypic effect on the embryos was scored. 40 of these compounds 

gave rise to an observed phenotype on the embryos. One compound, 

NSC84093, gave a striking phenotype in which the pigment cells along the 

dorsal stripe of the embryo were segmented and not in a continuous line as 

normally seen in the embryos. Also the pigment cells along the ventral side 

of the tail had failed to form. Structure activity relationship studies (SARS) 

plus other tests carried out on NCS84093 revealed this compound to be an 

8-quinol derivative or more specifically, a matrix metalloproteinase (MMP) 

inhibitor. Further experiments went on to investigate two potential targets of 

NSC84093, MMP-2 and MMP-14. Morpholino knockdown of these two 

MMP’s in the embryos partially re-produced the pigment cell migration 

phenotype observed with NSC84093. This study conclusively demonstrated 

that MMP’s play a role in melanophore migration in Xenopus embryos 

(Tomlinson et al, 2009).  

 

1.5 Leflunomide 

Another ‘hit’ from the screen that caused a pigment migration phenotype 

NSC210627. This and other compounds that showed interesting phenotypes 

in the Xenopus screen were added to a chemical genetic screen in zebrafish 

to identify small molecules which suppressed neural crest development. 

2000 compounds were screened to identify those which inhibited the levels 

of crestin. Crestin is a specific pan-neural crest marker specific to zebrafish 

during embryogenesis. Therefore any compounds that reduced the levels of 

crestin could also potentially be inhibiting the neural crest development and 

NSC210627 scored significantly in this assay. Using the chemoinformatic 

algorithm DiscoveryGate, it was revealed that NSC210627 was structurally 

similar to brequinar, an inhibitor of dihydroorotate dehydrogenase (DHODH). 

Furthermore, NSC210627 was shown to also inhibit DHODH activity in vitro. 

Leflunomide, also an inhibitor of DHODH mimicked the effect of NSC210627, 

even though it is structurally different to NSC210627. Leflunomide is an FDA 
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approved drug for the treatment of rheumatoid arthritis (White et al. 2011) 

and on this basis was used in the subsequent experiments.  

 

Further work investigating how leflunomide inhibits neural crest development 

revealed it exerts its effects by inhibiting transcriptional elongation of genes 

necessary for neural crest development and also melanoma growth. Genes 

such as sox10 and dct which are necessary for normal neural crest and 

melanocyte development respectively exhibited reduced expression. The 

effect leflunomide has on Xenopus and zebrafish embryos is phenotypically 

similar to the suppressors of Ty 5 and 6 (spt5/spt6) mutant in zebrafish 

embryos. Spt5/spt6 have been shown to be involved in transcriptional 

elongation (Keegan et al. 2002). The gene expression profiles of leflunomide 

treated embryos and the spt5/sk8 mutant are very similar at 24 hours post 

fertilisation. Of the 223 genes identified to be downregulated by leflunomide, 

183 of these  were also downregulated in the spt5/sk8 with downregulation of 

sox10, microphthalmia-associated transcription factor (mitf) and crestin 

(White et al, 2011).  MITF is the master regulator of melanogensis whereby it 

is involved in melanocyte induction, terminal differentiation, development and 

function (Hornyak et al, 2001; Levy et al, 2006). However in 10-20% cases of 

melanoma MITF has been shown to be amplified and thus drives 

melanocyte-derived cells into malignant melanoma cells. This is an example 

of how a melanocyte specific transcription factor (or melanocyte-specific 

modulator) involved in the development of normal melanocytes can become 

a lineage addicted oncogene in melanoma when mutated (Garraway et al, 

2005; Haq and Fisher, 2011; Sommer, 2011; Hartman and Czyz, 2015).  

 

Due to melanoma being a cancer arising from melanocytes, derivatives of 

the neural crest cells, the effect of leflunomide on melanoma growth was 

investigated. The metabolite of leflunomide, A771726, caused a dose-

dependent decrease in the number of viable cells in BRAFV600E mutant cell 

lines (figure 1.10). The effect of A771726 on the number of viable cells in 

these BRAFV600E mutant cell lines was synergistically enhanced when it was 
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combined with the BRAF inhibitor PLX4032. This observation was then 

investigated in vivo using xenografts of A375 cells transplanted into nude 

mice. At 12 days post treatment, the combination of leflunomide and 

PLX4032 caused almost complete abrogation of tumour growth compared to 

mice treated with leflunomide or PLX4032 alone (figure 1.10) (White et al. 

2011).  

 

Figure.1.10.    The effect of A771723 on melanoma cell viability and mouse 

xenograft. A) The effect on cell viability in BRAF mutant cell lines treated with 

A771723. B) A375 xenografts in nude mice at day 12 post treatment. (White et al, 

2011).  

 

 

 

 

 

 

b 
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Aims 

For this thesis the three separate aims are represented as individual 

chapters. The first aim was to carry out a chemical genetic screen of the 

National Cancer Institute (NCI) diversity set II compound library on Xenopus 

laevis embryos. From this screen specific phenotypes were scored with the 

goal of identifying compounds with novel therapeutic potential in treating 

melanoma.  

 

The second aim was to follow up from the success of a previous chemical 

genetic screen carried out in the lab which identified leflunomide as showing 

therapeutic potential in treating melanoma. Leflunomide is an FDA approved 

drug used in the treatment of rheumatoid arthritis. However, how leflunomide 

exerts its therapeutic effects in treating melanoma is unknown and thus was 

investigated in this part of the thesis.  

 

Finally, the possibility of using leflunomide in combinatorial studies in treating 

melanoma was also considered. Here, the combination of leflunomide and 

the MEK inhibitor selumetinib was investigated both in vitro and in vivo 

experiments.  
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Chapter 2: Materials and methods 

2.1 Frequently used solutions 

1 x Phosphate buffered saline (PBS): 137mM NaCl, 2.7mM KCl, 10mM 

Na2HPO4 adjusted to pH 7.4  

PBST:  PBS with 0.1% Tween-20 

4% Paraformaldehyde (PFA): 500ml of 1 x PBS was heated to 

approximately 60°C. A few crystals of NaOH were added, which helps to 

dissolve the PFA. 20g of PFA was added and dissolved with the aid of a 

magnetic stirrer and adjusted to pH7.4. Once dissolved and left to cool, the 

4% PFA was aliquoted and stored at -20°C.  

0.1% Gelatin: 0.5g Gelatin in 500ml dH2O 

Tris-Acetate-EDTA (TAE) buffer:  40mM Tris, 1mM EDTA, 1% Acetic acid 

10X Tris-buffered saline 0.1% Tween-20 (TBST): 24g and 88g of Tris base 

and NaCl was dissolved in 900ml distilled water respectively. The solution 

was adjusted to pH 7.6. 10ml of Tween-20 was added and the solution was 

made up to 1 litre with distilled water 

High sodium dodecyl sulphate (SDS) content lysis buffer: 65mM 

sucrose, 60mM Tris-HCL, 3% SDS, adjusted to pH 6.8  

Sample buffer: 4% SDS, 10% 2-mercaptoehtanol, 20% glycerol, 0.004% 

bromophenol blue, 0.125M Tris HCL adjusted to pH 6.8 

10X Running buffer: For 1L, 30G Tris base, 144g glycine, 100ml SDS, 

900ml distilled water adjusted to pH 8.3 

1X Running buffer: For 1L. 100ml 10X running buffer and 900ml distilled 

water at pH8.3 

10X Transfer buffer: For 1L, 30g Tris base, 144g Glycine and 1000ml 

distilled water adjusted to pH8.3. Kept at 4°C 
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1X Transfer buffer:  For 1 L, 100ml 10X transfer buffer, 200ml Methanol and 

700ml distilled water. Kept at 4°C 

Bovine serum albumin (BSA):  1% BSA in 1xMMR  

1X Marc’s Modified Ringers MMR: 100mM NaCl, 2mM KCl, 1mM MgCl2, 

2mM  CaCl2, 5mM HEPES, adjusted to pH7.5 

0.1XMMR: 10mM NaCl, 0.2mM KCl, 0.1mM MgCl2, 0.2mM  CaCl2, 0.5mM 

HEPES, adjusted to pH7.5 

0.05XMMR: 0.5mM NaCl, 0.1mM KCl, 0.05mM MgCl2, 0.1mM  CaCl2, 

0.25mM HEPES, adjusted to pH7.5 

Human Chorionic Gonadotrophin (HCG): 100U/ml of HCG was prepared 

in PBS and stored at 4°C 

Pregnant mare’s serum gonadotrophin (PMSG): 1000U/ml of PMSG was 

prepared in PBS and stored at 4°C 

X.laevis testes buffer: 10% 1xMMR and 80% FBS (Fetal Bovine Serum) 

2% cysteine: For 100ml add 2g L-cysteine to 100ml distilled water and 

adjust to pH 8  

 

 

 

 

 

 

 

 

 



60 
 

2.2 Cell lines and cell culture 

The human melanoma M202, M285, M375, M296, A375, M229, SKmel28 

and SKmel5 cell lines were a kind gift from Antoni Ribas (University of 

California, Los Angeles).  Primary human melanocytes adult (HEMa-LP) 

were obtained from Gibco. Human embryonic kidney cells (HEK-293) and 

rhabdomyosarcoma cells (RD-1) were obtained from the Biomedical 

Research Centre (University of East Anglia, UK).  

 

Human melanoma cells were cultured in RPMI-1640 medium (1X) (HyClone) 

supplemented with 10% heat inactivated FBS (Gibco), 1% L-glutamine 

(Gibco) and 1% penicillin and streptomycin (Gibco). HEMa-LP cells were 

cultured in Medium-254 (Gibco) with the addition of PMA- Free Human 

Melanocyte Growth Supplement-2 (HMGS-2) (Gibco). HEK-293 cells were 

cultured in Dulbecco’s modified Eagle medium (DMEM) + GlutMAX (Gibco) 

supplemented with 10% FBS, 1% L-glutamine and penicillin and 

streptomycin. RD-1 cells were cultured in Dulbecco’s modified Eagle medium 

(DMEM) + GlutMAX (Gibco) supplemented with 10% FBS and penicillin and 

streptomycin.  

 

All cells were maintained at 37ºC in a 5% CO2 air-humidified incubator and 

were routinely screened for mycoplasma.  

 

2.3 Mycoplasma PCR  

Media samples were taken from cells which had been in culture for 

approximately 48 hours. Samples were heated at 100ºC for 5 minutes then 

centrifuged for 1 minute at 13g. The PCR recipe per sample was 10µl 

BIOMIX Red (BIOLINE), 0.5µl forward primer, 0.5µl reverse primer, 1µl 

MgCl2, 6.5µl Sigma water and 1.5µl sample (total 20µl). Two additional PCR 

reaction mixes were made up with 1.5µl Sigma water and 1.5µl Mycoplasma 

DNA, serving as negative and positive controls respectively.  
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The reaction conditions were 98 ºC for 30 seconds, 40 cycles of 98 º for 10 

seconds, 52 ºC for 20 seconds and 72 ºC for 30 seconds. The cycle ended 

with 72 ºC for 2 minutes. 

Mycoplasma primer sequences 

Myco 1 

5’ GGG  AGC  AAA  CAG  GAT  TAG  ATA  CCC T 3’ 

Myco 2 

5’ TGC  ACC  ATC   TGT  CAC  TCT  GTT  AAC  CTC 3’ 

Analysis of the PCR reaction was performed by running a 1.5% agarose gel 

electrophoresis and visualised via ethidium bromide under UV light. Any 

positive samples should give a band at ~270bp.  

 

2.4 Drugs and Compounds 

Leflunomide (Sigma-Aldrich) was dissolved in Dimethyl sulphoxide (DMSO) 

Hybri-Max  (Sigma-Aldrich) and stored at 4ºC at stocks of 10mM.  

 

AZD6244 ((selumetinib)(SelleckChem)) was dissolved in DMSO and stored 

at -20ºC at stocks of 2mM. When aliquots of the stock were in use they were 

stored at 4ºC for two weeks.  

 

2.5 Cell viability assays 

96-well clear bottom plates coated with poly-L-lysine (PLL) (Sigma-Aldrich) 

were used to seed cells on day 1 in 100µl of culture medium. Seeding 

densities for each cell line are shown in table 2.1. 
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Table 2.1. The seeding densities for each cell line used for the cell viability 

assays.  

 

 

 

 

 

 

 

 

 

 

Cells were left for 24 hours to equilibrate. On day 2, cells were treated with a 

either a range of Leflunomide concentrations (1.5625µM-100µM) or 

selumetinib (ranging from 0.015625µM to 1µM), or vehicle for 72 hours. 

Cytochalasin D (Sigma Aldrich) was used as a positive control. All conditions 

were repeated in triplicate.  

 

Cell viability was determined on day 5 using the CellTiter-Glo Luminescence 

assay (Promega). 50μl of culture medium from each well was removed and 

replaced with 50μl of CellTiter-Glo as so a 1:1 ratio was added. Each plate 

was gently rocked at room temperature for 15-30 minutes. Luminescence 

from the plate was read on a BMG LabTech Omega Series plate reader 

(data analysed using OMEGA software). A summary of this experimental 

design can be seen in figure 2.1.  

 

Cell Line Seeding density  

M202 12,000 

M285 9,000 

M375 20,000 

M296 22,000 

A375 2,000 

M229 20,000 

SKmel28 10,000 

SKmel5 7,500 

Melanocytes 22,000 

HEK-293 15,000 

RD-1 7,500 
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The mean cell viability was calculated as a percentage of the mean vehicle 

control. Three independent experiments were performed for each cell line. 

IC50’s were generated using Prism Graphpad software (GradphPad 

Software, Inc) and calculated using a nonlinear regression model. 

 

Figure 2.1. Experimental design of how the cell viability assays were 

carried out.  

 

2.6 BrdU proliferation assay 

A375 melanoma cells were seeded in 12 well plates at a density of 10,000 

cells per 2ml of medium per well and grown on gelatine coated coverslips 

(day 1). On day 2 leflunomide was added to cells at 12.5, 25 and 50μM 

alongside a vehicle control for 72 hours. After 72 hours (day 5), Cells were 

pulsed for 2 hours with 5-Bromo-2’-Deoxyuridine (BrdU) (Sigma-Aldrich) at a 

final working concentration of 10μM at 37ºC, 5% CO2.  

 

Cells were washed in PBS and fixed in 4% PFA for 20 minutes at room 

temperature. After 3 5 minute PBS washes, cells were permeabilised in 2N-

HCL + 0.5% Triton X-100 for 10 minutes. Cells were washed extensively in 

PBS and blocked for 1 hour and a half in 10% goat serum. Next, primary 

BrdU antibody diluted 1:100 in 1% goat serum in PBS was applied and 

incubated overnight at 4ºC. Cells were washed 3 times for 5 minutes in PBS. 
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Subsequently, Alexa Fluor 488 anti-mouse secondary antibody diluted 

1:1000 with 1% goat serum in PBS was added for 1 hour at room 

temperature in the dark. Cells were extensively washed in PBS and 

counterstained with DAPI (1:10,000 dilution).  Again, cells were extensively 

washed and mounted onto slides using a drop of hydromount (Company), 

placing a large coverslip on top of the cells.  

 

Cells were examined under a Zeiss AxioPlan 2ie widefield microscope with 

AxioCam HRm CCD camera and photographed at four random fields. The 

number of DAPI positive and BrdU positive cells were counted and analysed 

using Image J software (Company). Three independent experiments were 

carried out.  

 

2.7 Cell cycle analysis 

A375 melanoma cells were seeded in 24-well plates at a density of 4,600 

cells per 2ml of medium per well. After 24 hours, the cells were treated with 

vehicle, 25, 50 and 100µM of Leflunomide. After 72 hours, the cells were 

trypsinised and pelleted along with the culture medium. Cells were washed in 

PBS and fixed in ice cold absolute ethanol and left on ice for 2 hours or in the 

freezer overnight. Cells were equilibrated to room temperature and washed 

in PBS. Cells were then stained with 200µl PI/RNase A solution (Cell 

Signalling) and incubated at 37ºC for 30 minutes in the dark. Cells were 

analysed on the BD AccuriTM C6 flow cytometer and the data was analysed 

using the BD AccuriTM C6 Software and FlowJo. Three independent 

experiments were carried out.  

 

2.8 Annexin V apoptosis assay 

Apoptosis was assessed using an Annexin V Apoptosis detection kit FITC 

(eBioscience). Cells were seeded in 24-well plates at a density of 4,600 cells 

per 2ml of medium per well.  After 24 hours the cells were treated with 
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vehicle, 25, 50 and 100µM of Leflunomide. After 72 hours cells were 

trypsinised, washed in PBS and pelleted along with the culture medium. 

Cells were resuspended in 1ml 1X binding buffer. 5µl of fluorochrome-

conjugated Annexin V was added to 100µl of the cell suspension and was 

subject to 20 minute incubation at room temperature. Cells were pelleted, 

washed in 1X binding buffer and resuspended in 200µl 1X binding buffer with 

the addition of 5μl propidium iodide staining solution.  

 

Cells were analysed on the BD AccuriTM C6 flow cytometer within the hour 

and the data was analysed using the BD AccuriTM C6 Software. Three 

independent were carried out and a two-way ANOVA was carried for 

statistical analysis.  

 

2.9 JC1 mitochondrial membrane (Δ()) potential assay 

A375 melanoma cells were seeded in 12 well plates at a density of 10,000 

cells per 1ml of medium per well. After 24 hours, the cells were treated with 

vehicle, 25, 50 and 100µM of Leflunomide. After 72 hours, the cells were 

incubated with 2μM JC1 (Life technologies) for 45 minutes at 37ºC, 5% CO2. 

The cells were trypsinised and pelleted along with the culture media. Cells 

were washed in PBS and resuspended in 200µl of fresh PBS and analysed 

on the BD AccuriTM C6 flow cytometer. Samples were exposed to 488nm 

excitation, with JC1 green monomer fluorescence detected at 530nm in the 

FL1 channel and JC1 red aggregates fluorescence detected at 590nm in the 

FL2 channel. Data was analysed using the BD AccuriTM C6 Software. Three 

independent experiments were carried out.  

 

2.10 Mitotracker green  

A375 melanoma cells were seeded in 12 well plates at a density of 10,000 

cells per 1ml of medium per well.  After 24 hours, the cells were treated with 
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vehicle, 25, 50 and 100 µM of Leflunomide. After 72 hours, the cells were 

incubated with 25nm Mitotracker green (Invitrogen) for 45 minutes at 37ºC, 

5% CO2. Cells were trypsinised and pelleted along with the culture medium. 

Cells were washed in PBS and resuspended in 200µl of fresh PBS.  

 

Cells were analysed on the BD AccuriTM C6 flow cytometer with green 

fluorescence detected in the FL1 channel. Data was analysed using the BD 

AccuriTM C6 Software. Three independent experiments were carried out and 

a one-way ANOVA was carried out for statistical analysis.  

 

2.11 Combinatorial cell viability assays 

96-well clear bottom plates were used to seed cells on day 1 in 100µl of 

culture medium, with the seeding density for each cell line shown in Table 

2.1. Cells were left for 24 hours to equilibrate. On day 2, cells were treated 

with 12.5, 25 and 50µM leflunomide and 0.025, 0.05 and 0.1µM selumetinib 

alone and in combination for 72 hours (day 5). The combination of 

leflunomide and selumetinib was added to the cells at the same time. 

Additional experiments pre-treated the cells with either leflunomide or 

selumetinib for 24 hours (day 2) with the second drug introduced after the 24 

hours (day 3). Cytochalasin D (Sigma Aldrich) was used as a positive 

control. All conditions were repeated in triplicate.  

 

Cell viability was determined on day 5 using the CellTiter-Glo Luminescence 

assay (Promega). 50μl of culture medium from each well was removed and 

replaced with 50μl of CellTiter-Glo as so a 1:1 ratio was added. Each plate 

was gently rocked at room temperature for 15-30 minutes. Luminescence 

from the plate was read on a BMG LabTech Omega Series plate reader 

(data analysed using OMEGA software). A summary of this experimental 

design can be seen in figure 2.2. 
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Figure 2.2. Experimental design of the combinatorial cell viability assays 

whereby leflunomide and selumetinib were added either at the same time or 

24 hour pre-treatment.  

 

Luminescence from the plate was read on a BMG LabTech Omega Series 

plate reader (data analysed using OMEGA software). The mean cell viability 

was calculated as a percentage of the mean vehicle control. Three 

independent experiments were performed for each cell line tested.  

 

2.12 Calculation of drug synergy 

Drug synergy was calculated using CalcuSyn (Biosoft) software using the 

median effects methods as described by T-C Chou and P Talalay.  

 

2.13 Western blots 

A375 melanoma cells were seeded and treated for 72 hours in varying drug 

conditions to detect for different proteins as shown in table 2.2.  
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Table 2.2. The different drug conditions A375 melanoma cells were 

subjected to for detection of specific proteins by western blot.   

Drug treatments for detection 

of pERK and tERK  

Drug treatments for detection of Mcl-

1, BIM, PARP and PUMA 

Vehicle  Vehicle 

0.1μM selumetinib 50μM leflunomide 

1μM selumetinib 0.05μM selumetinib 

 

0.1μM selumetinib 

 
50μM leflunomide and 0.05μM 

selumetinib 

 
 

50μM leflunomide and 0.1μM 

selumetinib   

 

Cells were washed in PBS and lysed in 100μl of high SDS content lysis 

buffer and passed through a thin gauge needle. Samples were homogenised 

for 2 minutes at 50Hz and spun down for 10 minutes at 12,000g. Protein 

quantification of each sample was determined via the DC BIO-RAD protein 

assay. Samples were prepared at 10μg and equal volume of sample buffer 

was added to each. Samples were then denatured at 70°C for 10 minutes 

and spun down.  

 

The proteins in the lysates were separated by SDS-PAGE by preparing a 

10% resolving gel and 5% stacking gel, with the components shown in table 

2.3.  
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Table 2.3. Composition of the resolving and stacking gels.  

 

The resolving gel was prepared first in the gel assembly cassette, with 

isopropanol added on top to prevent oxygen interfering with the 

polymerisation of the gel. Once set, excess isopropanol was removed and 

the stacking gel placed into the cassette along with a gel comb. Once set, 

the gel comb was removed and the cassette placed into a gel tank with 1X 

running buffer. Samples were loaded into the wells and the gel was run at 

100V for 1-2 hours stopping the run when the dye front had reached the 

bottom of the gel.  

 

Next, the protein from the SDS-PAGE gel was transferred onto 

polyvinylidene difluoride (PVDF) membrane. PVDF membrane was cut to the 

correct size to fit the transfer cassette and prepared by soaking in methanol 

for 5 minutes then soaked in cold 1X transfer buffer.  Whatmann paper cut to 

the correct size and sponges were also soaked in cold 1X transfer buffer. 

The gel was carefully removed from the glass plates and assembled into the 

transfer tank as shown below in figure 2.3.    

 

 

 

 

10% Resolving gel 
5% 
Stacking 
gel  

 
  

Stock Final concentration  

30% Acrylamide 10% 5% 

1.5m Tris pH 8.8 (Resolving) 1.5M 
Tris pH 6.8 (Stacking)  

375mM 126mM 

10% SDS 0.10% 0.10% 

10% APS 0.10% 0.10% 

TEMED 0.10% 0.10% 

dH20 n/a n/a 
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Figure 2.3. Illustration showing how to assemble a transfer cassette.  

The transfer cassette was then assembled into the tank with 1X transfer 

buffer along with an ice block and runs at 115V for 1 hour 15 minutes. 

Following the transfer, the PVDF membrane was soaked in Ponceau S stain 

to check for the presence of proteins and a successful transfer. The 

membrane was then thoroughly washed in distilled water to be then placed in 

blocking solution for 2 hours at room temperature with gentle rocking. The 

blocking solution varied for each antibody as shown in table 2.4. 

 

Incubation with the primary antibody was done overnight at 4°C on a rotation 

rocker with the antibody dilutions shown in table 2.4. The next day, the 

membrane was placed in TBST for 4 10 minute washes at room 

temperature.  

 

 

 

 

 

 

 



71 
 

Table 2.4. Primary and secondary antibodies used in western blots on 

A375 melanoma cells (blocking solution, dilution factor and supplier also 

shown).  

Primary antibody  Blocking solution Dilution 
Secondary 
antibody* 

Rabbit polyclonal 
phospho ERK (Cell 
signalling technology) 

All blocked in 5% 
dry non-fat milk in 
TBST  

1:1000 

Both anti-rabbit IgG 
HRP linked 
secondary antibody 
(Jackson 
ImmunoResearch)  

 Rabbit polyclonal 
phospho-p44/42 
MAPK (ERK1/2) (Cell 
signalling technology)  

  

Mouse monoclonal 
HSC-70 (Santa-cruz 
Biotechnology) 

Anti-mouse IgG HRP 
linked secondary 
antibody (Jackson 
ImmunoResearch)  

   Rabbit polyclonal 
Mcl-1 (Santa-cruz 
Biotechnology) 

1:500 

All anti-rabbit IgG 
HRP linked 
secondary antibody 
(Cell signalling 
technology)  

  Rabbit polyclonal 
anti-BIM (Merck-
Millipore)  

1:1000 

 
Rabbit polyclonal 
PARP (Cell signalling 
technology) 

 Rabbit polyclonal 
PUMA (Cell signalling 
technology)  

Blocked in 5% 
BSA in TBST  

*(All secondary antibodies were diluted 1:2000).  

Incubation with the secondary antibody was done in the dark for 1 hour at 

room temperature on a rotation rocker. Again the membrane was washed in 

TBST in the dark for 6 5 minute washes. Detection of the proteins on the 

PVDF membrane was achieved by using the PierceTM ECL western blotting 

substrate kit. ECL detection reagents 1 and 2 were added in a 1:1 ratio and 

enough reaction mixture was added  
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onto the membrane to cover it and incubated for 5 minutes. Excess ECL 

reaction mixture was removed and the membrane placed in-between a clear 

plastic sheet ready for imaging.  

 

2.14 Preliminary mouse study 

Severe combined immunodeficient (SCID) mice were purchased from 

Charles River and were acclimatised for 2 weeks. 1x106 cells in 0.1ml of 

A375, M229, SKMEL5, M285 and M375 cells were injected intraperinatally 

into the mice. In the subsequent preliminary experiment 3x106 cells in 0.1ml 

of M285 and M375 cells were injected.  When a visible palpable tumour was 

observed the mice were culled. All procedures were performed under Home 

Office approved protocols and university guidelines.  

 

2.15 Mouse xenograft study 

A total of 3x106 M375 melanoma cells were injected intraperinatally into 40 

SCID mice (purchased from Charles River). After approximately 4 weeks 

when the tumours were palpable, the mice were randomised into 4 arms. 

The 4 arms were; vehicle alone, leflunomide alone, selumetinib alone and 

leflunomide and selumetinib in combination. There were 10 mice in each 

arm. The drug regime was administered for 12 days. Leflunomide was 

administered by intraperitoneal injection daily at 7.5mg/kg. Selumetinib was 

administered by oral gavage twice daily at 30mg/kg for the first two days and 

was then delivered once daily thereafter. The tumour volume was measured 

every three days with callipers. At the end of the experiment, the mice were 

culled and the excised tumours were weighed. All procedures were 

performed under Home Office approved protocols and university guidelines.  
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2.16 Testes isolation  

A male X. laevis was euthanized by placing the male into a 500ml beaker 

with 0.5g 1.6% ethyl 3-aminobenzoate methane sulfonate in 300ml water. 

The beaker was covered in tinfoil and placed at 4°C for 1 hour. The testes 

were surgically removed and stored for up to a week at 4°C in testes buffer. 

The X. laevis carcass was disposed of by incarnation.  

 

2.17 Generation of X.laevis eggs and in vitro fertilisation 

Adult female X.laevis were primed with 100 units of pregnant mare serum 

gonadotrophin (PMSG) 4 days before eggs were required and were isolated 

during this period. 12-18 hours before eggs were required, adult female 

X.laevis were induced subcutaneously with 500 units of human chorionic 

gonadotrophin (HCG) and kept at 18ºC. Over a clean petri dish, eggs were 

obtained by physically squeezing the abdomens of the female every hour 

over a 6 hour period. A portion of the dissected testes is pulped with 1ml of 1 

x MMR and evenly distributed over the embryos and left for 5 minutes at 

18ºC. Embryos were then immersed in 0.1 x MMR for 20 minutes at 18ºC.  

 

2.18 De-jellying of the embryo 

Xenopus embryos are enveloped in a transparent jelly coat which needs to 

be removed post fertilisation. 0.1 x MMR was poured off the embryos and 

replaced with 2% L-Cysteine pH 8 for approximately 7 minutes. Concurrently 

the embryos were swirled to gradually remove the jelly coat. Embryos were 

subsequently washed in 1 x MMR and 0.1 x MMR and transferred to a BSA 

coated petri dish immersed in 0.1 x MMR with 0.1 % gentamycin. The 

embryos were kept to develop to the required stage according to Niewkoop 

and Faber 1967.  
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2.19 Embryo fixing 

Embryos were fixed once they reached their required stage. Embryos were 

fixed in MEMFA (3.7% formaldehyde, 1 x MEM salts and DEPC H20) 

overnight at 4ºC, washed in PBS 3 times and stored in 100% methanol.  

 

2.20 Compounds used in chemical genetic screen 

The NCI Diversity Set II compound library was used in this chemical genetic 

screen. The library was obtained from the synthesis and chemistry branch, 

development therapeutics program, division of cancer treatment and 

diagnosis, national cancer institute, USA. The library consisted of 1363 

compounds. The library was received in a 96-well plate format with each well 

containing one compound. Each compound was at a stock concentration of 

10mM dissolved in 100μl of DMSO. Any compounds of interest later 

identified were ordered in as solids and made up to 10mM stocks dissolved 

in DMSO stored at -20°C. 

 

2.21 Chemical genetic screen using X.laevis 

Each NCI compound was screened at 20 and 40μM in 96-well plates (as 

previously determined in the lab). The compounds were initially arrayed at 

double the required concentration into the wells at a volume of 150μl. Next, 

five stage 15 embryos in 150μl of 0.1xMMR supplemented with 0.1% 

gentamycin were placed into each well, making it to be the desired 

concentration in the wells. Each plate was sealed with a permeable plate 

seal and embryos were left to develop to stage 38 at 18°C. Once at stage 38, 

the compound solution in each of the wells was replaced with MEMFA to fix 

the embryos. After 2 hours at room temperature the MEMFA was removed 

and replaced with PBST.  
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2.22 Observing the embryos 

To observe and score the phenotypes of the embryos, the five embryos from 

each well were observed in turn under a Zeiss Stemi5V6 microscope. 

Images were captured using a 01-MP3.3-RTV-CLR-10 camera mounted and 

processed with the Q capture software. All images were taken with the 

anterior of the embryo to the left and the posterior to the right.  

 

2.23 Analysis of the chemical screen  

The performance of the chemical genetic screen was analysed based on the 

following classification of phenotypes; total and partial loss pigment, edema, 

blistering, general morphology, melanophore morphology, melanophore 

migration and eye development. Each well of every 96-well plate was 

assayed twice blind visually. Analysis of any phenotype observed was 

recorded for the 5 embryos in that particular well.  

 

2.24 Validation of compounds 

 

Each positive NCI compound ‘hit’ identified from the chemical screen was 

validated again at 20 and 40μM but in 48-well plates. The compounds were 

again initially arrayed at double the required concentration into the wells at a 

volume of 500μl. Subsequently, ten stage 15 embryos in 500μl of 0.1xMMR 

supplemented with 0.1% gentamycin were placed into each well, making it to 

be the desired concentration in the wells. Each plate was sealed with a 

permeable plate seal and embryos were left to develop to stage 38 at 18°C. 

Once at stage 38, the compound solution in each of the wells was replaced 

with MEMFA to fix the embryos. After 2 hours at room temperature the 

MEMFA was removed and replaced with PBST. Embryos were observed and 

analysed as described above. Any repeatable phenotypes from a given 

compound were recorded.  
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2.25 Cell viability assays on NCI ‘hit’ compounds 

 

Cell viability assays were carried (exactly as described in 2.6 and shown in 

figure 2.1) using some of the NCI compounds. The concentrations used for 

each NCI compound ranged from 1.5625µM-100µM. The cell lines used for 

these assays were A375 melanoma cells, HEK293 cells and RD1 cells with 

the seeding densities previously shown in table 2.1.  
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Chapter 3  

Chemical genetic screen of the NCI diversity set II library in 

X.laevis embryos succeeded by a cell-based screen 

3.1 Introduction 

Work by the Wheeler lab had previously shown Xenopus to be a good model 

to do chemical genetic screens (Tomlinson et al, 2005, 2009). The chemical 

genetic screening of the NCI diversity set I library in X.laevis embryos in our 

lab had been proven to be successful. This screen illustrated how abnormal 

pigment phenotypes caused by screened compounds can efficiently lead to 

the identification of interesting compounds and novel therapeutic agents in 

the treatment of melanoma (Tomlinson et al. 2009a and b; White et al. 2011).  

 

It was therefore felt that the potential was there to identify more interesting 

compounds. Myself and colleague Adam Hendry used the same chemical 

genetic screen method used by Tomlinson et al (2009) to carry out a 

chemical genetic screen of the NCI diversity II library, the sequel to the NCI 

diversity set I library. The compounds within this library are all structurally 

dissimilar to each other having the potential to cover a broad range of 

possible therapeutic targets. There is a 10% overlap between the NCI 

diversity set I and II library which enabled the possibility of internal positive 

controls being identified.  

 

Myself and Adam initially carried out a chemical genetic screen in X.laevis 

embryos of the NCI diversity set II library, which consisted of 1363 

compounds. From this screen a total of 72 compounds were identified as 

compounds which gave an abnormal phenotype which was reproducible. 

These 72 compounds were then screened in a cell viability assay in three 

cell lines; A375 melanoma cells, HEK293 and RD1 cells. The aim of this 

additional cell-based screen was to determine if any of the IC50’s calculated 
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for the compounds were statistically significantly lower in the A375 

melanoma cell line than in comparison to the two non-melanoma cell lines. 

From the 72 compounds, 13 compounds fulfilled this criterion. Therefore the 

results from both screens of the compounds have led to the identification of 

13 compounds which hold the potential of being possible therapeutic agents 

for treating melanoma.  

 

3.2 Results 

3.2.1 Phenotypic scoring criteria of the chemical genetic screen 

The compounds in the library were screened at 20µM and 40µM with five 

embryos in each well. To help with the understanding of the results to follow, 

figure 3.1 shows an X.laevis embryo annotated with some associated 

terminology when describing some of the phenotypes the compounds gave 

rise to.  

 

 

 

 

 

 

Figure 3.1. Annotation of an X.laevis embryo showing the anterior of the embryo 

to the left and the posterior to the right. The two main areas of the embryo in which 

pigmentation (localisation of the melanophores) are seen, are indicated by the black 

arrows.  
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To reduce experimental bias of this screen, the phenotypes of the embryos 

produced by the compounds were scored twice blind by myself and Adam 

Hendry. There was eight phenotypes which we scored for; total pigment loss, 

partial pigment loss, abnormal melanophore migration, abnormal 

melanophore migration, edema, blistering, abnormal general morphology 

and abnormal eye development. An example for each phenotypic class is 

shown in figure 3.2A. Total pigment loss referred to the loss of pigment in 

both the dorsal and lateral pigment stripes of the embryo including loss of 

pigment in the retinol pigment epithelium (RPE) (figure 3.2Aii). Partial 

pigment loss was where there was a noticeable reduction in pigment in the 

dorsal and/or lateral pigment stripe, but pigment cells were still present 

(figure 3.2Aiii). Abnormal melanophore migration was scored if the 

melanophores had not migrated correctly along the dorsal and lateral 

pigment stripes or produced an abnormal pigmentation patterning (figure 

3.2Aiv). Abnormal melanophore morphology was classified if a compound 

caused the melanophores to produce morphology other than the normal 

dendritic morphology seen in control embryos (figure 3.2Av). Edema was 

scored when fluid retention around the area of the developing heart was 

presented (figure 3.1Aviii). Abnormal general morphology was recorded if the 

embryo’s overall general morphology did not mimic that of the control 

embryos (3.2Avi). Abnormal eye development referred to if any of the 

developing eye features appeared to not be forming correctly compared to 

the control embryos eye (figure 3.2Avii). Finally, blistering was scored for if a 

build-up of fluid was seen on any part of the embryo (figure 3.2Aix). This is 

generally associated with toxicity.  

 

The strength of the phenotype observed which a compound gave rise to was 

scored on a scale of 1-3. The score of 1 was given when the phenotype 

presented was very obvious to the eye and there was no ambiguity in the 

phenotype. A score of 3 was given when the phenotype was present but only 

subtly. In many cases throughout this screening, the majority of the 

compounds presented with more than one phenotype, as shown later.   
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3.2.2 Summary of results of the chemical genetic screen of the NCI diversity 

set II library on X.laevis embryos.  

From the 1363 compounds screened, 72 compounds were identified as ‘hit’s 

in that they produced a phenotype. This data is shown in figure 3.2B, which 

shows the percentage breakdown of the phenotypes observed. As previously 

mentioned many of the compounds produced more than one phenotype. The 

phenotype that was the most prominent was the category in which the 

compound was allocated to, which is represented in figure 3.2B. Overall the 

pigmentation phenotype was the most observed at 38% (total and partial). 

The other phenotypes involved with pigmentation, melanophore migration 

and melanophore morphology were also frequently observed at 13% and 

10% respectively. Abnormal general morphology was also well represented 

from the screen with 17% of compounds being classified with this phenotype. 

Abnormal eye development was also commonly scored for with 14%. Edema 

and blistering were amongst the categories which held the least proportion of 

compounds with 1% and 7% respectively.   

 

Figure 3.2C on the other hand shows the percentage each time a phenotype 

was observed, taking into account the multiple phenotypes a compound gave 

rise to. The data presented on this graph is regardless of the strength scoring 

system that was in place (scores of 1-3). An example of this phenomenon 

can be seen in figure 3.2Aix. This embryo has a very clear blistering 

phenotype and thus would have been categorised for this phenotype in 

regards to figure 3.2B. However you can also see this embryo has a total 

pigment loss phenotype and in regards to figure 3.2C both the blistering and 

total pigment loss phenotype was recorded for this compound. Overall, the 

pigmentation phenotypes (total and partial) were again the most observed 

phenotype contributing to 38% of ‘active’ compounds. Abnormal general 

morphology and eye development were the second highest phenotypes 

observed with 22% and 20% respectively. Next melanophore migration with 

16% and melanophore morphology with 7% were overall still highly observed 

phenotypes from the ‘hit’ compounds. 
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Finally, the phenotypes less commonly produced by the compounds were 

again edema and blistering with 2% and 4% respectively. This highlights that 

these ‘hit’ compounds could be affecting more than one potential target, 

resulting in multiple phenotypes being observed.  
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Figure 3.2. Summary of the phenotypes produced from the ‘hit’ compounds in 

the chemical genetic screen of the NCI diversity set II library. A. represents an 

example of each phenotype that was scored for as follows; i DMSO vehicle control, 

ii total pigment loss, iii partial pigment loss, iv abnormal melanophore migration, v 

abnormal melanophore morphology, vi abnormal general morphology, vii abnormal 

eye development, viii edema and ix blistering. B shows the percentage in which 

each ‘hit’ compound was categorised into (n=72). C represents the percentage of 

the overall amount of times each phenotype was observed (n=161). All embryos are 

shown with the anterior to the left and posterior to the right.  
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3.2.3 Compounds categorised into the total pigment loss phenotype 

A total of 13 compounds were categorised as compounds producing a total 

pigment loss phenotype; NCI 9358, NCI 20618, NCI 20619, NCI 99657, NCI 

99660, NCI 131982, NCI 131986, NCI 164965, NCI 515893, NCI 12588, NCI 

135810, NCI 205913 and NCI 319034 (figure 3.3). However these 13 

compounds can be further split into two groups. Those which appeared to 

almost completely cause a loss of pigment in both the dorsal and lateral 

stripe, reducing pigment in the head region and in the retinal pigment 

epithelium. Compounds NCI 9358, NCI 20618, NCI 20619, NCI 99657, NCI 

99660, NCI 131982, NCI 131986, NCI 164985 and NC 515893 (figures 3.3 

B,D,E,F,G,H,I,K, and N) fit into the group of compounds which achieved this 

phenotype. Secondly, those which appeared to almost cause a loss of 

pigment in both the dorsal and lateral stripe; some pigment remains in the 

head region, but only very subtly. The compounds which fit into this sub-

category are NCI 12588 NCI 135810, NCI 205913 and NCI 319034 (figures 

3.3 C,J,L and M).  
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Figure 3.3. NCI compounds that caused a total loss of pigment in X.laevis 

embryos. Each NCI compound is shown by its representative phenotype produced 

at 40µM. The compound structure of the NCI compound is shown to the right of the 

embryo. The NCI compound name, compound formula and molecular weight (MW) 

are also shown. A, DMSO control, B, NCI 9358, C, NCI 12588, D, 20618, E, NCI 

20619, F, NCI 99657, G, NCI 99660, H, NCI 131982, I, NCI 131986, J, NCI 135810, 

K, NCI 164965, L, NCI 205913, M, NCI 319034, N, NCI 515893. All embryos are at 

stage 38 with the anterior of the embryo facing to the left and the posterior to the 

right.  
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3.2.4 Compounds categorised into the partial pigment phenotype  

The phenotype of a partial loss of pigment was produced by a total of 15 ‘hit’ 

compounds; NCI 30712, NCI 42028, NCI 45536, NCI 45545, NCI 59620, NCI 

62609, NCI 62611, NCI 87084, NCI 104993, NCI 106581, NCI 111848, NCI 

117741. NCI 153792, NCI 154718 AND NCI 319471 (figure 3.4). These 

compounds all produced a reduction in the dorsal and lateral pigment stripes 

of the embryos but the pigment in the head region and in most cases, that of 

the retinal pigment epithelium was still visible. Whist compounds NCI 104993 

and NCI 154718 both produced a partial pigment phenotype, they also 

presented with a decrease in pigmentation in the RPE (figures 3.4J and 

3.4O) when compared to the DMSO control (figure 3.4A). Therefore NCI 

104993 and NCI 154718 also seem to generate an abnormal eye 

development phenotype. An additional ‘hit’ compound which also produced 

an abnormal eye development was NCI 319471 (figure 3.4P) where the 

developing eye appeared larger in size than the DMSO control.  
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Figure 3.4. NCI compounds that caused a partial loss of pigment in X.laevis 

embryos. Each NCI compound is shown by its representative phenotype produced 

at 40µM. The compound structure of the NCI compound is shown to the right of the 

embryo. The NCI compound name, compound formula and molecular weight (MW) 

are also shown. A, DMSO control, B, NCI 30712, C, NCI 42028, D, 45536, E, NCI 

45545, F, NCI 59620, G, NCI 62609, H, NCI 62611, I, NCI 87084, J, NCI 104993, K, 

NCI 106581, L, NCI 111848, M, NCI 117741, N, NCI 153792, O, NCI 154718, P, 

NCI 319471. All embryos are at stage 38 with the anterior of the embryo facing to 

the left and the posterior to the right 
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3.2.5 Compounds categorised into the abnormal melanophore morphology 

phenotype.  

Seven ‘hit’ compounds were capable of altering the normal morphology of 

the melanophores of the embryo compared to the DMSO control embryo; 

NCI 4292, NCI 117987, NCI 133002, NCI 204262, NCI 275971, NCI 34871 

and NCI 138398 (figure 3.5). Two distinct different melanophore 

morphologies were detected. NCI 34871 and NCI 138398 (figure 3.5C and 

3.5F) altered the normal dendritic morphology of the melanophores as seen 

in the DMSO control embryo (figure 3.5A) to enlarged flattened 

melanophores. In comparison NCI 4292, NCI 117987, NCI 133002, NCI 

204262 and NCI 275971 (figures 3.5B, D, E, G and H) all give rise 

melanophores which appeared much more rounded and smaller compared 

to the DMSO control embryos. NCI 275971 (figure 3.5H) also presented with 

a noticeable abnormal eye development phenotype in which the eye 

appeared much smaller in anatomical size compared to the DMSO control 

embryo (figure 3.5A).  
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Figure 3.5. NCI compounds that caused abnormal melanophore morphology in 

X.laevis embryos. Each NCI compound is shown by its representative phenotype 

produced at 40µM. The compound structure of the NCI compound is shown to the 

right of the embryo. The NCI compound name, compound formula and molecular 

weight (MW) are also shown. A, DMSO control, B, NCI 4292, C, NCI 34871, D, 

117987, E, NCI 133002, F, NCI 138398, G, NCI 204232, H, NCI 275971. All 

embryos are at stage 38 with the anterior of the embryo facing to the left and the 

posterior to the right.  
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3.2.6 Compounds categorised into the abnormal melanophore migration 

phenotype  

A total of 9 ‘hit’ compounds produced an abnormal melanophore migration 

phenotype; NCI 11624, NCI 13156, NCI 13653, NCI 36525, NCI 92794, NCI 

125197, NCI 139021, NCI 150982 and NCI 246415 (figure 3.6). Abnormal 

melanophore migration was defined as compounds preventing the correct 

migration of the melanophores along both the dorsal and lateral pigment 

stripes. The most striking abnormal melanophore migration pattern was seen 

in 3 ‘hit’ compounds which produced a segmented pigmentation pattern 

along the dorsal pigment stripe, NCI 13156, NCI 139021 and NCI 150982 

(figures 3.6 C, H and I). This pattern was distinguishably produced by NCI 

13156 (figure 3.6C). It was also apparent that NCI 13156 prevented 

melanophores from fully migrating to the lateral pigment stripe. Thus this 

compound had a very prominent effect on melanophore migration. Other ‘hit’ 

compounds also prevented the migration of the melanophores to the lateral 

pigment stripe. NCI 92794 and NCI 150982 are examples of ‘hit compounds 

which did this (figures 3.6 F and I). NCI 92794 and NCI 246415 (figures 3.6 F 

and J) both also presented with edema phenotypes.  
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Figure 3.6. NCI compounds that caused abnormal melanophore migration in 

X.laevis embryos. Each NCI compound is shown by its representative phenotype 

produced at 40µM. The compound structure of the NCI compound is shown to the 

right of the embryo. The NCI compound name, compound formula and molecular 

weight (MW) are also shown. A, DMSO control, B, NCI 11624, C, NCI 13156, D, 

13653, E, NCI 36525, F, NCI 92794, G, NCI 125197, H, NCI 139021. I, NCI 150982, 

J, NCI 246415. All embryos are at stage 38 with the anterior of the embryo facing to 

the left and the posterior to the right.  
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3.2.7 Compounds classified into the abnormal general morphology 

phenotype 

A total of 12 ‘hit’ compounds produced an abnormal general morphology 

phenotype; NCI 21683, NCI 30930, NCI 31762, NCI 43013, NCI 79253, NCI 

85326, NCI 88916, NCI 151262, NCI 377389, NCI 402590, NCI 645987 and 

NCI 667251 (figure 3.7). It is to notice that all of these compounds, bar one 

(NCI 31762, figure 3.7 D), also promoted either a total or partial loss of 

pigmentation phenotype. NCI 43013, NCI 79253, NCI 85326, NCI 88916 and 

NCI 402590 (figures 3.7 E, F, G, H and K) all produced the same abnormal 

general morphology phenotype in comparison the DMSO control embryo 

(figure3.7A). These compounds caused the body of the embryo to kink or 

become inverted upwards. Another striking abnormal general morphology 

observed was caused by the four ‘hit’ compounds NCI 377384, NCI 402590, 

NCI 645987 and NCI 607251 (figures 3.7 J, K. L and M). These compounds 

caused the body of the embryo to become more elongated than normal 

compared to the DMSO control (figure 3.7A).  
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Figure 3.7. NCI compounds that caused abnormal general morphology in 

X.laevis embryos. Each NCI compound is shown by its representative phenotype 

produced at 40µM. The compound structure of the NCI compound is shown to the 

right of the embryo. The NCI compound name, compound formula and molecular 

weight (MW) are also shown. A, DMSO control, B, NCI 21683,  C, NCI 30930 , D, 

NCI 31762, , E, NCI 43013 , F, NCI 79253 , G, NCI 85326 , H, NCI 88916 , I, NCI 

151262 , J, NCI 377387, K, NCI 402590, L, NCI 645987, M, NCI 667251. All 

embryos are at stage 38 with the anterior of the embryo facing to the left and the 

posterior to the right.  



94 
 

3.2.8 Compounds classified into the abnormal eye development phenotype 

From the 72 compounds, 10 gave rise to an abnormal eye development 

phenotype (figure 3.8). Eight of these compounds caused an abnormal 

development of the RPE, NCI 5907, NCI 19219, NCI 45572, NCI 66020, NCI 

130872, NCI 211490, NCI 340852 and NCI 378719 (figures 3.8 C, D, F, G, 

H, I, J and K). A unique abnormal eye development phenotype was observed 

with NCI 3001 (figure 3.8 B) in which the lens appeared to be displaced from 

its normal developing location when compared to the DMSO control (figure 

3.8A).  
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Figure 3.8. NCI compounds that caused abnormal eye development in X.laevis 

embryos. Each NCI compound is shown by its representative phenotype produced 

at 40µM. The compound structure of the NCI compound is shown to the right of the 

embryo. The NCI compound name, compound formula and molecular weight (MW) 

are also shown. A, DMSO control, B, NCI 3001, C, NCI 5907, D, 19219, E, NCI 

31703, F, NCI 45572, G, NCI 66020, H, NCI 130872, I, NCI 211490, J, NCI 340852, 

K, NCI 378719. All embryos are at stage 38 with the anterior of the embryo facing to 

the left and the posterior to the right.  
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3.2.9 Compounds categorised into the edema phenotype  

Only one ‘hit’ compound from all of the 72 compounds produced a strong 

edema phenotype, NCI 205832 (figure 3.9B). This compound clearly shows 

extensive fluid retention in the area of the developing heart. Due to the 

excessive fluid retention it is possible that the abnormal general morphology 

and partial pigment loss phenotypes also seen are due to the edema.  

 

 

Figure 3.9. NCI compound that caused edema in X.laevis embryos. Each NCI 

compound is shown by its representative phenotype produced at 40µM. The 

compound structure of the NCI compound is shown to the right of the embryo. The 

NCI compound name, compound formula and molecular weight (MW) are also 

shown. A, DMSO control, B, NCI 205832. All embryos are at stage 38 with the 

anterior of the embryo facing to the left and the posterior to the right.  
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3.2.10 Compounds classified into the blistering phenotype 

5 compounds of the 72 compounds identified in the screen produced a 

blistering phenotype, NCI 14380, NCI 68971, NCI 246415, NCI 308847 and 

NCI 343557 (figure 3.10). The blistering phenotypes observed were 

consistent and localised to the same anatomical position. NCI 246415 (figure 

3.10D) also presented with a total pigment loss phenotype. A melanophore 

morphology phenotype was seen clearly with NCI 308847 and NCI 68971 

(figure 3.1C and E) in which the melanophores appeared more rounded and 

compact compared to the DMSO control (figure 3.10 A).  

Figure 3.10. NCI compounds that caused blistering in X.laevis embryos. Each NCI 

compound is shown by its representative phenotype produced at 40µM. The 

compound structure of the NCI compound is shown to the right of the embryo. The 

NCI compound name, compound formula and molecular weight (MW) are also 

shown. A, DMSO control, B, NCI 14380, C, NCI 68971, D, 246415, E, NCI 308847, 

F, NCI 343557.  All embryos are at stage 38 with the anterior of the embryo facing 

to the left and the posterior to the right.  
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3.2.11 Dose-response assays on the 72 ‘hit’ compounds 

All of the 72 ‘hit’ compounds were subjected to a dose response assay to 

determine if the phenotype was reproducible at different concentrations other 

than the 20 and 40µM already tested. Twenty embryos per well were arrayed 

at the following range of compound concentrations; 0.1, 1, 10, 25, 50 and 

100µM. The majority of compounds gave reproducible phenotypes across 

the concentration range. Two examples are shown in Table 3.1, NCI 133002 

and NCI 111848. NCI 111848 was categorised into the partial pigment 

phenotype and this phenotype was still present at all of the concentrations 

tested. However at 0.1-10µM, additional melanophore morphology and 

migration phenotypes became present, but were not present from 25-100µM. 

Another example of a ‘hit’ compound which maintained its phenotype was 

NCI 133002. NCI 133002 was categorised into the abnormal melanophore 

morphology phenotype and at concentrations ranging from 25-100µM this 

phenotype was still seen. However at 100µM the presence of an abnormal 

melanophore migration phenotype appeared.  
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Table 3.1. Dose response date for NCI 133002 and NCI 111848. 20 

embryos were arrayed into each well at the indicated range of 

concentrations. The data is shown as a percentage of embryos which 

presented with each phenotype (1=100%). M=abnormal general morphology, 

S=stunted growth, P= pigmentation loss, MM=abnormal melanophore 

morphology, MG=abnormal melanophore migration, E= Edema, 

ED=abnormal eye development, B=blistering, PD=percentage death.  

 

 

 

 

 

 

 

 

 

Concentration 
(μM) M S P MM MG E ED B PD 

 
0.1 0 0 0 0 0 0 0 0 0 

 
1 0 0 0 0 0 0 0 0 0 

NCI 
133002 

10 0 0 0 0 0 0 0 0 0 
25 0 0 0 1 0 0 0 0 0 

 
50 0 0 0 1 0 0 0 0 0 

 
100 0 0 0 1 1 0 0 0 0 

  
                  

           
           

  
                  

           
 

0.1 0 0 1 1 1 0 0 0 0 

 
1 0 0 1 1 1 0 0 0 0 

NCI 
111848 

10 0 0 1 1 1 0 0 0 0 
25 0 0 1 0 0 0 0 0 0 

 
50 0 0 1 0 0 0 0 0 0 

 
100 0 0 1 0 0 0 0 0 0 

  
                  



100 
 

3.2.12 Cell-based cell viability screen on the 72 ‘hit’ compounds  

The 72 ‘hit’ compounds were then subject to a cell-based screen whereby 

the cell viability of the 72 compounds was initially tested in the A375 

melanoma cell line. From this preliminary screen, 40 of the compounds did 

not decrease the cell viability at the highest concentration of 100µM and 

were not followed up any further. The 32 compounds which did reduce cell 

viability in the A375 cell line were then further tested in the RD1 and HEK293 

cell lines. The preferential outcome from this next cell viability screen is 

compounds which reduce the cell viability in the A375 melanoma cell line but 

to a lesser extent or not all in the RD1 and HEK293 cell lines. To determine 

this outcome, dose response graphs for each compound with the averaged 

viability data for the three cell lines per graph were constructed. 

Representative IC50’s were generated for each cell line. Thirteen out of the 

32 compounds produced IC50’s which were significantly lower in the A375 

cells compared to the RD1 and HEK293 cell lines. 

 

Figure 3.11 A and B show two examples of ‘hit’ compounds that exhibited 

identical potency in all three cell lines when cell viability was assessed (table 

3.2) (NCI 13653 and NCI 20619). NCI 3001, NCI 19219, NCI 43013, NCI 

45536, NCI 79253, NCI 92794, NCI 111848, NCI 131982, NCI 131986, NCI 

133002, NCI 138398, NCI 153792 and NCI 319471 are the remaining 13 

compounds that exhibited lower IC50’s in the A375 cell line compared to the 

RD1 and HEK293 cell lines (figures 3.11 C-0 and table 3.2).  
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Figure 3.11. Dose response curves of NCI compounds showing effect on cell 

viability for the A375, RD1 and HEK293 cell lines. A, NCI 13653 and B, NCI 20619 

are examples of compounds which do not lower the cell viability in the A375 greater 

than the RD1 and HEK293 cell lines. C, NCI 3001, D, NCI 19219, E, NCI 43013, F, 

NCI 45536, G, NCI 79253, H, NCI 92794, I, NCI 111848, J, NCI 131982, K, NCI 

131986, L, NCI 133002, M, NCI 138398, N, NCI 153792, O, NCI 319471 are the 13 

compounds which reduce the cell viability greater than the RD1 and HEK293 cell 

line. Data is presented as the mean ± SEM of three independent experiments each 

performed in cell culture triplicate.  
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Table 3.2. The generated IC50’s for 32 of the NCI compounds for the A375, RD1 

and HEK293 cell lines. The IC50’s highlighted in blue represent the 13 compounds 

which have lower IC50’s compared to the RD1 and HEK293 cell lines.  

 

 

 

  

 

 

 

 
A375 HEK293 RD1 

3001 1.487E-05 1.191E-04 6.828E-05 

13653 2.504E-05 4.397E-05 5.074E-05 

19219 1.152E-05 7.070E-05 6.685E-05 

20619 1.137E-05 1.429E-05 2.258E-05 

30712 4.397E-06 3.311E-06 9.185E-06 

34871 2.724E-05 1.916E-05 1.081E-05 

36525 9.710E-06 6.538E-06 2.646E-05 

43013 3.947E-05 1.146E-04 7.887E-05 

45536 1.616E-05 3.640E-05 3.423E-05 

59620 3.975E-05 1.273E-05 2.881E-05 

79253 2.996E-05 5.976E-05 4.509E-05 

87084 1.115E-05 1.105E-05 2.895E-05 

88916 3.630E-06 2.764E-06 1.248E-05 

92794 8.391E-06 2.190E-05 2.829E-05 

99660 4.357E-05 6.735E-05 3.860E-05 

111848 5.431E-06 2.706E-05 3.128E-05 

117987 1.911E-05 2.395E-05 1.703E-05 

125197 7.423E-05 1.244E-04 7.737E-05 

130872 2.788E-05 2.199E-05 3.402E-05 

131982 1.904E-05 6.320E-05 4.424E-05 

131986 1.505E-05 3.494E-05 4.020E-05 

133002 4.502E-05 8.511E-05 7.336E-05 

138398 2.738E-05 1.029E-04 8.174E-05 

151262 2.340E-05 1.591E-05 3.512E-05 

153792 2.365E-05 6.322E-05 6.194E-05 

205832 1.533E-05 4.757E-05 2.506E-05 

205913 3.791E-05 5.273E-05 5.731E-05 

246415 2.588E-05 6.767E-05 3.826E-05 

275971 4.539E-06 1.920E-05 7.897E-06 

319471 2.958E-05 6.924E-05 6.866E-05 

343557 1.855E-05 1.753E-05 2.952E-05 

378719 3.652E-06 
~ 1.238e-

005 
1.012E-05 
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3.2.13 Statistical analysis of the IC50’s generated between the A375, RD1 

and HEK293 cell lines 

To determine if the differences between the IC50’s for the 13 compounds 

which had lower IC50’s for the A375 cell line than the RD1 and HEK293 cell 

lines were statistically significant, a student T-test was carried out. However 

statistical analysis was not performed on the IC50’s generated from the dose 

response graphs in figure 3.11. This decision was based upon the fact that 

for each of the three cell viability replicates, each concentration was 

performed in triplicate. The triplicate data for each concentration was then 

averaged and normalised to the DMSO control. The data points on the 

graphs in figure 3.11 are therefore the average of three different experiments 

and the decision to not do statistical analysis on data that had been 

averaged twice was made.  Instead IC50’s were generated by making dose 

response graphs with each replicate for each cell line on. The three IC50’s 

produced for each cell line were then averaged and this data was used for 

statistical analysis.  

 

However it proved difficult in some cases to generate a level top plateau in 

the dose-response graphs for some of the replicates for the NCI compounds. 

To resolve this problem, a very small dose of the concentration of compound, 

1x10-9M, was tested alongside a DMSO control in the cell viability assay in 

all three cell lines. Only a selection of NCI compounds were tested for this 

experiment and for all tested, there was no significant difference in the cell 

viability between this low concentration and the corresponding vehicle control 

(figure 3.12). Thus this data point was added onto the subsequent graphs 

and is also seen on those in figure 3.11.  
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Figure 3.12. Statistical analysis of 11 of the NCI compounds comparing the cell 

viability for DMSO control and the 1x10-9M for each of the compounds. A shows the 

cell viability for the NCI compounds and DMSO control in the A375 cell line. B 

shows the cell viability for the NCI compounds and DMSO control in the HEK293 

cell line. C shows the cell viability for the NCI compounds and DMSO control in the 

RD1 cell line. D shows the p values for the NCI compounds tested. For all cell lines 

n=6. Statistical analysis was a student t-test (p≤0.05).  
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The generation of IC50’s with the new data point added was now successful. 

An example of this can be seen with NCI 43013 (figure 3.13 C). Figures 3.13  

i,  ii and iii are the resulting dose response graphs for the three replicates for 

the A375, HEK293 and RD1 cell lines respectively. The corresponding IC50’s 

are shown in figure iv. From the statistical analysis of a student t-test, the 

IC50’s for the A375 cell line was statistically significantly lower than both the 

RD1 and HEK293 cell lines with p values of 0.009 and  0.007 respectively 

(figure 3.13 Cv). Figure 3.13 A on the other hand shows the compound NCI 

20619 as an example of a compound in which the IC50’s were not statistically 

significantly lower in the A375 cell line compared to the RD1 or HEK293 

cells. For some compounds the IC50 of the A375 cell line was only 

statistically significant lower compared to one of the two cell lines. This was 

the case for NCI 36525 shown in figure 3.13 B. The IC50 was statistically 

lower in the A375 cell line compared to the RD1 (p value 0.007). Whereas 

the A375 cell line was not statistically lower when compared to the HEK293 

cell line (p value 0.192).  
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Figure 3.13. Data used for the statistical analysis for the comparison of the IC50’s 

for the A375, RD1 and HEK293 cell lines. A, data for NCI 20619, B, NCI 36525 and 

C ,43013. For each NCI compound shown here, i represents the cell viability graph 

for the replicates of the A375 cell line. The cell viability graphs for the replicates of 

the HEK293 and RD1 cell lines are shown in ii and iii respectively. The generated 

IC50’s for each replicate for each cell line are shown in iv and the subsequent 

statistical analysis are shown in v. Statistical analysis was a student t-test (p≤0.05). 

 

 

3.3 Discussion 

Overall, the chemical genetic screen of the NCI diversity set II compound 

library was a success. From the 1363 compounds screened a total of 72 

compounds gave rise to a phenotype that was reproducible. This equates to 

a 5% ‘hit’ rate. Comparing this to the previous screen of the NCI diversity set 

I library in which a 2% ‘hit’ rate was observed (Tomlinson et al. 2005), this 

present screen has improved the ‘hit’ rate by 3%. This enhanced efficacy of 

the screen could be due to a number of reasons. The major difference 

between the two screenings is that one individual screened the NCI diversity 

set I library, whereas two individuals screened the NCI diversity set II library. 

The work involved in carrying out such screens is very labour intensive and 

time-consuming. With this work-load spread across two individuals, coupled 

with the fact that all of the compounds were scored twice blind by myself and 

my colleague Adam Hendry, the possibility of false-negative and/or false-

positives from appearing was lowered. However, as with the previous 

screening of the NCI diversity set I library, all of the compounds were 

screened at both 20 and 40µM too help eliminate any false negative and/or 

false positives (Tomlinson et al, 2009).  

 

As previously mentioned, there is a 10% overlap of the compounds in the 

NCI diversity set I library that were also present in the NCI diversity set II 

library. One of these compounds was identified, NCI 30712, which produced 
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a similar phenotype to that previously observed. This confirmed our 

confidence in these chemical genetic screens and the technique in 

identifying phenotypes and ultimately using X.laevis as a model organism. 

Chemical genetic screens carried out in other research laboratories have 

also reiterated the efficacy of the screens performed in our lab. In the Patton 

lab a recent screen was carried out on small compounds known to cause 

specific pigmentation phenotypes in zebrafish. This screen identified 

leflunomide as causing a reduction in the number of melanocytes in the 

zebrafish (Colanesi et al, 2012).  Leflunomide is a compound which was 

previously identified in a screen in our lab (White et al. 2011) and the fact 

that this was also identified in a screen with zebrafish also highlights the 

interchangeability of X.laevis and zebrafish for these screens. Leflunomide is 

further characterised in the subsequent chapters of this thesis.  

 

The most commonly observed phenotypes in this screen were those related 

to abnormal pigmentation. Collectively, total pigment loss, partial pigment 

loss, abnormal melanophore migration and abnormal melanophore 

morphology accounted for 51% of all the reported phenotypes. Due to these 

phenotypes having an apparent effect on the melanophores in X.laevis, it 

can be hypothesised that these compounds are similar with the pigment cells 

in the skin of humans called melanocytes. Melanocytes are the pre-cursor 

cells to melanoma, the most deadly form of skin cancer. Compounds which 

reduce the number of melanophores or prevent the migration of such cells 

could potentially be therapeutic targets in the treatment of melanoma. 

However in cases where a total loss of pigment was observed, this lack of 

pigment could be either due to the absence of melanin synthesis (whereby 

the pigment cells are present, but are not visible due to the lack of melanin), 

or there could genuinely be a lack of pigment cells being produced (possibly 

due to a lack of differentiation or from cell death). A simple experiment which 

could answer this question and could be carried out on all the 72 ‘hit’ 

compounds is by carrying out a mushroom tyrosinase assay. Tyrosinase is 

an enzyme involved in the synthesis of melanin (Wang and Hebert. 2006). If 

any of these compounds were inhibitors of tyrosinase, one might see a loss 
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of melanin, indicating melanin synthesis was being affected. Inhibitors of 

tyrosinase are very well characterised to date, however if some of the 

compounds were shown to not inhibit tyrosinase activity, these compounds 

could be targeting novel pathways or targets which are less characterised.  

 

For the majority of the 72 ‘hit’ compounds screened more than one 

phenotype was observed for each compound. As just mentioned, 51% of the 

phenotypes were pigmentation related however 20% and 22% of the 

observed phenotypes were abnormal eye development and abnormal 

general morphology respectively. It is debatable if the latter two phenotypes 

are purely down to general toxicity of the compound (but still tolerable 

doses), in particular the abnormal general morphology phenotype. For 

example, as the compounds are arrayed onto early staged embryos and left 

to develop to stage 38, if a compound was toxic to the embryo, we would 

expect to see malformed development of the embryos (such as stunted 

growth and inverted kinks in the embryo). Nonetheless, the compounds 

which gave rise to the pigmentation phenotypes may ultimately be of interest 

in regards to therapeutically treating melanoma.  

 

The incorporation of the cell-based cell viability screen for the 72 ‘hit’ 

compounds also proved successful and supports the data from the chemical 

screen. The identification of a compound with a potential novel therapeutic 

target from cell-based screens is an established approach for investigating 

this further. For example the NCI60 is an in vitro cell line screening project in 

which researchers can have a compound (s) of interest tested on a bank of 

60 human cancer cell lines with their cell viability being determined at an 

initial dose of 10µM and. If the test compounds significantly reduce the cell 

viability at this single dose, the compound is then subject to the same assay 

but at 5 different concentrations (Shoemaker. 2006). Utilising this principle, 

we screened the 72 ‘hit’ compounds against the A375 melanoma cell line 

over range of concentrations to determine cell viability. Two non-melanoma 

cell lines were also screened (RD1 and HEK293) and as a result 13 



111 
 

compounds were identified as exhibiting statistically lower IC50’s in the A375 

cell line compared to both the RD1 and HEK293 cell lines. Of these 13 

compounds 7 gave rise to total or partial pigment loss phenotypes, 5 

produced abnormal melanophore migration and 1 produced abnormal 

melanophore morphology. Remarkably, all of the phenotypes are considered 

as pigmentation phenotypes. Therefore this cell-based screening appears to 

have identified compounds which have activity against biological processes 

that are related to melanogenesis.  

 

Further experiments exploring the function of these 13 compounds in 

melanoma cells are planned. The 13 compounds will each be subject to 

proliferation, cell cycle and apoptosis assays. This will determine why there 

is a decrease in cell viability in the A375 melanoma cell line tested. 

Additional cell viability assays on other melanoma cell lines will also be 

carried out to identify if the potential therapeutic value in the treatment of 

melanoma stands true for these compounds. From the collective results from 

all of these assays, it is hoped that some of the 13 compounds will be 

disregarded, narrowing the number of compounds further to just a select few.  

If this proves to be successful, then these select few compounds will be 

tested for their therapeutic value in vivo in a mouse xenograft study.  

 

Overall the chemical genetic screen of the NCI diversity set II library was a 

success, with the 1363 compounds being reduced to just 72 ‘hit’ compounds 

with reproducible phenotypes in the X.laevis embryos. Seventy two 

compounds were then further reduced to just 13 following the cell-based 

viability screen. The IC50’s for the 13 compounds were all statistically 

significantly lower in the A375 cell line compared to the RD1 and HEK293 

cell lines, suggesting these compounds have potential therapeutic value in 

treating melanoma. However the biological activity and thus the targets of 

these compounds is currently unknown, which is one of the major 

disadvantages of these forward chemical genetic screens. A collaboration 

with Dr Andreas Bender has shown that using in silico chemoinformatical 
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algorithms to predict the targets for these compound using the compound 

chemical structure and phenotype given in the X.laevis embryos is a possible 

means to circumvent this issue, with promising preliminary data (Liggi et al, 

2013 and Drakakis et al, 2014).  
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Chapter 4  

Characterising the function of leflunomide as an effective 

melanoma drug 

4.1 Introduction 

Leflunomide is an inhibitor of the enzyme dihydroorotate DHODH. DHODH is 

the rate limiting enzyme in the de novo pyrimidine synthesis pathway. The de 

novo pyrimidine synthesis pathway consists of six enzymatic reactions which 

generates ribonucleotide uridine monophosphate (rUMP). DHODH is located 

in the inner mitochondrial membrane of the mitochondria and catalyses the 

conversion of dihydroorotate to orotate, the fourth step of this pathway (figure 

4.1). Inhibition of DHODH prevents the synthesis of pyrimidines which has a 

knock on effect on the synthesis of pyrimidine derivatives, such as the 

nucleotide bases cytosine (C) and thymine (T). This ultimately decreases the 

pool of nucleotides available to make new DNA (as well as RNA). Treatment 

with leflunomide inhibits DHODH, which causes a reduction in the levels of 

rUMP in cells. One of the G1 checkpoints in the cell cycle is to detect the 

levels of rUMP. Upon this detection of low levels of rUMP, the nuclear 

transcription factor p53 is activated. This activation of p53 causes the levels 

of p21 to increase. p21 is an effector of the G1 checkpoint in the cell cycle by 

inhibiting the activity of the complex cyclin E/cdk2. Inhibiting the activity of 

this complex results in the dephosphorylation of the Rb and consequently 

maintains the sequestration of the transcription factor E2F. Thus this causes 

the cells to arrest in G1 and inhibits cellular proliferation (Fox et al, 1998).  
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Figure 4.1.  A schematic diagram of the de novo pyrimidine synthesis 

pathway of rUMP. The first step in this pathway is the synthesis of carbamoyl 

phosphate catalysed by carbamoyl phosphate synthetase II. Second is the 

formation of carbamoyl aspartate via the condensation of carbomyl 

phosphate with aspartate, catalysed by aspartate transcarbamylase. The 

third step involves the formation of the pyrimidine ring, forming 

dihydroorotate catalysed by dihydroorotase. The fourth step oxidises 

dihydroorotate to orotate catalysed by DHODH (shown in red). The next step 

involves orotate reacting with 5-phospho-alpha-d-ribosyl-1 (PRPP) to form 

orotidine-5-monophosphate (OMP or orotyidlate) catalysed by orotate 

phosphoribosyl transferase. The final step is the removal of a carboxyl group 

from OMP to form uridine monophosphate (UMP) catalysed by 

decarboxylase. Note that DHODH is the only enzyme in this pathway located 

in the mitochondria; the remainder are all cytosolic enzymes (Metabolic 

database, 2015; Fox et al, 1999).  
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From a chemical genetic screen carried out on X.laevis embryos the drug 

leflunomide (a FDA approved drug used for treatment of rheumatoid 

arthritis), was shown to have potential therapeutic value in treating 

melanoma. This study showed that leflunomide reduced cell viability in three 

melanoma cell lines harbouring the BRAFV600E mutation (White et al, 2011). It 

is not known if leflunomide affects melanoma cells that do not harbour the 

BRAFV600E mutation. It is also not known in detail how leflunomide 

mechanistically exerts its effects in melanoma.  

 

In this chapter a panel of eight human melanoma cell lines were obtained to 

further characterise the potential effects of leflunomide as a melanoma drug. 

Half of these melanoma cell lines harboured the BRAFV600E mutation and half 

were wildtype for BRAF. Cell viability assays were initially carried out on all 

eight of the melanoma cells lines. Leflunomide caused a dose dependent 

decrease in the number of viable cells. To determine how leflunomide 

caused this effect additional assays were only carried out on the A375 

melanoma cell line testing the following concentrations of leflunomide; 25, 50 

and 100µM. Additional assays that were carried out included cell 

proliferation, cell cycle analysis and cell death assays. 
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4.2 Results 

4.2.1 Cell viability assays 

Initially cell viability assays were carried out using CellTiter 96® Aqueous one 

solution reagent (MTS). However when performed with CellTiter-Glo one 

solution reagent, an enhanced reduction in cell viability was observed. At 

100μM leflunomide the average cell viability in A375 melanoma cells was 

48.43% when determined by MTS reagent. In comparison when determined 

with Celltiter-Glo, the average cell viability was reduced to 28% (figure 4.2.). 

With this noticeable enhanced reduction in cell viability given with the 

CellTiter-Glo, all subsequent cell viability assays were carried out using this 

reagent.  

Figure 4.2.  Cell viability data for the A375 melanoma cell line in response to a 

range of leflunomide concentrations analysed by two different reagents. Cell viability 

was measured by either MTS reagent (data shown in black) or with CellTiter-Glo 

reagent (data shown in red). Data is presented as the mean ± SEM of three 

independent experiments each performed with cell culture triplicates. 
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Cell viability assays were carried out on a bank of eight human melanoma 

cell lines (table 4.1), testing the effect of leflunomide. A375, M229, SKmel28 

and SKmel5 are melanoma cell lines harbouring the BRAFV600E mutation. 

Whereas M202, M285, M375 and M296 are melanoma cell lines wild-type for 

BRAF.  

 

Table 4.1 The eight human melanoma cell lines used and their status for the 

BRAFV600E mutation.  Their statuses for other common mutations seen in melanoma 

are also listed.  

 

These results (figure 4.3) revealed that leflunomide reduced the cell viability 

in all eight melanoma cell lines in a dose dependent manner, but to varying 

degrees. For example, the M202 cell line (shown in blue) was the most 

sensitive with cell viability being reduced to 25.22% at 100μM leflunomide. In 

comparison the SKmel28 cell line (shown in khaki) was the least sensitive, 

with cell viability being reduced to just 62.20% at 100μM leflunomide.  

 

 

Melanoma 
cell line 

BRAF 
status 

N-RAS 
status 

PTEN 
status 

PI3K 
status 

MITF 
amplification 

CDKN2A 
status 

M202 wt Q61L Intact wt No 
Homo 
deletion 

M285 wt wt Intact wt No No 

M375 wt wt Intact wt No No 

M296 wt Q61L Intact wt No No 

A375 
Homo 
V600E wt Intact wt No n/a 

M229 
Homo 
V600E wt 

Het 
Deletion wt Yes No 

SKmel28  
Homo 
V600E wt 

Het 
Deletion wt Yes Het Deletion 

SKmel5 Het V600E wt Intact wt No n/a 
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Figure 4.3. Leflunomide causes a dose-dependent decrease in cell viability in 

eight human melanoma cell lines. Wildtype cell lines; M202 (blue), M285 (red), 

M375 (green) and M296 (purple). BRAFV600E mutant cell lines; A375 (orange), M229 

(grey), SKmel28 (khaki) and SKmel5 (black). Cell viability was determined 

by using CellTiter-Glo reagent and all values are represented as a 

percentage (%) relative to the vehicle control. Data is presented as the 

mean ± SEM of three independent experiments each performed with cell 

culture triplicates.  

 

IC50’s can be defined as the concentration of a drug or compound that 

inhibits cellular response by 50% (Neubig et al, 2003). IC50’s for all eight 

melanoma cell lines were calculated in response to leflunomide (table 4.2). 

The IC50’s produced ranged from 57.46μM to 166.88μM, again highlighting 

that leflunomide caused a varied response amongst the eight melanoma cell 

lines tested.  
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Table 4.2. IC50 values for the eight melanoma cell lines, HEK293, RD1 cells and 

melanocytes in response to leflunomide 

Cell line IC50 (µM) 

  

M202 68. 13 

M285 61.51 

M375 64.12 

M296 111.75 

A375 57.46 

M229 58.20 

SKmel28 166.88 

SKmel5 122.53 

Melanocytes 147.73 

HEK293 48.12 

RD1 84.21 

 

 

It is also evident that leflunomide primarily caused an effect on cell viability at 

the higher doses the cells were exposed to on all eight melanoma cell lines 

tested. In the A375 cells (shown in orange) lower concentrations of 

leflunomide from 0-25μM resulted in a decrease in cell viability from 100 to 

84.15%. However at the higher concentrations of leflunomide, 25-100μM, a 

dramatic decrease in cell viability from 84.15 to 28% was seen. The M285 

cell line responded similarly to leflunomide (shown in red). At 0-25μM 

leflunomide there was a decrease in cell viability from 100% to 86.60%. 

Whereas at 25-100μM leflunomide, the viability of M285 cells decreased 

from 86.60% to 26.22%.  
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The cell viability data for all four of the wildtype cell lines were grouped 

together and averaged. The same was done for the four cell lines harbouring 

the BRAFV600E mutation. These two data sets were then plotted on a graph 

(figure 4.4). These results showed that leflunomide affected the viability of 

the wildtype BRAF cell lines to a similar level as it did the cell lines mutant for 

BRAF. For example at 100μM leflunomide, the average cell viability for 

wildtype BRAF cells was 36.46%, compared with 36.68% for mutant BRAF 

cells.  

 

Figure 4.4. Leflunomide reduces cell viability at a similar rate in wildtype BRAF 

melanoma cells and BRAFV600E mutant cell lines. The date from the four wildtype 

cell line was averaged and is shown above in black. The same was done for the 

four BRAFV600E mutant cells and is shown above in red. Cell viability was determined 

by using CellTiter-Glo reagent and all values are represented as a percentage (%) 

relative to the vehicle control. Data is presented as the mean ± SEM of twelve 

independent experiments each performed with cell culture triplicates. 

 

Alongside the bank of melanoma cell lines, two non-melanoma cell lines and 

primary melanocytes were treated with leflunomide and their cell viability 

determined. The two non-melanoma cell lines used were HEK293 (human 

epithelial kidney) and RD1 (rhabdomyosarcoma) cells. It can be clearly seen 
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that leflunomide also decreased cell viability in a dose-dependent manner in 

both the HEK293 and RD1 cells as well as the melanocytes (figure 4.5). The 

HEK293 cells were more sensitive to leflunomide than the melanoma cell line 

most sensitive to leflunomide, the M202 cells. The cell viability at 100μM 

leflunomide was reduced to 16.025% in the HEK293 cells compared with 

25.22% of the M202 cell line. The IC50’s of these three cell lines were also 

calculated and can be seen in table 4.2.  However what was striking was that 

the IC50’s for all of the cell lines tested were within 3-fold of each other.  

Figure 4.5. Leflunomide causes a dose-dependent decrease in cell viability in 

melanocytes, HEK293 and RD1 cells. Melanocytes are shown above in black, 

HEK293 cells in red and RD1 cells in blue. Cell viability was determined by using 

CellTiter-Glo reagent and all values are represented as a percentage (%) relative to 

the vehicle control. Data is presented as the mean ± SEM of three independent 

experiments each performed with cell culture triplicates.  

 

4.2.2 Visualisation of leflunomide treated A375 cells 

In a 12-well plate where A375 cells were treated for 72 hours with DMSO, 

25, 50 and 100μM leflunomide, cells were examined under a Zeiss Axiovert 

inverted microscope. Figure 4.6A-D show images taken at 10x magnification 

and figure 4.6E-I show images taken at 40x magnification. As shown 
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previously in figure 4.2, the viability of A375 cells (shown in orange) 

decreased in a dose-dependent manner upon treatment with leflunomide. 

Figure 4.6A-D clearly shows the number of cells decreased with increasing 

concentrations of leflunomide visually in the microscopic field of view. As an 

estimate, the cells treated with DMSO after 72 hours appeared to be 80-90% 

confluent (figure 4.6A). Upon treatment with 25, 50 and 100μM leflunomide 

the cells were 80%, 50-60% and 20-30% confluent respectively (figures 

4.6B-D).  

  

 

Figure 4.6. Phenotypic images of A375 cells treated with leflunomide for 72 

hours. Images A-D were taken at 10x magnification whilst images E-I were taken at 

40x magnification. All images were taken under a Zeiss Axiovert inverted 

microscope. 

 

Whilst observing the cells under the microscope it became apparent that a 

few cellular phenotypes were present only in the 100μM leflunomide treated 

cells. Under DMSO conditions (figure 4.6E), the A375 cells acquired an 

elongated morphology with a couple of protrusions. At 100μM leflunomide 

the appearance of tiny black dots (figure 4.6F) and vacuoles (figure 4.6G) 

within the cells became noticeable. Figure 4.6H depicts a healthier cell eating 

an unhealthy cell by phagocytosis. Finally, condensed, rounded cells with 

blebbing were frequently observed as shown in figure 4.6I.  

A) DMSO B) 25μM leflunomide C) 50μM leflunomide D) 100μM leflunomide 

E) DMSO F) 100μM  G) 100μM  H) 100μM  I) 100μM  
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4.2.3 BrdU proliferation assay 

To determine why there was a reduction in cell viability upon treatment with 

leflunomide, cell proliferation assays were initially carried out. Staining A375 

cells with BrdU and counterstaining with DAPI determined cell proliferation. 

A375 cells were treated with DMSO, 25, 50 and 100μM leflunomide for 72 

hours and the staining protocol for BrdU was carried out. Figure 4.7 shows 

the results from the cell proliferation assay, which shows the number of BrdU 

positive cells in each of the treatment conditions. Figure 4.7 reveal a clear 

dose-dependent decrease in the number of proliferating cells with increasing 

concentrations of leflunomide. The results from three independent 

experiments were averaged and the number of proliferating cells in the 

DMSO control was set at 100%. Upon treatment with 25μM leflunomide, the 

percentage of proliferating cells declined by almost half to 54.50%, equally 

whilst 50μM leflunomide also reduced the number of proliferating cells by half 

to 24.34%. Finally upon treatment with 100μM leflunomide this number 

reduced to just 5.41%. Therefore leflunomide caused a dose-dependent 

decrease in the number of proliferating A375 cells.  
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Figure 4.7. Percentage of BrdU positive A375 cells after 72 hours treatment with 

leflunomide. Data is presented as the mean ± SEM of the three independent 

experiments each performed with cell culture triplicates. Asterisks indicate the 

degree of statistical difference determined by one-way ANOVA with Turkey’s post-

hoc test. *P≤0.05, **P≤0.01, ***P≤0.001 and ****P≤0.0001. 

 

4.2.4 Cell cycle analysis 

To determine if leflunomide was affecting a particular stage of the cell cycle, 

cell cycle analysis was performed using propidium iodide to stain for cellular 

DNA content. PI binds to cellular DNA and the amount of fluorescence 

detected is proportional to the amount of DNA present. A375 cells were 

stained with PI following a 72-hour treatment with DMSO control, 25, 50 or 

100μm leflunomide. To begin with, forward scatter (FSC) vs side-scatter 

(SSC) plots were made to gate only for singlet cells that were subject for 

further analysis. 
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Figure 4.8 shows representative DNA histogram plots from one of three 

experiments conducted. PI fluorescence has a peak emission of 617nm and 

was detected in the FL2 channel, representing the amount of DNA.  The 

intensity of PI fluorescence is shown along the x-axis, whereas the y-axis is 

the cell count.  

 

 

 

 

 

 

 

 

 

 

Figure 4.8. Representative DNA histogram plots of the cell cycle analysis 

performed on A375 cells treated for 72 hours with leflunomide. A shows DMSO 

treated cells and the arrows on the plot indicate the different phases of the cell 

cycle. B, C and D show cells treated with 25, 50 and 100μM leflunomide 

respectively.  

 

 

 

 

 

 

A) DMSO B) 25μM leflunomide 

C) 50μM leflunomide D) 100μM leflunomide 

Sub-G1 

G1 

S-phase 
G2 
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Figure 4.9. Cell cycle phase distribution for A375 cells treated for 72 hours with 

leflunomide. Data is presented as the mean ± SEM of three independent 

experiments each performed with cell culture triplicates. Asterisks indicate the 

degree of statistical difference comparing each % of G1 population of cells for each 

condition to 100µM leflunomide determined by two-way ANOVA with Turkey’s post-

hoc test. *P≤0.05, **P≤0.01, ***P≤0.001 and ****P≤0.0001. 

 

The first peak on the plots in green represents the G1 phase of the cell cycle. 

Next, the second plateau in yellow shows cells that are cycling through the S 

phase. The next smaller peak in blue represents cells going through the G2 

phase of the cell cycle. Additionally, there is a small white plateau prior to the 

G1 peak called the sub-G1 phase. This population of cells signifies cells 

undergoing apoptosis or cell death. Figure 4.8 clearly shows the DNA 

histogram plots in which each of the four cell cycle stages is populated by 

cells. However from these histograms you do not know the percentage of 

cells in each of the phases. To quantitatively calculate this, FlowJo software 

was used to analyse each data set. Each data set was plotted with an 

algorithm to fit a Gaussian curve producing the quantitative results. Figure 
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4.9 and table 4.3 reveal the averaged results for all three independent 

experiments.  

 

Table 4.3.  Quantification of the percentage of cells in each phase of the cell 

cycle  

 

 

The first phase of the cell cycle, G1, shown in dark grey in figure 4.9 

increased in a dose-dependent manner. From the DMSO control 45.71% of 

cells are actively cycling through G1, which increased to 46.56%, 55.05% 

and 73.56% upon treatment with 25, 50 and 100μM leflunomide respectively. 

In contrast the number of cells in S-phase (pale grey) decreased from 

40.26% in DMSO control cells to (42.93% in 25μM leflunomide treated cells), 

30.41% in 50μM leflunomide treated cells and 11.60% at 100 μM 

leflunomide. From these two results alone it is evident that with increasing 

concentrations of leflunomide, the cells are becoming arrested in the G1 

phase of the cell cycle and as a consequence the number of cells in S phase 

decrease. The percentage of cells in G2 at 25µM was reduced by 50% 

compared to the DMSO control. However the percentage of cells in G2 for 50 

and 100µM leflunomide does not alter drastically compared to the 25µM 

leflunomide. The percentage of cells in G2 in DMSO control cells was 

11.43% changing to 5.17%, 5.49% and 3.20% upon treatment with 

increasing concentrations of leflunomide.  

 

  DMSO 25μM Lef 50μM Lef 100μM Lef 

G1 45.71 46.56 55.05 73.56 

S-Phase 40.26 42.93 30.41 11.60 

G2 11.43 5.17 5.49 3.20 

Sub-G1 2.60 5.36 9.12 11.84 
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Interestingly the percentage of cells populated in sub-G1 gradually increased 

in a dose-dependent manner. In DMSO treated cells 2.60% cells were in 

sub-G1. This increased to 5.36%, 9.12% and 11.84% upon treatment with 

25, 50 and 100μM leflunomide respectively, indicating that there was an 

increase in the number of dead cells undergoing apoptosis.  

 

 

 

 

 

Sample  
DMSO  
25μM leflunomide  
50μM leflunomide  
100μM leflunomide  

 

Figure 4.10.  Representative data showing the distribution of cells in each phase of 

the cell cycle.  
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An additional way of showing the cell cycle analysis data (compared to that 

in figure 4.7) is shown above in figure 4.10. This figure shows a simple 

representation of the PI fluorescence detected in the FL-2 channel (x-axis). 

From this figure you can see that first peak (G1 phase), gradually increases 

in size with increasing concentrations of leflunomide. Also with increasing 

concentrations you can see that the second peak/plateau (S-phase) 

noticeably decreases. Again, this highlights that the A375 cells are arresting 

in G1-phase, which subsequently causes a decreases of cells in S-phase.  

 

4.2.5 Annexin V assay  

A375 cells were stained using the Annexin V FITC Apoptosis detection kit 

post treatment with DMSO, 25, 50 or 100μM leflunomide for 72hours. To 

begin with, forward scatter (FSC) vs side-scatter (SSC) plots were made to 

gate the desired population of cells for subsequent analysis. Annexin V FITC 

fluorescence has a peak emission of 525nm and was detected in the FL1 

channel (the x-axis on plots shown in figure 4.11). PI fluorescence has a 

peak emission of 617nm and is detected in the FL3 channel (the y-axis on 

the plots shown in figure 4.11).  

 

Figure 4.11 shows the representative pseudo colour plot from one of the 

three experiments conducted.  Each plot is split into four quadrants, which 

denotes different stages of apoptosis. The first quadrant depicted as Q4 in 

figure 4.11 indicates the population of cells that are viable and healthy and 

are negative for both annexin V and PI staining (Annexin-/PI-). The second 

quadrant shown in figure 4.11 as Q3 depicts cells stained positive for only 

annexin V (Annexin+/PI-), therefore indicative of early apoptosis. The next 

quadrant shown as Q2 represents cells stained positive for annexin V and PI 

(Annexin+/PI+), which is evidence of cells undergoing late 

apoptosis/necrosis. Finally the fourth quadrant, Q1, show cells that have 

stained positive for only PI (Annexin-/PI+) which signifies cells that are 

directly necrotic. If cells shift through quadrant Q4 to Q3 ending in Q2, this 
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A) DMSO B) 25μM Leflunomide 

C) 50μM Leflunomide D) 100μM Leflunomide 
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suggests that cells are undergoing cell death via the conventional apoptotic 

route.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11.  Representative pseudo plots of cell death analysis determined by 

flow cytometry. A375 cells were treated with DMSO, 25, 50 and 100μM leflunomide 

for 72 hours and stained with annexin v and PI. The numbers indicate the 

percentage of cells present in each quadrant.  

 

In DMSO control samples (figure 4.11 A) the majority of the cells were viable 

(92.2%). When cells were treated for 72 hours with 25μM leflunomide, the 

number of viable cells decreased to 68% and there was an increase in the 

number of early apoptotic cells from 3.38% to 23.2%. A slight increase was 

also seen in the late apoptotic/necrotic quadrant from 3.66% to 8.46% (figure 

4.11 B). The most noticeable effect of apoptosis was observed when cells 

were treated for 72 hours with 50μM leflunomide (figure 4.11 C). Compared 
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to 25μM leflunomide, the number of viable cells dramatically decreased from 

68% (figure 4.11 B) to 5.91%. There was also an increase in the number of 

cells in the early apoptotic quadrant from 23.2% up to 49.3%. More strikingly 

there was an increase from 8.46% to 44.2% in the late apoptotic/necrotic 

quadrant. However at 100μM leflunomide unpredicted results were observed. 

Following on from what was seen at 50μM leflunomide, the number of viable 

cells increased from 5.91% back up to 51.4% (figure 4.11 D). Interestingly 

the number of early apoptotic cells decreased from 49.3% to 28.5%. 

Similarly, there was a decrease in late apoptotic/necrotic cells from 44.2% to 

19.1%. Nevertheless, under all conditions the number of cells in the Q1 

quadrant (directly necrotic) was relatively constant. DMSO, 25μM, 50μM and 

100μM leflunomide treated cells gave rise to 0.72%, 0.36%, 0.59% and 

1.09% respectively in this quadrant.  

 

Figure 4.12.  Graph quantifying the percentage of A375 cells that are viable, early 

apoptotic, late apoptotic and necrotic after 72 hours of treatment with leflunomide. 

Data is presented as the mean ± SEM of three independent experiments each 

performed with cell culture triplicate.  Asterisks indicate the degree of statistical 

difference comparing each leflunomide condition to the DMSO control determined 

by two-way ANOVA with Turkey’s post-hoc test. *P≤0.05, **P≤0.01, ***P≤0.001 and 

****P≤0.0001.  
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Figure 4.12 shows the results from all three experiments performed 

exhibiting the same trends as just described in figure 4.11. Taking into 

account the first three bars corresponding to DMSO, 25 and 50 leflunomide 

in this order, you can see that there is a significant dose-dependent decrease 

in the number of viable cells. 100μM leflunomide noticeably does not follow 

this trend and significantly increased. Similarly with the early apoptotic cells 

there is a dose-dependent increase in the number of cells undergoing early 

apoptosis. However 100μM leflunomide treated cells caused a significant 

decrease in the number of early apoptotic cells. This same trend can be seen 

for the number of cells undergoing late apoptosis/necrosis just more 

prominently. However, for all four conditions the number of cells that were 

directly necrotic was constantly low throughout.  

 

These results indicate a dose-dependent effect on apoptosis upon treatment 

of 25 and 50μM leflunomide. Strikingly, at 100μM there appeared to be a 

decrease in the number of apoptotic cells and a shift back to an increase in 

the number of viable cells. This contradicts what was seen from the cell 

viability data in figure 4.3. Figure 4.3 showed that the cell viability decreased 

in a dose-dependent manner, with 100μM leflunomide causing the maximum 

effect. Here (figure 4.11 and 4.12), 100μM leflunomide appeared to have an 

opposing effect whereby it increased the number of viable cells. Similarly, the 

data in figure 4.9 and table 4.3 showed that the sub-G1 population of cells 

increased in a dose-dependent manner, with 100μM leflunomide having the 

maximum effect. Again, this data in figure 4.11 and 4.12 disputes this due to 

100μM leflunomide showing there is more viable cells.  

 

When running each sample on the flow cytometer, the total number of events 

recorded was set to 5000. Each event refers to one unit of data, equivalent to 

one cell. The time taken for each sample to run until this limit was reached 

was recorded. The time it took for each sample to run to this limit can be 

indicative of whether the sample had many or few cells present. For example 

if a sample had many cells, the time it took to run through the fluid stream to 
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the laser beam to reach the events limit would be relatively fast. In contrast, 

a sample that had fewer cells, it would have taken a longer time for the data 

to be acquired and thus a higher volume of the sample would be used to 

reach the events limit.  

 

 

 

 

 

 

 

 

 

Figure 4.13.  Increasing concentrations of leflunomide cause a dose-dependent 

increase in the time taken to capture 5000 cells compared to the DMSO control.  

Data is presented as the mean ± SEM of three independent experiments each 

performed with cell culture triplicate.   

 

Each leflunomide treatment was compared against the DMSO control and 

the fold change relative to the DMSO control was measured. These results 

(figure 4.13) revealed that there was a dose-dependent increase in the fold 

change in time it took for the sample to be read. There was no difference in 

fold change comparing 25μM leflunomide to the DMSO control. However 

there was an 8-fold and 11-fold increase in the 50μM and 100μM leflunomide 

samples respectively. This considerable fold increase could suggest that 

these samples had fewer cells than the DMSO and 25μM leflunomide 

samples. This corresponds to an observation made previously in the cell 

viability data. It was noted that the reduction in cell viability was primarily 

caused at higher concentrations of leflunomide (figure 4.3). Therefore this 
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increase in fold change in both the 50 and 100μM leflunomide samples 

(compared to DMSO), which indicates these samples hold fewer cells, could 

also confirm the decrease in cell viability observed at these higher 

concentrations.  

 

4.2.6 JC-1 mitochondrial membrane (Δ()) potential assay 

Due to the ambiguity of some of the results obtained from the annexin V 

assay, JC1 mitochondrial membrane potential assay was performed as 

another means to look at apoptosis. JC-1 is a dye that is commonly used to 

detect changes in mitochondrial membrane potential, an indicator of healthy 

or apoptotic cells. In a healthy cell, there is a high mitochondrial membrane 

potential and JC-1 forms aggregates that fluoresce red. In the opposite 

scenario, unhealthy cells have a low mitochondrial membrane potential and 

the JC-1 is in the monomeric form which fluoresces green. Therefore as the 

mitochondrial membrane potential decreases, there is a shift from red to 

green fluorescence. This shift is solely dependent on mitochondrial 

membrane potential and other factors such as mitochondrial size or shape 

do not play a role. Using the FL-1 channel to detect green fluorescence and 

the FL-2 channel to detect red fluorescence, any change in mitochondrial 

membrane potential can be detected.  

 

Figure 4.14 shows representative plots from one of the three experiments 

conducted, whereby A375 cells were treated with DMSO, 25, 50 or 100μM 

leflunomide for 72 hours. FSC vs SSC plots were initially made to gate 

around the desired population of cells to be used for subsequent analysis. 

This population of cells was then plotted with the FL-1 channel (green JC-1) 

along the x-axis and the FL-2 channel (red JC-1) on the y-axis, like the ones 

shown in figure 4.14 below.  With increasing concentrations of leflunomide 

the main population of cells appeared to increase up the FL-2 y-axis, which 

suggests an increase in red fluorescence and an increase in mitochondrial 

membrane potential, thus healthy cells. However there is only a subtle 
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increase along the FL-1 channel with increasing concentrations of 

leflunomide. This slight increase is mainly observed at 100μM leflunomide 

(figure 4.14 D) indicating that the mitochondrial membrane potential is not 

substantially decreased and thus cells are in a healthy state.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14. Representative JC-1 plots measuring mitochondrial membrane 

potential determined by flow cytometry. A375 cells were treated with DMSO, 25, 50 

and 100μM leflunomide for 72 hours and stained with JC-1.  

 

From the representative plots seen in figure 4.15, it was not clear to see the 

actual change in values from the amount of fluorescence detected in the FL-

1 and FL-2 channels. The average FL-1 and FL-2 fluorescence for all three 

experiments carried out for each treatment condition was plotted on a graph 

(figure 4.15) to try and observe this change more clearly and quantitatively.  
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Figure 4.15 clearly shows that with increasing concentrations of leflunomide 

the green fluorescence is relatively stable, with only a slight noticeable 

increase at 100μM leflunomide. What is more visible is the increase of the 

intensity of red fluorescence, which occurs in a dose-dependent manner. 

From DMSO control treated cells the intensity increased from 105,306.06 up 

to 918,009.72 in the 100μM leflunomide treated cells. This data suggests that 

upon treatment of leflunomide the mitochondrial membrane potential is 

actually becoming hyperpolarised. Also, with no obvious shift from red 

fluorescence to green, this data also indicates that the population of cells are 

remaining healthy from the general consensus for JC-1 dyes.  

 

Figure 4.15. Graph quantifying the intensity of red and green fluorescence of JC-1 

dye, determined by flow cytometry. A375 cells were treated with DMSO, 25, 50 and 

100μM leflunomide for 72 hours. Data is presented as the mean ± SEM of three 

independent experiments each performed with cell culture triplicate.   

 

 

 



137 
 

4.2.7 Mitotracker Green staining 

The puzzling result from the JC-1 led to a more detailed investigation of the 

effect of leflunomide on the mitochondria. Mitotracker green dye, which 

contains a thiol-reactive chloromethyl moiety, was used as a probe to label 

the mitochondria. Cells in culture were incubated with the mitotracker green 

dye which passively diffuses across the plasma membrane and accumulates 

in active mitochondria. Mitotracker green dye transitions from a non 

flluorescent dye in an aqueous solution into a fluorescent dye upon 

accumulation into the lipid environment of active mitochondria. The amount 

of green fluorescence detected in the active mitochondria is irrespective of 

mitochondrial membrane potential. However an increase in green 

fluorescence detected could be indicative of an increase in abundance or 

mitochondria or a change in morphology, such as swelling of the 

mitochondria.  

 

Using mitotracker green dye, again, A375 cells were treated with DMSO, 25, 

50 and 100μM leflunomide for 72 hours and stained for 30 minutes with 

mitotracker green. The intensity of the green fluorescence was detected in 

the FL-1 channel using flow cytometry. Figure 4.16 shows a representative 

data read out from one of the three independent experiments carried out. 

Along the x-axis is the intensity of the green fluorescence detected (FL-1) 

and along the y-axis is the cell count. It can be clearly seen in Figure 4.16 

that the intensity of green fluorescence for DMSO (shown in black), 25 

(shown in green) and 50μM leflunomide (shown in red) are relatively similar, 

especially between the 25 and 50μM leflunomide samples. At 100μM 

leflunomide however (shown in magenta), there was a substantial increase in 

the intensity of green fluorescence.  
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Figure 4.16. Representative data plot showing the intensity of green fluorescence 

for DMSO, 25, 50 and 100μM leflunomide treated A375 cells. DMSO treated cells 

are shown in black, 25, 50 and 100μM leflunomide treated cells are shown in green, 

red and magenta respectively.  

 

Quantifying the data from all three independent experiments, again, shows 

the trend whereby there was only a substantial increase in green 

fluorescence at 100μM leflunomide. Figure 4.17 clearly shows this increase 

in green fluorescence as shown by the fold change compared to the DMSO 

control. There was not much difference in the fold change in 25 and 50μM 

leflunomide compared to the DMSO control. However there was a 3-fold 

increase in the amount of green fluorescence at 100μM leflunomide when 

compared to the DMSO control. Statistical analysis comparing 100μM 

leflunomide to all the samples shows that this fold change is statistically 

significant  

 

 

DMSO 
 

25μM Leflunomide 
 

50μM Leflunomide 
 

100μM Leflunomide  
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Figure 4.17.  Quantification of the fold change of the intensity of green 

fluorescence between 25, 50 and 100μM leflunomide treated A375 cells and DMSO 

control cells. Data is presented as the mean ± SEM of three independent 

experiments each performed with cell culture triplicate.  Asterisks indicate the 

degree of statistical difference comparing each leflunomide condition to the DMSO 

control determined by one-way ANOVA with Turkey’s post-hoc test.  ***P≤0.001 and 

****P≤0.0001.  

 

Each leflunomide treated sample was compared to DMSO to determine if 

there was any fold change difference in time that it took for the samples to 

reach the 5000 events limit set. Figure 4.18 clearly shows a similar 

relationship that was seen in figure 4.13 with the annexin V data. Comparing 

the 25 and 50μM leflunomide treated samples to the DMSO control, there 

was a 4-fold increase in time. In contrast there was a remarkable 12-fold 

increase in the 100μM leflunomide treated cells compared to the DMSO 

control.  



140 
 

 

Figure 4.18.  Increasing concentrations of leflunomide cause an increase in the 

fold change in time compared to the DMSO control.  Data is presented as the mean 

± SEM of three independent experiments each performed with cell culture triplicate.   
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4.3: Discussion 

Leflunomide is an immunosuppressive drug which was approved by the FDA 

in 1998 for the treatment of rheumatoid arthritis (RA). However leflunomide 

has recently been identified as having therapeutic value in treating 

melanoma in a mouse xenograft model (White et al. 2011). The aim of this 

chapter of the thesis was to further characterise the function of leflunomide in 

treating melanoma.  

 

Studies have previously shown that leflunomide reduced the cell viability in 

three melanoma cell lines harbouring the BRAFV600E mutation (White et al. 

2011), but the effect of leflunomide on melanoma cells with wild-type BRAF 

was not tested. Therefore this was the starting point for this set of 

experiments. A bank of eight melanoma lines was obtained, four of which 

harboured the BRAFV600E mutation with the remaining four being wild-type. 

Cell viability assays showed there was a dose-dependent decrease in all 

eight of these cell lines upon treatment of leflunomide. When the four 

BRAFV600E mutant cell lines were grouped together and averaged at 100µM 

leflunomide, the cell viability was reduced to 36.68%. The viability of the 

grouped and averaged wild-type cell lines was reduced at a similar level with 

viability being reduced to 36.46% at the same concentration. This indicates 

that leflunomide has the potential to treat melanoma patients who do not 

harbour the BRAFV600E mutation, thus proving a potential treatment for a 

broader spectrum of patients. This is a promising finding considering that a 

lot of current treatments are aimed at BRAFV600E harbouring patients, which 

automatically excludes approximately 50% of patients who do not harbour 

this mutation.  

 

From these cell viability assays it was observed that the effect on cell viability 

was predominately seen only at the higher doses of leflunomide. This is in 

line with other studies which have also shown from in vitro experiments that 

effects with leflunomide were only seen at high concentrations of 
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leflunomide. For example, a study testing the effect of leflunomide on the 

growth of  neuroblastoma cell lines determined by the CCK-8 assay, 

revealed that the preferred concentration of leflunomide to inhibit cell growth 

was 100µM (Zhu et al. 2013). Although this study used a different type of cell 

line, the indication of the concentration at which leflunomide exerts its effect 

is within the same parameters.  

 

The effect leflunomide had on cell viability on two non-melanoma cell lines, 

HEK293 and RD1 cells, was also tested. Remarkably out of all the 

melanoma and non-melanoma cell lines tested, the HEK293 was the most 

sensitive to leflunomide. In comparison with the most sensitive melanoma 

cell line (M202), viability was reduced to 16.025% in the HEK293 cells 

compared to 25.22% for the M202 cell line. The viability of the RD1 cell line 

was also reduced in a dose-dependent manner upon leflunomide treatment. 

From this data, it is fair to say leflunomide equally affects the viability of non-

melanoma cells and melanoma cells. However in one study it has been 

reported that there was a less potent effect of leflunomide on the cell viability 

on the three non-melanoma cell lines they tested (White et al. 2011). 

Nonetheless, the results from this study are not to be discarded. Taking into 

account that leflunomide is an already FDA approved drug for the treatment 

of RA and studies since then have also shown therapeutic effects for other 

cancers and diseases such as neuroblastoma and multiple myeloma (Zhu et 

al. 2013; Baumann et al. 2009), it is not out of place in the literature that 

leflunomide also reduced the viability of the non-melanoma cell lines (RD1 

and HEK293) tested here. Moreover given leflunomide mechanisms of action 

of inhibiting DHODH, one would expect the effect to be universal across all 

cell lines and not specific to just one.  

 

A question was then posed, what is the reason for this reduction in cell 

viability? Cell proliferation, cell cycle analysis and cell death assays were 

initially carried out to try and answer this question. The number of 

proliferating cells decreased in a dose-dependent manner upon the 



143 
 

treatment with leflunomide, determined by BrdU staining. Additionally upon 

treatment with leflunomide, the cells underwent a G1 arrest, showing that the 

cells were not proceeding through to DNA replication (S-phase). The 

decrease in proliferating cells and the cells arresting in G1 are partially linked 

together and the same reasoning can be used to explain both of these 

results.  

 

Leflunomide is an inhibitor of DHODH, the rate limiting enzyme in the de 

novo pyrimidine synthesis pathway. The enzyme DHODH is located in the 

inner mitochondrial membrane of the mitochondria. As previously described 

treatment with leflunomide inhibits DHODH, causes a reduction in the levels 

of rUMP in cells. One of the G1 checkpoints in the cell cycle is to detect the 

levels of rUMP. Upon this detection of low levels of rUMP, the nuclear 

transcription factor p53 is activated. This activation of p53 causes the levels 

of p21 to increase. p21 is an effector of the G1 checkpoint in the cell cycle by 

inhibiting the activity of the complexes cyclin D/ cdk and cyclin E/cdk. 

Inhibiting the activity of these complexes results in the dephosphorylation of 

the retinoblastoma protein (Rb) and consequently maintains the 

sequestration of the transcription factor E2F. Thus this causes the cells to 

arrest in G1 and this could explain the G1 cell cycle arrest observed in the 

A375 melanoma cells in this thesis. It could also explain the decrease in 

proliferation in the A375 melanoma cells as the cells are not entering the 

DNA replication phase (S-phase) to enable cells to divide and produce new 

cells. The decrease in the pool of pyrimidines and ultimately the nucleotide 

bases C and T will also have an effect on the lack of new DNA being made 

and thus a decrease in cell proliferation seen here. Studies have reported 

that in cells arrested in G1, the levels of p53 and p21 increase upon 

treatment of leflunomide (Breedveld and Dayer, 2000; Siesmasko et al, 

1996; Cherwinski et al, 1995; Lang et al 1995; Wahl et al, 1997; Linke et al, 

1996; Linke et al, 1997; Lane, 1992; Herrmann et al 2000). Determining the 

levels of p53 and p21 in leflunomide treated melanoma cells would be a 

good experiment to carry out in the future.  
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The detection of apoptosis was carried out by annexin V and PI staining on 

the melanoma cells. Upon treatment with 25µM or 50µM of leflunomide, the 

melanoma cells were undergoing a clear dose-dependent increase of 

apoptosis. However at 100µM leflunomide the majority of cells were viable. 

This result at 100µM leflunomide contradicts what was seen from the cell 

viability data in which there was a dose-dependent decrease in viable cells, 

with 100µM causing the highest percentage decrease in the number of viable 

cells. Also from the cell cycle experiments, there was an increase in the sub-

G1 population of cells which is indicative of apoptotic cells. The percentage 

of cells in the sub-G1 population steadily raised from 2.86% in the DMSO 

treated cells up to 12.74% in the 100µM leflunomide treated cells. So how is 

it possible that an increase in viable cells was observed at 100µM 

leflunomide when detecting for apoptosis? 

 

The most likely explanation for this could be that when the most pronounced 

G1 arrest was observed at 100µM leflunomide, at this high concentration, 

leflunomide is exhibiting a cytoprotective effect. With leflunomide’s main 

mechanism of action being inhibiting pyrimidine synthesis, cells in S phase 

(making new DNA) will be more sensitive to the effects of leflunomide as the 

demand for pyrimidines is high. Hence the dose-dependent increase in 

apoptosis observed. On the other hand at 100µM leflunomide in which the 

cells are predominately in G1 arrest, there is a reduced demand for 

pyrimidines as the cells at this phase are not making new DNA. Therefore at 

100µM there is less toxicity associated with DHODH inhibition, signifying the 

decrease in apoptosis and increase in the percentage of cells seen in this 

thesis. Another study reporting this cytoprotective effect at high 

concentrations of a drug investigated the effects of paclitaxel in HCT116 

cells. At 10nM of paclitaxel mitotic arrest was observed at 4 and 8 hours 

which returned back to basal levels by 24 hours. Cell death was observed at 

10nM paclitaxel from 16 hours onwards. However at 100nm paclitaxel, 

mitotic arrest was sustained for over 48 hours above the basal level and the 

onset of cell death was noticeably delayed and inhibited (Gilley et al, 2012). 

Interestingly an additional study investigated the cytotoxic effects of the 
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DHODH inhibitor teriflunomide (TFN) in normal human epidermal 

keratinocytes (NHEK). It was reported that after 96 hours exposure to TFN 

NHEK arrested in G1 with no evidence of cell death. This study concluded 

that p53 had a role in the cytoprotective effect against long term exposure to 

TFN observed (Hail et al, 2012).  

 

Another explanation for this could be because the remaining cells being 

analysed at 100µM leflunomide on the flow cytometer were the only intact 

cells at this time point post treatment. At this high concentration of 

leflunomide, the majority of cells that would have undergone apoptosis are 

likely to be very weak and fragile or may even have burst, and it is no longer 

possible to detect them for apoptosis using this assay. Therefore the cells 

which are being detected are the percentage of cells remaining that are still 

viable. Given that from the cell viability data leflunomide only reduced the 

viability at 100µM to 28%, this reasoning that the cells being analysed at this 

concentration are the remaining viable ones is the most likely reason for this 

ambiguous result. But it should also be noted that it has been reported that 

leflunomide can also target tyrosine kinases at higher concentrations. 

Specifically which tyrosine kinases are inhibited is not yet fully known. 

However studies have reported two tyrosine kinases related to the proto-

oncogene tyrosine-protein kinase Src family and Jak1 and Jak3 tyrosine 

kinases to be those inhibited by leflunomide (Xu et al, 1995). Inhibition of 

tyrosine kinases involves signal transduction pathways which effect cellular 

proliferation, apoptosis, angiogenesis and invasion, all fundamental 

processes involved in the progression of cancer. However in all reported 

cases of inhibited tyrosine kinases, it is agreed within the literature that this 

effect is a secondary action of leflunomide and not the primary one of 

DHODH inhibition.   

 

In order to try and clarify the ambiguous result seen at 100µM leflunomide 

when investigating cell death, another marker to detect apoptosis was used, 
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JC-1. JC-1 detects changes in the mitochondrial membrane potential and as 

an aggregate fluoresces red in healthy cells with a high mitochondrial 

membrane potential. On the other hand, JC-1 as a monomer fluoresces 

green which indicates cells with a decrease in mitochondrial membrane 

potential including those undergoing apoptosis. Upon treatment of a drug 

which induces apoptosis a shift from red to green fluorescence will occur. 

The results from the JC-1 assay using leflunomide treated A375 melanoma 

cells did not produce this clear shift in red to green fluorescence as 

expected. Instead no noticeable increase in green fluorescence (indicating 

apoptotic cells) was detected at any of the concentrations of leflunomide 

tested. Instead the opposite was seen at 100µM leflunomide in which there 

was an increase in red fluorescence which would indicate hyperpolarisation 

of the mitochondrial membrane and indicated the cells were healthy. The 

same reasoning can be used here which was used to explain the ambiguous 

annexing V result, which was also at 100µM leflunomide. This being the cells 

which are analysed on the flow cytometer at this concentration are the 

remaining cells which are viable, thus the increase in red fluorescence and 

the indication that the cells are healthy.  

 

However from this experiment, the result  still remains inconclusive due to 

technical reasons and some optimisation of the protocol is still needed which 

could also clarify these findings. An optimisation that could be carried out is 

to leave the cells incubating with JC-1 for a longer period of time.  

Additionally a time course experiment could also be carried out. It could be 

possible that the time point tested in this thesis (72 hours) may have missed 

the detection of a change in mitochondrial membrane potential which may be 

occurring at earlier time points. Thus a time course would determine this and 

allow the change in mitochondrial membrane potential to be seen over time.  

 

Due to an apparent effect occurring on the mitochondria, the mitochondria 

were stained with mitotracker green to stain for the mitochondria. The 

analysis from this revealed a 3-fold increase in the intensity of green 
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fluorescence at 100µM compared to the DMSO control as well as 25 and 

50µM leflunomide. It cannot be elucidated from staining with this dye whether 

this increase in fluorescence is due to mitochondrial swelling or an increase 

in mitochondria. Therefore further experiments are required to decipher this 

increase in fluorescence which would include live imaging of the cells post 

staining. Looking at the live cells would enable identification of any potential 

mitochondrial swelling or increase in mitochondria. However it is to note that 

any effect seen with the mitotracker green dye is irrespective of 

mitochondrial membrane polarisation. 

 

All of the unexpected results that did not follow the trend of results seen 

appear to occur at 100µm leflunomide. It could be proposed that leflunomide 

has a bi-phasic mode of action whereby leflunomide is affecting specific 

targets between a certain concentration range with a different set of targets 

being targeted at the higher concentrations of leflunomide. Although 

explanations for the results in this chapter have just been discussed, several 

other possible theories could also be feasible. Regarding the cell death 

aspect from this thesis, for example, from the annexin V/PI staining showed 

the occurrence of apoptosis at 25 and 50µM leflunomide. However at 100µM 

leflunomide there appeared to be a shift back to an increase in the number 

viable cells. Although the reasoning for this result has been explained, 

collectively the results for 100µM leflunomide from the annexin V/PI 

apoptosis assay, JC-1 mitochondrial membrane potential and the mitotracker 

green staining, it is possible that an unconventional method of cell death 

could be occurring at this higher concentration of leflunomide (100µM). This 

could indicate a tyrosine kinase target of leflunomide which has yet to be 

identified. This highlights that the tyrosine kinases in which leflunomide 

targets at high concentrations and how they exert their effects, has yet to be 

explored to its full potential. Oncosis is a possible other mode of cell death 

which could be taking place. Indicative of oncosis is swelling of the nucleus, 

cytoplasm and mitochondria, cytoplasm vacuolisation and failure of the 

plasma membrane ion channels, including the calcium (Ca2+) and sodium 

(Na) ion channels (Trump et al, 1997). To either reject or accept this 
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hypothesis, further experiments for this could include staining of the nucleus 

with a nuclear dye such as DAPI or Hoescht. Experiments determining if the 

normal influx or efflux of the Ca2+ and Na channels are being altered could 

also be carried out. If these ion channels prove to be affected, this could 

potentially explain the JC-1 result (seen in figures 4.13 and 4.14) and 

obscuring the polarisation of the mitochondrial membrane potential. Another 

possible hypothesis is that mitotoxicity could also be occurring and future 

experiments could also look into this avenue.  
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Chapter 5  

Investigating the possibility of using leflunomide in 

combination with selumetinib to treat melanoma 

5.1 Introduction 

In the previous chapter it was shown that leflunomide has the potential to be 

an anti-cancer drug in treating melanoma. In recent years it has become 

more accepted that combinatorial therapy is a better approach in treating 

melanoma. Within the field, there is substantial clinical data supporting MEK 

inhibitors being used for the treatment of melanoma. Taking this into 

account, the possibility of using leflunomide in combination with the MEK 

inhibitor, selumetinib was investigated.  The rationale being that BRAFV600E 

mutant melanomas are addicted to MEK for proliferation and survival. 

Therefore inhibition of MEK might reduce survival signalling and sensitises 

cells to the cytotoxic effects leflunomide. However G1 arrest may reduce 

sensitivity to leflunomide.  

 

Cell viability assays were carried out on the bank of eight melanoma cell 

lines treated with selumetinib. Combinatorial cell viability assays using 

leflunomide and selumetinib were also carried out on all eight melanoma cell 

lines. Synergy between these two drugs at the concentrations tested was 

determined by the Chou and Talalay combination index method. Pre-

treatment for 24 hours with either leflunomide or selumetinib was also 

investigated in this chapter to elucidate if this altered the synergy between to 

two drugs. At the end of this chapter a mouse xenograft study on the M375 

melanoma cell line is presented determining the efficacy of leflunomide and 

selumetinib in vivo as a potential drug combination in treating melanoma.  
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5.2 Results 

5.2.1 Selumetinib cell viability assays 

Initially, cell viability assays were carried out using CellTiter-Glo on all eight 

of the melanoma cell lines as shown in table 4.1. The MEK inhibitor 

selumetinib is a highly potent drug, thus a much lower concentration range 

than previous experiments using leflunomide was used. Figure 5.1 shows a 

dose-dependent decrease in the number of viable cells upon 72 hours 

treatment with selumetinib in all eight of the melanoma cell lines. However, 

this decrease in cell viability appeared to start to plateau off at the higher 

concentrations of selumetinib. Again there was a broad range of variation in 

the level of sensitivity to selumetinib than in the results to leflunomide. For 

example the most sensitive melanoma cell line to selumetinib according to 

the IC50’s was M375 (shown in green), with an IC50 of 0.10µM. In 

comparison, the least sensitive melanoma cell line was SKmel5 (shown in 

black) with an IC50 of 1.01μM.  

 

The IC50’s for selumetinib-induced growth inhibition for all eight melanoma 

cell lines was calculated (table 5.1).  Similarly the IC50’s produced differed 

amongst the cell lines ranging from 0.19286μM to 1.01μM. Again, this 

emphasizes that selumetinib produces a varied response in the eight 

melanoma cell lines tested.  
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Figure 5.1.  Selumetinib caused a dose-dependent decrease in cell viability in 

eight human melanoma cell lines. Melanoma cell lines include M202 (blue), M285 

(red), M375 (green) and M296 (purple), A375 (orange), M229 (grey), SKmel28 

(khaki) and SKmel5 (black). Cell viability was determined by using CellTiter-Glo 

reagent and all values are represented as a percentage (%) relative to the vehicle 

control. Data is presented as the mean ± SEM of three independent experiments 

each performed with cell culture triplicate.   

 

Table 5.1. IC50 values for eight melanoma cell lines, HEK293, RD1 cells and 

melanocytes in response to selumetinib   

 

 

 

 

 

 

 

 

 

  

Cell line IC50 (µM) BRAF status 
 

NRAS status 

M202 0.50 wt Q61L 

M285 0.50 wt wt 

M375 0.10 wt wt 

M296 0.47 wt Q61L 

A375 0.19 Homo V600E wt 

M229 0.20 Homo V600E wt 

SKmel28 0.43 Homo V600E wt 

SKmel5 1.01 Het V600E wt 

Melanocytes n/a - - 

HEK293 n/a - - 

RD1 1.05 - - 
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Alongside the melanoma cells, the two non-melanoma cell lines used 

previously and melanocytes were also treated with selumetinib and their cell 

viability determined (figure 5.2). Interestingly, all three of these cell lines were 

less sensitive to selumetinib compared to the eight melanoma cell lines. The 

RD1 cell line was the most sensitive with cell viability being reduced to 55% 

at 1μM selumetinib. This sensitivity was very close to the least sensitive 

melanoma cell line, SKmel5 where its cell viability was reduced to just 

51.80% at the same concentration. The IC50 value for RD1 was 1.0461μM, 

which again is similar to the IC50 produced for SKmel5 (1.01μM). This 

highlights the fact that these two cell lines were the least sensitive to 

selumetinib in comparison to the other IC50’s produced. Equally, the HEK293 

cell line and melanocytes were very insensitive to selumetinib and such that 

50% growth inhibition was not even reached.   

 

 

Figure 5.2. Selumetinib had little effect on cell viability of the melanocytes 

(shown in black), HEK293 (shown in red), RD1 (shown in blue) and M375 (shown in 

purple) cell lines. Cell viability was determined by using CellTiter-Glo reagent and all 

values are represented as a percentage (%) relative to the vehicle control. Data is 

presented as the mean ± SEM of three independent experiments each performed 

with cell culture triplicate.   
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A375 M202 

HSC70  70kDa 

tERK      44kDa 
              42kDa 

pERK   44 kDa 
             42kDa 

               DMSO               0.1µM              1µM               DMSO                 0.1µM                 1µM 

5.2.2 Western blot detection of phospho ERK and total ERK 

To confirm selumetinib, a MEK inhibitor, was active and acting ‘on target’ 

western blots were performed to detect the levels of phospho ERK; since 

ERK is a direct substrate of MEK a decrease in phospho-ERK would be 

anticipated in selumetinib treated cells. It can be clearly seen in figure 5.3 

that both the A375 and M202 melanoma cell line tested the amount of pERK 

protein decreases in a dose-dependent manner. This confirms that 

selumetinib is effectively inhibiting its target.  HSC70 was used as a loading 

control.  

 

 

 

 

 

 

 

 

 

 

Figure 5.3. Western blot analysis confirming the decrease in phospho-ERK upon 

treatment with 0.1 or 1µM selumetinib in A375 and M202 melanoma cell lines. The 

molecular weights are shown on the left. Results for pERK and tERK are from a 

single experiment representative of three independent experiments.  
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5.2.3 Leflunomide and selumetinib combinatorial cell viability assays 

The preceding results, carried out on a panel of eight melanoma cell lines, 

showed both leflunomide and selumetinib were effective at reducing cell 

viability (figure 4.2 and 5.2). Prompted by these results, experiments were 

designed to determine if the combination of leflunomide and selumetinib 

reduced cell viability further than each drug alone. Combinatorial cell viability 

assays were carried out on all eight of the melanoma cell lines. For these cell 

viability assays, lower concentrations of each drug were used. The 

concentrations of leflunomide used were 12.5, 25 and 50μM. For selumetinib 

the concentrations used were 0.025, 0.05 and 0.1μM.  

 

For each cell line and in the results to follow in figures 5.4 to 5.11, there are 

two cell viability graphs. The first graph shows the selumetinib concentrations 

along the x axis and the second graph has leflunomide along the x axis. This 

was done in order to complete statistical analysis comparing the drug 

combinations to each drug alone. Thus, the statistics shown on these graphs 

showed the statistics determining if the drug combinations were significantly 

better than either drug alone. No statistical analysis was carried out 

comparing the different drug combinations with each other. 

 

Figures 5.4-5.11 clearly shows that all of the eight melanoma cell lines 

responded to the combinations of leflunomide and selumetinib, but again to 

varying degrees. However, one cell line stands out as the least sensitive to 

any of the drug combinations, the SKmel28 (figure 5.10). This may not be too 

surprising given it was the least sensitive cell line to leflunomide (figure 4.2 

and table 4.2), and was one of the least sensitive to selumetinib (figure 5.1 

and table 5.1).  

 

To determine which cell line was the most sensitive from these cell viability 

experiments was hard to elucidate. One could define the most sensitive cell 
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line as either the cell line in which the viability was reduced the most at a 

given combination of leflunomide and selumetinib. Or one could define it as 

the cell line which produced the most defined separation of cell viability with 

increasing concentrations of the combination of leflunomide and selumetinib.   
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Treatment condition IC50 (μM) 

Meki alone 0.092027 

Mek + Lef 12.5 0.05853 

Mek + Lef 25 0.04943 

Mek + Lef 50 0.039633 

 

Figure 5.4. The combination of leflunomide and selumetinib reduces cell viability 

in the M202 cell line. Graph A shows the concentrations of selumetinib along the x-

axis. The statistical analysis on this graph compares the combinations of drugs to 

selumetinib alone. Graph B shows the concentrations of leflunomide along the x-

axis. The statistical analysis on this graph compares the drug combinations to 

leflunomide alone. The IC50’s are for each graph are also shown. Cell viability was 

determined by using CellTiter-Glo reagent and all values are represented as a 

percentage (%) relative to the vehicle control. Data is presented as the mean ± SEM 

of three independent experiments each performed with cell culture triplicate. 

Asterisks indicate the degree of statistical difference comparing each leflunomide 

and selumetinib condition to leflunomide alone (graph A) or selumetinib alone 

(graph B). Statistical analysis was determined by two-way ANOVA with Turkey’s 

post-hoc test. *P≤0.05, **P≤0.01, ***P≤0.001 and ****P≤0.0001.  

Treatment condition IC50 (μM) 

Leflunomide alone 51.183 

Leflunomide + Meki 0.025 54.6125 

Leflunomide + Meki 0.05 34.2943 

Leflunomide + Meki 0.1 16.2383 
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Figure 5.5.  The combination of leflunomide and selumetinib reduced cell viability 

in the M285 cell line. Graph A shows the concentrations of selumetinib along the x-

axis. The statistical analysis on this graph compared the combinations of drugs to 

selumetinib alone. Graph B shows the concentrations of leflunomide along the x-

axis. The statistical analysis on this graph compared the drug combinations to 

leflunomide alone. IC50’s for each graph are also shown. Cell viability was 

determined by using CellTiter-Glo reagent and all values are represented as a 

percentage (%) relative to the vehicle control. Data is presented as the mean ± SEM 

of three independent experiments each performed with cell culture triplicate.   

Asterisks indicate the degree of statistical difference comparing each leflunomide 

and selumetinib condition to leflunomide alone (graph A) or selumetinib alone 

(graph B). Statistical analysis was determined by two-way ANOVA with Turkey’s 

post-hoc test. *P≤0.05, **P≤0.01, ***P≤0.001 and ****P≤0.0001.   

Treatment condition IC50 (μM) 

Meki alone 0.165867 

Mek + Lef 12.5 0.175397 

Mek + Lef 25 0.06337 

Mek + Lef 50 0.02238 

Treatment condition 
IC50 
(μM) 

Leflunomide alone 72.3867 

Leflunomide + Meki 
0.025 

29.57 

Leflunomide + Meki 0.05 26.9967 

Leflunomide + Meki 0.1 17.7733 
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Figure 5.6.  The combination of leflunomide and selumetinib reduced cell viability 

in the M375 cell line. Graph A shows the concentrations of selumetinib along the x-

axis. The statistical analysis on this graph compared the combinations of drugs to 

selumetinib alone. Graph B shows the concentrations of leflunomide along the x-

axis. The statistical analysis on this graph compared the drug combinations to 

leflunomide alone. The IC50’s for each graph are also shown. Cell viability was 

determined by using CellTiter-Glo reagent and all values are represented as a 

percentage (%) relative to the vehicle control. Data is presented as the mean ± SEM 

of three independent experiments each performed with cell culture triplicate.   

Asterisks indicate the degree of statistical difference comparing each leflunomide 

and selumetinib condition to leflunomide alone (graph A) or selumetinib alone 

(graph B). Statistical analysis was determined by two-way ANOVA with Turkey’s 

post-hoc test. *P≤0.05, **P≤0.01, ***P≤0.001 and ****P≤0.0001.   

Treatment condition 
IC50 
(μM) 

Leflunomide alone n/a 

Leflunomide + Meki 0.025 36.14 

Leflunomide + Meki 0.05 13.028 

Leflunomide + Meki 0.1 6.02175 

Treatment condition IC50 (μM) 

 Meki alone 0.064 

Mek + Lef 12.5 0.046912 

Mek + Lef 25 0.039495 

Mek + Lef 50 0.026858 
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Figure 5.7 The combination of leflunomide and selumetinib reduced cell viability 

in the M296 cell line. Graph A shows the concentrations of selumetinib along the x-

axis. The statistical analysis on this graph compared the combinations of drugs to 

selumetinib alone. Graph B shows the concentrations of leflunomide along the x-

axis. The statistical analysis on this graph compared the drug combinations to 

leflunomide alone. The IC50’s for each graph are also shown. Cell viability was 

determined by using CellTiter-Glo reagent and all values are represented as a 

percentage (%) relative to the vehicle control. Data is presented as the mean ± SEM 

of three independent experiments each performed with cell culture triplicate.   

Asterisks indicate the degree of statistical difference comparing each leflunomide 

and selumetinib condition to leflunomide alone (graph A) or selumetinib alone 

(graph B). Statistical analysis was determined by two-way ANOVA with Turkey’s 

post-hoc test. *P≤0.05, **P≤0.01, ***P≤0.001 and ****P≤0.0001.   

Treatment condition IC50 (μM) 

Meki alone 0.073586 

Mek + Lef 12.5 0.0845 

Mek + Lef 25 0.10596 

Mek + Lef 50 0.02805 

Treatment condition IC50 (μM) 

Leflunomide alone 109.936 

Leflunomide + Meki 0.025 42.56 

Leflunomide + Meki 0.05 21.3153 

Leflunomide + Meki 0.1 17.3686 
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Figure 5.8.  The combination of leflunomide and selumetinib reduced cell viability 

in the A375 cell line. Graph A shows the concentrations of selumetinib along the x-

axis. The statistical analysis on this graph compared the combinations of drugs to 

selumetinib alone. Graph B shows the concentrations of leflunomide along the x-

axis. The statistical analysis on this graph compared the drug combinations to 

leflunomide alone. The IC50’’s for each graph are also shown. Cell viability was 

determined by using CellTiter-Glo reagent and all values are represented as a 

percentage (%) relative to the vehicle control. Data is presented as the mean ± SEM 

of three independent experiments each performed with cell culture triplicate.   

Asterisks indicate the degree of statistical difference comparing each leflunomide 

and selumetinib condition to leflunomide alone (graph A) or selumetinib alone 

(graph B). Statistical analysis was determined by two-way ANOVA with Turkey’s 

post-hoc test. *P≤0.05, **P≤0.01, ***P≤0.001 and ****P≤0.0001.   

Treatment condition IC50 (μM) 
 

Treatment condition IC50 (μM) 

Meki alone 0.085327 
 

Leflunomide alone 31.8067 

Mek + Lef 12.5 0.083253 
 

Leflunomide + Meki 0.025 34.85 

Mek + Lef 25 0.070023 
 

Leflunomide + Meki 0.05 27.53 

Mek + Lef 50 0.019527 
 

Leflunomide + Meki 0.1 13.0997 
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Figure 5.9. The combination of leflunomide and selumetinib reduced cell viability 

in the M229 cell line. Graph A shows the concentrations of selumetinib along the x-

axis. The statistical analysis on this graph compared the combinations of drugs to 

selumetinib alone. Graph B shows the concentrations of leflunomide along the x-

axis. The statistical analysis on this graph compared the drug combinations to 

leflunomide alone. The IC50’s for each graph are also shown. Cell viability was 

determined by using CellTiter-Glo reagent and all values are represented as a 

percentage (%) relative to the vehicle control. Data is presented as the mean ± SEM 

of three independent experiments each performed with cell culture triplicate.  

Asterisks indicate the degree of statistical difference comparing each leflunomide 

and selumetinib condition to leflunomide alone (graph A) or selumetinib alone 

(graph B). Statistical analysis was determined by two-way ANOVA with Turkey’s 

post-hoc test. *P≤0.05, **P≤0.01, ***P≤0.001 and ****P≤0.0001.   

Treatment condition IC50 (μM) 
 

Treatment condition IC50 (μM) 

Meki alone 0.082073 
 

Leflunomide alone 89.115 

Mek + Lef 12.5 0.058577 
 

Leflunomide + Meki 0.025 53.16 

Mek + Lef 25 0.050353 
 

Leflunomide + Meki 0.05 15.525 

Mek + Lef 50 0.030117 
 

Leflunomide + Meki 0.1 8.773667 
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Figure 5.10.  The combination of leflunomide and selumetinib reduced cell viability 

in the SKmel28 cell line. Graph A shows the concentrations of selumetinib along the 

x-axis. The statistical analysis on this graph compared the combinations of drugs to 

selumetinib alone. Graph B shows the concentrations of leflunomide along the x-

axis. The statistical analysis on this graph compared the drug combinations to 

leflunomide alone. The IC50’s for each graph are also shown. Cell viability was 

determined by using CellTiter-Glo reagent and all values are represented as a 

percentage (%) relative to the vehicle control. Data is presented as the mean ± SEM 

of three independent experiments each performed with cell culture triplicate.   

Asterisks indicate the degree of statistical difference comparing each leflunomide 

and selumetinib condition to leflunomide alone (graph A) or selumetinib alone 

(graph B). Statistical analysis was determined by two-way ANOVA with Turkey’s 

post-hoc test. *P≤0.05, **P≤0.01, ***P≤0.001 and ****P≤0.0001.   

Treatment condition 
IC50 
(μM) 

 
Treatment condition 

IC50 

(μM) 

Meki alone 0.1684 
 

Leflunomide alone n/a 

Mek + Lef 12.5 0.1875 
 

Leflunomide + Meki 0.025 n/a 

Mek + Lef 25 0.585 
 

Leflunomide + Meki 0.05 n/a 

Mek + Lef 50 0.112 
 

Leflunomide + Meki 0.1 n/a 



163 
 

A 

B 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11. The combination of leflunomide and selumetinib reduced cell viability 

in the SKmel5 cell line. Graph A shows the concentrations of selumetinib along the 

x-axis. The statistical analysis on this graph compared the combinations of drugs to 

selumetinib alone. Graph B shows the concentrations of leflunomide along the x-

axis. The statistical analysis on this graph compared the drug combinations to 

leflunomide alone. The IC50’s for each graph are also shown. Cell viability was 

determined by using CellTiter-Glo reagent and all values are represented as a 

percentage (%) relative to the vehicle control. Data is presented as the mean ± SEM 

of three independent experiments each performed with cell culture triplicate.   

Asterisks indicate the degree of statistical difference comparing each leflunomide 

and selumetinib condition to leflunomide alone (graph A) or selumetinib alone 

(graph B). Statistical analysis was determined by two-way ANOVA with Turkey’s 

post-hoc test. *P≤0.05, **P≤0.01, ***P≤0.001 and ****P≤0.0001. 

Treatment condition IC50 (μM) 
 

Treatment condition 
IC50 
(μM) 

Meki alone 0.088842 
 

Leflunomide alone 62.152 

Mek + Lef 12.5 0.052304 
 

Leflunomide + Meki 0.025 31.5225 

Mek + Lef 25 0.048602 
 

Leflunomide + Meki 0.05 18.852 

Mek + Lef 50 0.022102 
 

Leflunomide + Meki 0.1 8.2473 
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Taking the first definition into account, the two cell lines which were the most 

sensitive to the given combination of 50μM leflunomide and 0.1μM 

selumetinib were the SKmel5 and M202 cell lines (figures 5.11 and 5.4). At 

this given concentration combination, the cell viability of the SKmel5 cell line 

was reduced to just 3.578%. Whereas when cells were treated with 50μM 

leflunomide and 0.1μM selumetinib alone, the cell viability was reduced to 

54% and 37.2% respectively (figure 5.11). Similarly with the M202 cell line, 

cell viability was reduced to 20.96% when treated with 50μM leflunomide and 

0.1μM selumetinib. However viability was reduced to 78.07% and 48.6% 

when treated with 50μM leflunomide and 0.1μM selumetinib alone 

respectively (figure 5.4).  

 

Considering the second definition of the most sensitive cell lines in which 

clearly defined separation of cell viability with increasing concentrations of 

the combination of leflunomide and selumetinib can be seen, the M375 and 

M229 cell lines were amongst these which responded the best (figures 5.6 

and 5.9). The second graph on figure 5.6 clearly shows for the M375 

melanoma cell line, cells treated with leflunomide alone are shown in red. 

The combination of leflunomide with selumetinib at 0.025, 0.05 and 0.1μM 

are shown in blue, green and purple respectively. As the concentrations of 

selumetinib and leflunomide increased a clear separation of the reduction in 

cell viability was seen. This trend was also be seen for the M229 cell line in 

figure 5.9. These two cell lines along with the M285 cell line (figure 4.5) were 

the three best cell lines statistically, in which the combinations of leflunomide 

and selumetinib were more statistically significant than leflunomide alone. 

The most significant from the three was the M375 cell line which had p 

values of ≤0.0001 across the board of all the possible combinations of 

leflunomide and selumetinib.  

 

From figures 5.4-5.11, it is clear that the most statistically significant 

combination of leflunomide and selumetinib appeared to be at 50μM 
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leflunomide and 0.1μM selumetinib. This is seen clearly in the M285 cell line 

in figure 5.5. Therefore this specific combination of leflunomide and 

selumetinib indicates that these concentrations could be within the optimal 

working concentration range for this combination.  

 

5.2.4. Calculation of drug synergy between leflunomide and selumetinib 

As a whole, it can be said that these drug-combination cell viability 

experiments were successful. But the fundamental factor in the success of 

drug combinatorial approaches is whether the two drugs are acting 

synergistically or not. One approach of determining drug synergy is by 

calculating the combination index (CI) values for multiple drug combinations. 

Software which enables such analysis is the CalcuSyn software based on 

the T-C Chou and P Talalay method (Chou and Talalay, 1984). Using this 

software, the cell viability data from the leflunomide and selumetinib 

experiments was used to generate the CI values for each separate 

combination of leflunomide and selumetinib (non-constant ratio). This was 

done for all eight of the melanoma cell lines.  

 

Figure 5.12 represents how to interpret the CI values produced. If a CI value 

of 1 is given, that drug combination is said to be acting additively (shown in 

orange). If a CI value higher than 1 is produced, that drug combination is 

said to acting antagonistically (shown in red). If a CI value of less than 1 is 

given, that drug combination is said to working synergistically (shown in 

green). Regarding antagonistic and synergistic values produced, there is 

scale to the strength of these values. For example, the closer the CI value is 

to 0, the stronger the synergism. On the other hand, the further away the CI 

value from 1, the stronger the antagonism.  
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Figure 5.12.  A representative graph highlighting how the combination index 

values are to be interpreted.  

 

For each cell line, two graphs were plotted to represent the synergism data 

(figures 5.13 to 5.20). The first graph has the same appearance of the graph 

previously shown in figure 5.12. Along the x-axis is the fraction affected (FA) 

which corresponds to the cell viability data inputted (i.e. what fraction of the 

cells were affected/how much of the cell viability was being reduced by this 

combination of leflunomide and selumetinib). Along the y axis is the CI 

values. A dotted line was placed across the CI value of 1 to make it easier to 

see if a particular combination of leflunomide or selumetinib was synergistic 

or not. The second graph utilises the same CI value data with the CI values 

again shown along the y axis, but along the x axis is the concentration of 

selumetinib with the data sets on the graph corresponding to the leflunomide 

concentrations. This graph was plotted to see if there was any dose 

dependency of leflunomide or selumetinib on the CI values produced. Under 

both sets of graphs is a summary table showing the each combination of 

leflunomide and selumetinib and the CI value given coloured in purple 

indicating antagonism, orange indicating an additive effect and green 

indicating synergism.  
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From the synergism analysis, an initial surprising result was observed with 

the A375 melanoma cell line (figure 5.17). All of the leflunomide and 

selumetinib drug combinations produced antagonistic CI values. Given the 

sound cell viability results seen in figure 5.8 and coupled with the fact that 

the A375 cells normally respond very well to selumetinib and other MEK 

inhibitors it was an unexpected result that no synergy was observed with 

selumetinib and leflunomide. Comparing the A375 and SKmel28 cell viability 

data (figures 5.8 and 5.10) the A375 cell line was more sensitive to 

leflunomide and selumetinib and had a greater reduction in cell viability than 

SKmel28. From this data one could have predicted that the A375 cell line 

could have produced stronger CI values but in fact SKmel28 gave better CI 

values (figure 5.19). For all of the leflunomide concentrations in combination 

with 0.025 and 0.05μM selumetinib the CI values were either synergistic or 

additive. However the CI values at 12.5μM leflunomide and 0.025 and 

0.05μM selumetinib gave the strongest of these synergistic values.  These 

data perhaps highlights that when judging drug synergism, cell viability data 

should not be the only data to consider.  
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Figure 5.13.  Combination index values for M202 melanoma cell line with 

leflunomide and selumetinib in combination at increasing concentrations. In the 

table, purple indicates antagonism, orange indicated additive and green indicates 

synergism.  

M202 melanoma cell line 

Selumetinib 
(μM) 

Leflunomide 
(μM 

Combination 
index 

0.025 12.5 1.059 

0.05 12.5 1.182 

0.1 12.5 1.42 

0.025 25 1.1 

0.05 25 1.013 

0.1 25 1.13 

0.025 50 0.947 

0.05 50 0.532 

0.1 50 0.603 
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Figure 5.14.  Combination index values for M285 melanoma cell line with 

leflunomide and selumetinib in combination at increasing concentrations. In the 

table, purple indicates antagonism, orange indicated additive and green indicates 

synergism.  

M285 melanoma cell line 

Selumetinib 
(μM) 

Leflunomide 
(μM 

Combination 
index 

0.025 12.5 0.704 

0.05 12.5 0.95 

0.1 12.5 1.033 

0.025 25 0.657 

0.05 25 0.709 

0.1 25 0.777 

0.025 50 0.568 

0.05 50 0.665 

0.1 50 0.515 
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Figure 5.15.  Combination index values for M375 melanoma cell line with 

leflunomide and selumetinib in combination at increasing concentrations. In the 

table, purple indicates antagonism, orange indicated additive and green indicates 

synergism.   

M375 melanoma cell line 

Selumetinib 
(μM) 

Leflunomide 
(μM 

Combination 
index 

0.025 12.5 0.528 

0.05 12.5 0.661 

0.1 12.5 0.834 

0.025 25 0.473 

0.05 25 0.549 

0.1 25 0.754 

0.025 50 0.328 

0.05 50 0.327 

0.1 50 0.519 
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Figure 5.16.  Combination index values for M296 melanoma cell line with 

leflunomide and selumetinib in combination at increasing concentrations. In the 

table, purple indicates antagonism, orange indicated additive and green indicates 

synergism.   

M296 melanoma cell line 

Selumetinib 
(μM) 

Leflunomide 
(μM 

Combination 
index 

0.025 12.5 0.837 

0.05 12.5 1.103 

0.1 12.5 1.479 

0.025 25 1.249 

0.05 25 1.13 

0.1 25 1.381 

0.025 50 0.897 

0.05 50 0.703 

0.1 50 0.655 
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Figure 5.17.  Combination index values for A375 melanoma cell line with 

leflunomide and selumetinib in combination at increasing concentrations. In the 

table, purple indicates antagonism, orange indicated additive and green indicates 

synergism.    

A375 melanoma cell line 

Selumetinib 
(μM) 

Leflunomide 
(μM 

Combination 
index 

0.025 12.5 1.621 

0.05 12.5 1.526 

0.1 12.5 1.561 

0.025 25 1.59 

0.05 25 1.699 

0.1 25 1.814 

0.025 50 1.414 

0.05 50 1.507 

0.1 50 1.646 
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Figure 5.18.  Combination index values for M229 melanoma cell line with 

leflunomide and selumetinib in combination at increasing concentrations. In the 

table, purple indicates antagonism, orange indicated additive and green indicates 

synergism.   

M229 melanoma cell line 

Selumetinib 
(μM) 

Leflunomide 
(μM 

Combination 
index 

0.025 12.5 0.827 

0.05 12.5 0.743 

0.1 12.5 0.939 

0.025 25 1.011 

0.05 25 0.831 

0.1 25 0.94 

0.025 50 0.801 

0.05 50 0.617 

0.1 50 0.846 
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Figure 5.19.  Combination index values for SKmel28 melanoma cell line with 

leflunomide and selumetinib in combination at increasing concentrations. In the 

table, purple indicates antagonism, orange indicated additive and green indicates 

synergism.  

 

 

SKmel28 melanoma cell line 

Selumetinib 
(μM) 

Leflunomide 
(μM 

Combination 
index 

0.025 12.5 0.536 

0.05 12.5 0.699 

0.1 12.5 1.279 

0.025 25 0.812 

0.05 25 0.841 

0.1 25 1.444 

0.025 50 1.031 

0.05 50 0.85 

0.1 50 1.058 
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Figure 5.20.  Combination index values for SKmel5 melanoma cell line with 

leflunomide and selumetinib in combination at increasing concentrations. In the 

table, purple indicates antagonism, orange indicated additive and green indicates 

synergism.   

 

  

SKmel5 melanoma cell line 

Selumetinib 
(μM) 

Leflunomide 
(μM 

Combination 
index 

0.025 12.5 1.397 

0.05 12.5 1.393 

0.1 12.5 0.3 

0.025 25 1.301 

0.05 25 1.445 

0.1 25 0.237 

0.025 50 1.381 

0.05 50 1.152 

0.1 50 0.112 
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Table 5.2. Summary of the combination index values for all eight melanoma cell 

lines 

  

  Leflunomide 12.5µM Leflunomide 25µM Leflunomide 50µM 

Melanoma 

cell line 

MEKi 

0.025µM 

MEKi 

0.05µM MEKi 0.1µM 

MEKi 

0.025µM 

MEKi 

0.05µM MEKi 0.1µM 

MEKi 

0.025µM 

MEKi 

0.05µM MEKi 0.1µM 

A375 1.621 1.526 1.561 1.59 1.699 1.814 1.414 1.507 1.646 

M375 0.528 0.661 0.834 0.473 0.549 0.754 0.328 0.327 0.519 

M296 0.837 1.103 1.479 1.249 1.13 1.381 0.897 0.703 0.655 

M202 1.059 1.182 1.42 1.1 1.013 1.13 0.947 0.532 0.603 

M229 0.827 0.743 0.939 1.011 0.831 0.94 0.801 0.617 0.846 

M285 0.704 0.95 1.033 0.657 0.709 0.777 0.568 0.665 0.515 

SKMEL28 0.536 0.699 1.279 0.812 0.841 1.444 1.031 0.85 1.058 

SKMEL 5 1.397 1.393 0.3 1.301 1.445 0.237 1.381 1.152 0.112 



177 
 

A cell line which gave promising CI values was the M375 cell line (figure 

5.15). This cell line produced all synergistic CI values for all of the 

combinations of leflunomide and selumetinib. The second graph in figure 

5.15 clearly shows this cell line exhibited a clear trend in that the CI values 

got stronger as the concentrations of leflunomide increased. It is also 

apparent that the CI values were enhanced when leflunomide was in 

combination with 0.025μM selumetinib. For example at 12.5μM leflunomide 

and 0.025μM selumetinib, the CI value was 0.528. This CI value increased in 

synergism to a value of 0.473 when cells were treated with 0.025μM 

selumetinib and 25μM leflunomide. Again, this CI became even stronger at 

0.025μM selumetinib with 50μM leflunomide with a value of 0.327.  

 

A cell line which displayed a completely unique trend was the SKmel5 cell 

line (figure 5.20). Out of all the CI values produced, this cell line gave the 

strongest synergistic CI values, but only when leflunomide was in 

combination with 0.1μM selumetinib (figure 5.20). At 0.1μM selumetinib and 

12.5μM leflunomide the CI value produced was 0.3, which became more 

synergistic at 0.237 when the leflunomide concentration increased to 25μM. 

At 0.1μM selumetinib and 50μM leflunomide a remarkable CI value of 0.112 

was given, the strongest synergistic CI value observed from this entire 

analysis. However the remainder of the leflunomide and selumetinib 

combinations for this cell line gave antagonistic CI values.  

 

A summary of the CI values can be seen in table 5.2. What is prominent is 

that the majority of the synergistic values were obtained at the highest 

concentration of leflunomide, 50μM. However the effect of the concentration 

of selumetinib is not as clear cut. For example at 0.025μM selumetinib and 

50μM leflunomide, the strongest synergistic CI value was observed with the 

M375 cell line. In comparison this same combination gave rise to an 

antagonistic CI value in the SKmel5 cell. It is also worth noting that the M285 

and M229 also both gave all synergistic CI values for all of the leflunomide 
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and selumetinib concentrations bar one combination each. Overall, the M285 

cell line gave stronger synergistic CI values in comparison to the M229 cell 

line. The strongest CI value for M285 and M229 was 0.515 at 50μM 

leflunomide and 0.1μM selumetinib and 0.617 at 50μm leflunomide and 

0.05μM selumetinib respectively. The difference in trends observed across 

the eight melanoma cell lines would imply that the effect of the different 

combination of leflunomide and selumetinib and the resulting CI value differs 

for each cell line.  

 

5.2.5. Pre-treatment of the melanoma cells for 24 hours with leflunomide or 

selumetinib cell viability assays 

Previous experiments showed the synergy calculated in which leflunomide 

and selumetinib drug combinations were added at the same time. However, 

could this synergy alter if the cells were pre-treated for 24 hours with 

leflunomide or selumetinib?  Results from clinical trials testing the combined 

effect of immunotherapy and a BRAF inhibitor have implied that this 

combination is more efficacious administering ipilimumab prior to a BRAF 

inhibitor to patients. This speculated the idea whether 24 hour pre-treatment 

with leflunomide or selumetinib would alter the efficacy of these two drugs in 

terms of the outcome from synergy analysis. For example, given that MEK 

inhibitors are known to cause cells to arrest in G1 of the cell cycle could 24 

hour pre-treatment with selumetinib sensitise the cells more to the cytotoxic 

effects observed with leflunomide? Therefore would this alter the strength in 

synergism observed?  

 

The next set of experiments were carried out on four of the eight melanoma 

cell lines; A375, M229, M285 and M375. The cell viability data will be 

presented first, with the subsequent synergy analysis after. The cell viability 

data will only be touched upon as the synergy analysis is the main focus of 

these experiments.  
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The cell viability data for the A375 cell line (figures 5.21 and 5.22) showed no 

major differences in pre-treating the cells for 24 hours with leflunomide or 

selumetinib. If any difference is to be noted, it would be that pre-treating with 

selumetinib fractionally reduced cell viability more. For example, the 

combination of 50μM leflunomide and 0.1μM selumetinib the cell viability was 

reduced to 42.76% and 36% when cells were pre-treated with leflunomide 

and selumetinib respectively. But to emphasize this difference was very 

marginal. A similar trend was observed in the M229 cell line (figures 5.23 and 

5.24). At 50μM leflunomide and 0.1μM selumetinib the cell viability was 

reduced to 54% and 51% when cells were pre-treated with leflunomide and 

selumetinib respectively. At this highest concentration of the combination of 

drugs, there is no obvious difference. However, at 25μM leflunomide and 

0.1μM selumetinib, the cell viability reduced from 73% to 60.39% which was 

a more noticeable difference.  

 

A cell line which showed a clear difference in pre-treating for 24 hours with 

either leflunomide or selumetinib was the M375 cell line. This cell line 

exhibited a greater reduction in cell viability when pre-treated with 

selumetinib in comparison to pre-treated with leflunomide (figures 5.25 and 

5.26). For all three of the combinations of leflunomide and selumetinib tested 

the reduction in cell viability was greater when pre-treated with selumetinib 

than leflunomide. At 12.5μM leflunomide and 0.1μM selumetinib, the cell 

viability decreased from 60.99% to 50.28% when pre-treated with 

leflunomide and selumetinib respectively. Similarly at 50μM leflunomide and 

0.1μM selumetinib, pre-treated cells with leflunomide caused a 44.71% 

reduction in cell viability. Whereas cells pre-treated with selumetinib caused 

a 29.76% reduction in cell viability.  

 

The M285 cell line however responded to the pre-treatments different to all of 

the other three cell lines. The M285 cell line was more sensitive to the 

leflunomide pre-treatment than selumetinib (figures 5.27 and 5.28). At 25μM 
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leflunomide and 0.1μM selumetinib viability reduced to 49.15% in leflunomide 

pre-treated cells. In comparison the viability in selumetinib pre-treated cells 

reduced to just 63.54%. Equally, at 50μM leflunomide and 0.1μM selumetinib 

the cell viability reduced to 27% and 52.05% in leflunomide and selumetinib 

pre-treated cells respectively.  
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Figure 5.21. Sensitivity of the A375 melanoma cell line with pre-treatment for 24 

hours with leflunomide, prior to the addition of selumetinib. Graph A displays 

selumetinib concentrations along the x-axis. Statistical analysis on this graph 

compares the drug combinations to selumetinib alone.  Graph B shows the 

concentrations of leflunomide along the x-axis. The statistical analysis on this graph 

compares the drug combinations to leflunomide alone. Cell viability was determined 

by using CellTiter-Glo reagent and all values are represented as a percentage (%) 

relative to the vehicle control. Data is presented as the mean ± SEM of three 

independent experiments each performed with cell culture triplicate. Asterisks 

indicate the degree of statistical difference comparing each leflunomide and 

selumetinib condition to leflunomide alone (graph A) or selumetinib alone (graph B). 

Statistical analysis was determined by two-way ANOVA with Turkey’s post-hoc test. 

*P≤0.05, **P≤0.01, ***P≤0.001 and ****P≤0.0001.   
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Figure 5.22. Sensitivity of the A375 melanoma cell line with pre-treatment for 24 

hours with selumetinib, prior to the addition of leflunomide. Graph A displays 

selumetinib concentrations along the x-axis. Statistical analysis on this graph 

compares the drug combinations to selumetinib alone.  Graph B shows the 

concentrations of leflunomide along the x-axis. The statistical analysis on this graph 

compares the drug combinations to leflunomide alone. Cell viability was determined 

by using CellTiter-Glo reagent and all values are represented as a percentage (%) 

relative to the vehicle control. Data is presented as the mean ± SEM of three 

independent experiments each performed with cell culture triplicate.  Asterisks 

indicate the degree of statistical difference comparing each leflunomide and 

selumetinib condition to leflunomide alone (graph A) or selumetinib alone (graph B). 

Statistical analysis was determined by two-way ANOVA with Turkey’s post-hoc test. 

*P≤0.05, **P≤0.01, ***P≤0.001 and ****P≤0.0001. 
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Figure 5.23. Sensitivity of the M229 melanoma cell line with pre-treatment for 24 

hours with leflunomide, prior to the addition of selumetinib. Graph A displays 

selumetinib concentrations along the x-axis. Statistical analysis on this graph 

compares the drug combinations to selumetinib alone.  Graph B shows the 

concentrations of leflunomide along the x-axis. The statistical analysis on this graph 

compares the drug combinations to leflunomide alone. Cell viability was determined 

by using CellTiter-Glo reagent and all values are represented as a percentage (%) 

relative to the vehicle control. Data is presented as the mean ± SEM of three 

independent experiments each performed with cell culture triplicate.   Asterisks 

indicate the degree of statistical difference comparing each leflunomide and 

selumetinib condition to leflunomide alone (graph A) or selumetinib alone (graph B). 

Statistical analysis was determined by two-way ANOVA with Turkey’s post-hoc test. 

*P≤0.05, **P≤0.01, ***P≤0.001 and ****P≤0.0001.   



184 
 

B 

A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.24. Sensitivity of the M229 melanoma cell line with pre-treatment for 24 

hours with selumetinib, prior to the addition of leflunomide. Graph A displays 

selumetinib concentrations along the x-axis. Statistical analysis on this graph 

compares the drug combinations to selumetinib alone.  Graph B shows the 

concentrations of leflunomide along the x-axis. The statistical analysis on this graph 

compares the drug combinations to leflunomide alone. Cell viability was determined 

by using CellTiter-Glo reagent and all values are represented as a percentage (%) 

relative to the vehicle control. Data is presented as the mean ± SEM of three 

independent experiments each performed with cell culture triplicate. Asterisks 

indicate the degree of statistical difference comparing each leflunomide and 

selumetinib condition to leflunomide alone (graph A) or selumetinib alone (graph B). 

Statistical analysis was determined by two-way ANOVA with Turkey’s post-hoc test. 

*P≤0.05, **P≤0.01, ***P≤0.001 and ****P≤0.0001.   
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Figure 5.25. Sensitivity of the M375 melanoma cell line with pre-treatment for 24 

hours with leflunomide, prior to the addition of selumetinib. Graph A displays 

selumetinib concentrations along the x-axis. Statistical analysis on this graph 

compares the drug combinations to selumetinib alone.  Graph B shows the 

concentrations of leflunomide along the x-axis. The statistical analysis on this graph 

compares the drug combinations to leflunomide alone. Cell viability was determined 

by using CellTiter-Glo reagent and all values are represented as a percentage (%) 

relative to the vehicle control. Data is presented as the mean ± SEM of three 

independent experiments each performed with cell culture triplicate Asterisks 

indicate the degree of statistical difference comparing each leflunomide and 

selumetinib condition to leflunomide alone (graph A) or selumetinib alone (graph B). 

Statistical analysis was determined by two-way ANOVA with Turkey’s post-hoc test. 

*P≤0.05, **P≤0.01, ***P≤0.001 and ****P≤0.0001.   
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Figure 5.26. Sensitivity of the M375 melanoma cell line with pre-treatment for 24 

hours with selumetinib, prior to the addition of leflunomide. Graph A displays 

selumetinib concentrations along the x-axis. Statistical analysis on this graph 

compares the drug combinations to selumetinib alone.  Graph B shows the 

concentrations of leflunomide along the x-axis. The statistical analysis on this graph 

compares the drug combinations to leflunomide alone. Cell viability was determined 

by using CellTiter-Glo reagent and all values are represented as a percentage (%) 

relative to the vehicle control. Data is presented as the mean ± SEM of three 

independent experiments each performed with cell culture triplicate.  Asterisks 

indicate the degree of statistical difference comparing each leflunomide and 

selumetinib condition to leflunomide alone (graph A) or selumetinib alone (graph B). 

Statistical analysis was determined by two-way ANOVA with Turkey’s post-hoc test. 

*P≤0.05, **P≤0.01, ***P≤0.001 and ****P≤0.0001.   
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Figure 5.27. Sensitivity of the M285 melanoma cell line with pre-treatment for 24 

hours with leflunomide, prior to the addition of selumetinib. Graph A displays 

selumetinib concentrations along the x-axis. Statistical analysis on this graph 

compares the drug combinations to selumetinib alone.  Graph B shows the 

concentrations of leflunomide along the x-axis. The statistical analysis on this graph 

compares the drug combinations to leflunomide alone. Cell viability was determined 

by using CellTiter-Glo reagent and all values are represented as a percentage (%) 

relative to the vehicle control. Data is presented as the mean ± SEM of three 

independent experiments each performed with cell culture triplicate.   Asterisks 

indicate the degree of statistical difference comparing each leflunomide and 

selumetinib condition to leflunomide alone (graph A) or selumetinib alone (graph B). 

Statistical analysis was determined by two-way ANOVA with Turkey’s post-hoc test. 

*P≤0.05, **P≤0.01, ***P≤0.001 and ****P≤0.0001.   
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Figure 5.28. Sensitivity of the M285 melanoma cell line with pre-treatment for 24 

hours with selumetinib, prior to the addition of leflunomide. Graph A displays 

selumetinib concentrations along the x-axis. Statistical analysis on this graph 

compares the drug combinations to selumetinib alone.  Graph B shows the 

concentrations of leflunomide along the x-axis. The statistical analysis on this graph 

compares the drug combinations to leflunomide alone. Cell viability was determined 

by using CellTiter-Glo reagent and all values are represented as a percentage (%) 

relative to the vehicle control. Data is presented as the mean ± SEM of three 

independent experiments each performed with cell culture triplicate.  Asterisks 

indicate the degree of statistical difference comparing each leflunomide and 

selumetinib condition to leflunomide alone (graph A) or selumetinib alone (graph B). 

Statistical analysis was determined by two-way ANOVA with Turkey’s post-hoc test. 

*P≤0.05, **P≤0.01, ***P≤0.001 and ****P≤0.0001.   
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5.2.6. Pre-treatment of the melanoma cells for 24 hours with leflunomide or 

selumetinib and calculation of drug synergy 

The main goal of these sets of experiments was to determine if the synergy 

altered with either leflunomide or selumetinib pre-treatment. Synergy 

analysis was carried out, with the results clearly seen in figures 5.29 to. 5.36. 

For the A375 cell line (figures 5.29 and 5.30), all but two drug combinations 

remained antagonistic. At 12.5μM leflunomide and 0.025μM selumetinib for 

both leflunomide and selumetinib pre-treatments, now produced synergistic 

values. However these CI values of 0.88363 and 0.9167 for leflunomide and 

selumetinib respectively, are still closer to 1 than 0, thus are classed as not 

strong synergy values and are close to becoming additive. Comparing 

leflunomide and selumetinib pre-treatments all bar two drug combinations, 

the selumetinib pre-treatment produced better CI values, even if they were 

still antagonistic. 

 

Regarding the M229 cell line (figures 5.31 and 5.32) leflunomide pre-

treatment produced all antagonistic CI values. In comparison, selumetinib 

pre-treatment produced a mixture of synergistic and antagonistic CI values. 

However three of the synergistic combination index values produced were 

not as strong as when leflunomide and selumetinib were added to the cells at 

the same time. For example at 50μM leflunomide and 0.05μM selumetinib 

the CI for when the two drugs were added at the same time was 0.617. 

However, when the cells were pre-treated with selumetinib the CI increased 

to 0.92337.  

 

For the M375 melanoma cell line, it is evident that all bar one drug 

combinations in the leflunomide pre-treated cells now produced antagonistic 

CI values. These CI values are markedly worse compared with when 

leflunomide and selumetinib were added at the same time. For example, 

when added together 12.5μM leflunomide and 0.1μM selumetinib produced a 

CI value of 0.834 which dramatically increased to 2.83633. Although 
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selumetinib pre-treatment did not produce as many antagonistic CI values as 

leflunomide pre-treatment, ultimately none improved the synergy values.  

 

On the other hand, M285 cell line responded very well to both the 

leflunomide and selumetinib pre-treatments and as a result, enhanced all of 

the CI values. The most noticeable enhancements were seen with 50μM 

leflunomide. For example at 50μM leflunomide and 0.05μM selumetinib the 

CI was 0.665 when added at the same. When the cells were pre-treated with 

leflunomide or selumetinib, the CI value decreased to 0.38382 and 0.34852 

respectively. This decrease in a CI value indicates stronger synergism.   
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Figure 5.29.  Combination index values for the A375 melanoma cell line with pre-

treatment for 24 hours with leflunomide, prior to the addition of selumetinib.  
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Figure 5.30.  Combination index values for the A375 melanoma cell line with pre-

treatment for 24 hours with selumetinib, prior to the addition of leflunomide. In the 

summary table, purple indicates antagonism, orange indicated additive and green 

indicates synergism.    

A375 melanoma cell line 

    Combination index 

Selumetinib (μM) Leflunomide (μM 
Leflunomide and 

selumetinib at the 
same time 

Leflunomide 24 
hour pre treatment 

Selumetinib 24 
hour pre 

treatment 

0.025 12.5 1.621 0.88363 0.9167 

0.05 12.5 1.526 1.19666 1.22762 

0.1 12.5 1.561 1.41595 1.26827 

0.025 25 1.59 1.22344 1.10714 

0.05 25 1.699 1.28659 1.16125 

0.1 25 1.814 1.55264 1.45044 

0.025 50 1.414 1.27643 1.06051 

0.05 50 1.507 1.20974 1.13169 

0.1 50 1.646 1.6285 1.42372 
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Figure 5.31.  Combination index values for the M229 melanoma cell line with pre-

treatment for 24 hours with leflunomide, prior to the addition of selumetinib.  
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Figure 5.32.  Combination index values for the M229  melanoma cell line with pre-

treatment for 24 hours with selumetinib, prior to the addition of leflunomide. In the 

summary table, purple indicates antagonism, orange indicated additive and green 

indicates synergism.     

M229 melanoma cell line 

    Combination index 

Selumetinib (μM) Leflunomide (μM 
Leflunomide and 

selumetinib at the 
same time 

Leflunomide 24 
hour pre treatment 

Selumetinib 24 
hour pre treatment 

0.025 12.5 0.827 2.1567 0.94701 

0.05 12.5 0.743 2.41606 0.84505 

0.1 12.5 0.939 2.53868 1.06029 

0.025 25 1.011 1.52786 1.28151 

0.05 25 0.831 1.70506 1.11133 

0.1 25 0.94 2.37912 0.77127 

0.025 50 0.801 1.17593 1.08006 

0.05 50 0.617 1.32693 0.92337 

0.1 50 0.846 1.30465 0.59609 
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Figure 5.33.  Combination index values for the M375 melanoma cell line with pre-

treatment for 24 hours with leflunomide, prior to the addition of selumetinib.  
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Figure 5.34.  Combination index values for the M375  melanoma cell line with pre-

treatment for 24 hours with selumetinib, prior to the addition of leflunomide. In the 

summary table, purple indicates antagonism, orange indicated additive and green 

indicates synergism.      

M375 melanoma cell line 

    Combination index 

Selumetinib (μM) Leflunomide (μM 
Leflunomide and 

selumetinib at the 
same time 

Leflunomide 24 
hour pre treatment 

Selumetinib 24 
hour pre 

treatment 

0.025 12.5 0.528 1.54708 0.98374 

0.05 12.5 0.661 2.34111 1.16188 

0.1 12.5 0.834 2.83633 1.9737 

0.025 25 0.473 1.94343 1.04623 

0.05 25 0.549 2.06715 1.38204 

0.1 25 0.754 2.56872 1.85773 

0.025 50 0.328 1.04531 0.99408 

0.05 50 0.327 1.06653 1.03813 

0.1 50 0.519 1.3012 0.95124 
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Figure 5.35.  Combination index values for the M285 melanoma cell line with pre-

treatment for 24 hours with leflunomide, prior to the addition of selumetinib.  
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 Figure 5.36.  Combination index values for the M285  melanoma cell line with pre-

treatment for 24 hours with selumetinib, prior to the addition of leflunomide. In the 

summary table, purple indicates antagonism, orange indicated additive and green 

indicates synergism.     

M285 melanoma cell line 

    Combination index 

Selumetinib (μM) Leflunomide (μM 
Leflunomide and 

selumetinib at the 
same time 

Leflunomide 24 
hour pre treatment 

Selumetinib 24 
hour pre treatment 

0.025 12.5 0.704 0.65261 0.34513 

0.05 12.5 0.95 0.82107 0.62615 

0.1 12.5 1.033 0.60839 0.6709 

0.025 25 0.657 0.54502 0.46565 

0.05 25 0.709 0.50348 0.51353 

0.1 25 0.777 0.43781 0.79389 

0.025 50 0.568 0.52379 0.33812 

0.05 50 0.665 0.38382 0.34852 

0.1 50 0.515 0.25503 0.45099 
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5.2.7 Western blots detecting apoptotic markers in leflunomide and 

selumetinib treated cells.  

Inhibitors that target the MAPK pathway typically have a cytostatic effect; in 

which a G1 cell cycle arrest is observed with little apoptosis. This is the case 

with selumetinib and therefore any apoptosis observed with the combination 

of leflunomide and selumetinib must be due to leflunomide. This prompted 

the next set of experiments to investigate what leflunomide is functionally 

targeting to push this cytostatic threshold over to a more cytotoxic one. Three 

pro-apoptotic markers (poly (ADP-ribose) polymerase (PARP), BCL2-

interacting mediator of cell death (BIM) and p53 up-regulated modulator of 

apoptosis (Puma)) and one anti-apoptotic marker (myeloid cell leukemia 1 

(Mcl-1)) were chosen. As the cell death proteins which leflunomide might be 

targeting with respect to melanoma are unknown, BCL2 proteins thought to 

be regulated by the MAPK pathway were selected. In addition these BCL2 

proteins were also chosen due to them being part of different cell death 

pathways (e.g. caspase-dependent apoptosis, p53-mediated apoptosis and 

DNA damage-induced apoptosis). This provides a broad insight into the 

potential ways leflunomide could induce cell death. For example, BIM and 

PUMA have been reported to bind and inhibit several main anti-apoptotic 

proteins; whereas other BCL2 proteins tend to inhibit a few anti-apoptotic 

proteins. This will aid in elucidating whether a single cell death pathway is 

being targeted or whether multiple cell death pathways are being targeted in 

parallel to each other. The western blots were conducted on A375 melanoma 

cell samples and it is to be highlighted that these experiments are very 

preliminary.  

 

Puma is a pro-apoptotic marker and the antibody for this protein detected 

two bands, one at 23 kDa and another non-specific band at 18 kDa. 

Focussing on the 23 kDa band in figure 5.37, there was a clear decrease in 

the amount of protein present in all of the given treatments compared to the 

DMSO control. This is an ambiguous finding; given that Puma is a pro-

apoptotic protein, one might expect the levels of protein to have increased 
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upon treatment with leflunomide and/or selumetinib. The levels of BIM 

appeared to increase upon treatment with leflunomide and selumetinib 

however it is noted that this western blot is not of the best quality. On the 

other hand a convincing result was observed when detecting for the levels of 

PARP. Again PARP is a pro apoptotic marker and it can be clearly seen in 

figure 5 that in both combinations of leflunomide and selumetinib (the last 

two lanes) cleavage of PARP is present, but hardly in any of the other 

samples. This cleavage of PARP is indicative of cells undergoing apoptosis.  

 

The blot for the anti-apoptotic marker Mcl-1 is again not of the best quality. 

Nonetheless you can see that the levels of Mcl-1 remain relatively stable in 

all of the samples but a possible decrease in the levels of Mcl-1 can be seen 

at 50μM leflunomide in combination with both 0.05 and 0.1μM selumetinib. 

Figure 5.37.  Western blot analysis detecting the presence for anti and pro apoptotic 

markers in A375 melanoma cells. Puma, BIM and PARP are the pro-apoptotic markers 

and Mcl-1 is the anti-apoptotic marker. Cells were subject to treatment with leflunomide 

and selumetinib alone and in combination together at the indicated concentrations.  

10µg of protein was loaded onto each lane. The molecular weights are shown on the 

left. Results for Puma, Mcl, BIM and PARP are from a single experiment representative 

of two, one, one and two independent experiments respectively.   
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5.2.8 Pilot mouse study  

To determine if the combination of leflunomide and selumetinib also works in 

vivo, a mouse xenograft study a mouse xenograft study was undertaken.  

The calculated CI values of the cell viability assays in which leflunomide and 

selumetinib were added in combination at the same time (figures 5.13 to 

5.20) was the starting point for planning the mouse xenograft study. The four 

melanoma cell lines which had the ‘best’ or strongest synergistic combination 

index values were all considered as potential cell lines for the xenograft 

study. The M375 cell line was considered due to all the combination index 

values being synergistic. The M229 and M285 were considered as they both 

gave all synergistic combination index values bar one additive and one 

antagonistic value respectively.  Finally, the SKmel5 cell line was considered 

due to it producing the strongest synergistic values, even though these were 

only produced when leflunomide was in combination with 0.1μM selumetinib.  

 

Having picked the four potential melanoma cell lines, a literature search was 

carried out to see if any of these cell lines have been previously used in a 

mouse xenograft study. Unfortunately, the literature search did not provide 

much more information as some of these cell lines did not appear to have 

been used in a xenograft study before. With this lack of information a pilot 

mouse study was carried out to test whether these four melanoma cell lines 

could give rise to a palpable tumour. The aim of this experiment was to 

determine which cell line to go forward with for the xenograft study.  

 

The M375, M285, M229 and SKmel5 melanoma cell lines were each injected 

into an individual SCID mouse at 1x106 cells. As it was not known how long 

these cell lines would take to form a palpable tumour, if at all, we used the 

A375 cell line to act as a positive control. The A375 cell line is the most 

commonly used cell line in melanoma studies and takes approximately 8 

days to form a palpable tumour in xenograft studies. This also was injected 

into an individual SCID mouse at 1x106 cells. After the mice were injected 
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with each of the cell lines, they were monitored until a visible palpable 

tumour could be seen. Due to this being a pilot study, the mice were not 

monitored on a fixed schedule, but the maximum they were left unobserved 

was 4 days.  
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Figure 5.38.  Results of the pilot study showing tumours for the A375, SKmel5 and 

M229 cell lines, but not for the M285 and M375 melanoma cell lines. Black arrows 

indicate the location of the tumours.  
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The A375 cell line was the first to form a palpable tumour, which took 

somewhere between 1-2 weeks to grow (figure 5.38). The next two cell lines 

to form palpable tumours were M229 and SKmel5, which both took 

approximately 4-5 weeks (figure 4.38). Neither the M375 nor M285 cell line 

had any sign of a palpable tumour after 4-5 weeks (figure 5.38).  Due to both 

of these latter 2 cell lines providing the most promising synergistic data from 

the cell viability experiments, they were preferred to pursue in the xenograft 

study. As neither had yet to produce a palpable tumour after 4-5 weeks, the 

experiment was stopped and was repeated in a subsequent study using a 

larger number of injected cells. 

 

The repeated pilot study for the M375 and M285 cell lines was carried out 

exactly the same, except more cells were injected into the SCID mice. In this 

experiment the M375 and M285 cells were injected at 3x106 cells, with the 

hypothesis that injecting more cells would give a higher probability of the 

formation of a palpable tumour. This hypothesis proved true, with both cell 

lines producing a palpable tumour but at different times. The M285 cell line 

was the first to produce a palpable tumour in approximately 5 weeks (figure 

5.39). After approximately 7 weeks, the M375 cell line gave rise to a palpable 

tumour (figure 5.39). Interestingly, the M375 tumour volume was greater than 

that of the M285 cell line at 3005.85mm3 and 635.70mm3 respectively.  

 

5.2.9 Mouse xenograft study 

Based on the cell viability experiments and the subsequent calculated CI 

values, combined with the ability to form a palpable tumour, the M375 

melanoma cell line was chosen to be used in the xenograft study. The M375 

cells were injected into each mouse at 3x106 cells and were monitored until a 

palpable tumour developed which took approximately 4 weeks. The 

xenograft study had four arms to the experiment: vehicle alone, leflunomide 

alone, selumetinib alone and leflunomide and selumetinib in combination, 

with 10 SCID mice in each. The dosage regime comprised of leflunomide 
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being delivered at 7.5mg/kg once daily by intraperinatal injection. 

Selumetinib was delivered twice daily by oral gavage at 30mg/kg This was 

changed to once daily by oral gavage on day 3 because it was thought that 

the mice were becoming stressed due to the delivery of the drug. The tumour 

volume was measured every 3 days by callipers over a period of 12 days. At 

the end of the experiment, the mice were culled and the tumours excised and 

weighed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.39.  Results of the repeated pilot study showing tumours for the M285, 

and M375 cell lines. Black arrows indicate the location of the tumours. 
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During the 12 days of the xenograft study, 4 mice in the leflunomide arm and 

3 in the combination had to be culled due to them becoming unhealthy. As a 

result, the subsequent analysis was done on the remaining mice. The tumour 

volume was measured every 3 days over a period of 12 days and the results 

can be seen in figure 5.40.  

 

In the vehicle control arm, the average tumour volume increased from 

46mm3 on day 0 to 650mm3 on day 12 (shown in black), indicating a steady 

increase in tumour growth. Interestingly in the leflunomide arm, the average 

tumour volume increased from 46mm3 on day 0 to 712.83mm3 on day 12 

(shown in red). At day 12, this tumour volume is slightly greater than that of 

the vehicle control and the growth in tumour volume also overlaps with that 

of the vehicle control, though not significantly. This shows that leflunomide 

treatment did not reduce tumour volume when compared to the vehicle 

control. In contrast, selumetinib treatment showed a much greater effect on 

the average tumour volume (shown in blue). Again on day 0, the average 

tumour volume was 46mm3, but on day 12 this volume increased to just 

169.7mm3. This is dramatically lower than the vehicle control, at almost a 4-

fold decrease in tumour volume. This shows that selumetinib has the ability 

to reduce the tumour volume alone. In comparison, leflunomide was not able 

to reduce tumour volume alone. However, when leflunomide and selumetinib 

was administered in combination, the tumour volume decreased (shown in 

purple). On day 0 the average tumour volume was 46mm3, which decreased 

to 41mm3 on day 12. Strikingly this decrease in tumour volume remained 

steady at this size over the 12 day period.  

 

The results from the tumour volume analysis would suggest that the 

combination of leflunomide and selumetinib has the capability of not only 

reducing the tumour volume, but preventing the tumour further growing in 

size with selumetinib being the more potent drug in the combination  
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Figure 5.40. The combination of leflunomide and selumetinib reduced the average 

tumour volume greater than either drug alone.  Data is presented as the mean ± SD 

of one independent experiment.   Statistical analysis compares either drug alone to 

them in combination determined by two-way ANOVA with Turkey’s post-hoc test. 

*P≤0.05, **P≤0.01, ***P≤0.001 and ****P≤0.0001. 

 

The tumours from the culled mice at day 12 were excised and weighed 

(figures 5.41 and 5.42). In the vehicle control arm, the tumour weights 

ranged from 0.118g to 0.282g (figure 5.41). In the leflunomide arm the 

tumour weights ranged from 0.147 to 0.299g and on average the tumours in 

this arm were the heaviest. This correlates to the fact that in the leflunomide 

arm the average tumour volumes were also the largest. There is a 

remarkable drop in tumour weight seen in the selumetinib arm with tumour 

weights ranging from 0.02 to 0.084g. The tumour weight decreased further 

when leflunomide and selumetinib were used in combination as the weights 

ranged in this arm from 0.009 to 0.039g.  The combination of leflunomide 

and selumetinib on the effect on the tumour weights was significantly better 

than either of the two drugs alone, with the p values for leflunomide and 

selumetinib being <0.0001 and <0.0494 respectively.  
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Figure 5.41.  The combination of leflunomide and selumetinib reduced tumour 

weight greater than either drug alone. Data is presented as the mean ± SD of one 

independent experiment.   Asterisks indicate the degree of statistical difference 

comparing the combination of leflunomide and selumetinib to each drug alone 

determined by unpaired student t-test. *P≤0.05, **P≤0.01, ***P≤0.001 and 

****P≤0.0001. 
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Figure 5.42 clearly shows visually, the excised tumours. Again this figure 

reiterates what has been observed in figures 5.40 and 5.41.  In figure 5.42 

you can see that the leflunomide arm bears the largest tumours, with the 

vehicle arm holding the second largest tumours. Becoming more noticeable 

was the smaller sized tumours in the selumetinib arm and the smallest sized 

tumours being present in the leflunomide and selumetinib arm. Therefore the 

trend observed in the average tumour volume correlated to what was 

observed with the tumour weights.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.42. Visualisation of the excised tumours from the mouse xenograft study. 

Only nine out of ten tumours are shown for selumetinib arm due to one tumour 

being too small to be excised.  
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5.3 Discussion 

Within the field of melanoma it is increasingly becoming accepted that 

monotherapy is not the way forward in developing treatments. This is due to 

a lack of treatments, and many of the currently available treatments only 

targeting a subset of patients whose tumours have a specific genotype. In 

addition, one of the key obstacles in treating melanoma is the acquisition of 

resistance to current treatments in a matter of months. To address this issue 

researchers are searching for combinations of drugs that are more 

efficacious, cause more durable clinical responses and improve the survival 

rate of patients. To try and contribute to this area of research, the aim of this 

chapter of the thesis was to determine if leflunomide could be used in 

combination with the MEK inhibitor selumetinib.  

 

Initially cell viability assays were carried out on the bank of eight melanoma 

cell lines upon treatment with selumetinib alone. All of the eight melanoma 

cell lines exhibited a dose-dependent decrease in cell viability upon 

treatment with increasing concentrations of selumetinib. However it was 

noted that there was a substantial variation in response to selumetinib 

between the melanoma cell lines. This variation in sensitivity of melanoma 

cell lines in response to MEK inhibitors is consistent with other reports from 

other studies (Euw et al, 2012; Stones et al, 2013; Boussemart et al, 2014). 

One such study tested the sensitivity of the MEK inhibitor E6021 against a 

panel of 31 melanoma cell lines. This study quantified sensitivity in regards 

to the IC50’s produced from the cell viability assays carried out. Sensitivity to 

E6201 was considered if the IC50’s produced were <500 nM and 

hypersensitivity was considered if the IC50’s produced were <100 nM. IC50’s 

produced ranged from 0-10,000 nM. Of the 31 melanoma cell lines 24 were 

classified as being sensitive to E6201, 18 of which were also hypersensitive. 

However 7 of the cell lines produced IC50’s >500 nM. This range in sensitivity 

seen in this study to the MEK inhibitor E6201 is in line with what was seen 

here in this thesis to the MEK inhibitor selumetinib. However what was 

investigated and concluded in the study with E6201, which was not in this 
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thesis, was that gene mutations in each cell line correlated with the 

sensitivity to E6201. Sensitivity to the E6201 was associated with a wildtype 

PTEN and mutant BRAF status. In comparison, resistance to E6201 was 

associated with a mutant RAS status and activation of the PI3K pathway 

(Byron et al. 2012).  

 

Additional studies have also started to make such correlations. For example 

another study identified a subset of melanoma cell lines which were wildtype 

for NRAS mutations and resistant to vemurafenib, but were sensitive to 

treatment of trametinib. This suggests that patients that are wildtype for 

BRAF and NRAS could respond well to trametinib (Stones et al. 2013). In 

both of these studies, the genotype of the melanoma cell lines governed 

these specific responses to the MEK inhibitor. Although this was not 

investigated in this thesis, such experiments would be grounds for further 

studies. This highlights and brings forward the proposed model of 

personalised medicine in which the treatment given to patients is customised 

based upon genetic profiling of their tumour.  

 

Cell viability assays on leflunomide and selumetinib had previously been 

carried out individually. The primary aim of this chapter was to determine if 

leflunomide could be used in combination with selumetinib to provide 

superior tumour cell growth inhibition. Therefore cell viability assays 

determining the effect of leflunomide in combination with selumetinib were 

carried out on all eight of the melanoma cell lines. One of the objectives of 

combinatorial studies is to be able to reduce the concentration of each 

individual drug, thus also reducing toxicities observed from when each drug 

is given alone. However a combination of drugs at lower concentration is 

hoped to elicit an enhanced effect therapeutically compared to either drug 

alone otherwise the combination of drugs is not worth following up further. 

The concentrations of leflunomide used in these combinatorial cell viability 

assays were 12.5, 25 and 50µM. This was based upon previous studies 

which had carried out cell viability assays testing leflunomide in combination 
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with vemurafenib (White et al. 2011). The concentrations of selumetinib used 

were 0.025, 0.05 and 0.1µM. This was determined from prior cell viability 

assays carried out with a range of selumetinib concentrations being tested 

against the leflunomide concentrations with these three concentrations being 

chosen (data not shown). It is to note that the maximum concentration of 

leflunomide being used in these combinatorial assays (50µM) was half that of 

the maximum concentration used in the cell viability assays of leflunomide 

alone (100µM). Likewise, the maximum concentration of selumetinib in these 

assays was considerably lower compared to that of the previous selumetinib 

alone cell viability assays (0.1µM vs 1µM).  

 

All of the eight melanoma cell lines responded to the combination of 

leflunomide and selumetinib. But again, the variation in sensitivity across the 

cell lines that was observed in this set of experiments is likely due to the 

genotyping of each cell line as just described. However future experiments 

would confirm if this hypothesis holds true. For the majority of the cell lines 

upon treatment with the combinations of leflunomide and selumetinib there 

was a dose dependent decrease in the number of viable cells. The 

combinations of leflunomide and selumetinib tested, again for the majority of 

the cell lines and the combinations, appeared to enhance the reduction of the 

number of viable cells compared to either of the two drugs alone. The M285, 

M375 and M229 cell lines clearly exhibited this trend (figures 5.5, 5.6 and 

5.9). For example all of the IC50’s for the M375 cell for the combinations 

tested were all lower than compared to either drug alone. For instance the 

IC50 for selumetinib alone was 0.064µM which was lowered to 0.026µM for 

the combination of 50µM leflunomide and 0.1µM selumetinib (figure 5.6). 

This finding is a trend that is desired from a drug combination. What also 

became apparent from these experiments was this particular combination of 

50µM leflunomide and 0.1µM selumetinib was the most statistically 

significant across all eight of the melanoma cell lines. Overall, these 

combinatorial cell viability assays proved promising results. However the true 

significance of these combinatorial cell viability assays and the key and 

fundamental question that needed to be answered was whether this 
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combination of drugs was acting synergistically or not.  Determining if this 

drug combination reflected synergy or not was the primary focus in how to 

analyse this set of experiments.  

 

From reading the literature there is not a fixed definition of the term ‘synergy’. 

Current existing definitions of the term synergy are not all agreed upon, 

which adds confusion in how to interpret synergy data and most importantly 

how to calculate synergy. This confusion encompassing the term synergy is 

noticeable and has been picked up by other researchers. One study 

investigated how valid synergy claims are by conducting a literature search 

for published papers between 2006-2010 citing the terms ‘synergy’ or 

‘synergistic’ (Ocana et al, 2012). From these papers the preclinical data (in 

vitro and in vivo) was evaluated in order to see if this data and the 

methodology used was sufficient enough for them to justify using the term 

synergy. A total of 86 papers of clinical trials which were carried out based 

upon synergy claims from prior studies were identified. For these 86 clinical 

trial papers published, 132 preclinical papers were also identified as 

supporting papers for the clinical trials. Of these 132 papers, only 90 had 

used the term synergy (68%). This left 32% of the articles not actually citing 

the term synergy in evaluating their possible drug combination. Only 20% of 

the preclinical articles had used appropriate methods to determine synergy, 

which included either of the two most commonly methods in calculating 

synergy; Steel and Peckham isobologram method or Chou and Talalay 

combination index method. Surprisingly the majority of the preclinical studies 

used mouse models and claimed drug synergy without carrying out any 

methodology to validate such claims. What was interesting from this study 

was that from the minority of the studies which did use suitable methodology 

to determining drug synergy, there was no correlation found between using 

adequate methodology and the success of the clinical trial. This is perplexing 

as it could suggest that the success of a drug combination is irrespective of 

whether there is synergy between the two drugs or not. This then raises the 

question of whether calculation of drug synergy is necessary at all and how 

much value does synergy actually hold? However no definite conclusions 
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could be drawn from this study alone due to the identification of few studies 

that correctly evaluated drug synergy to be able to draw statistically 

significant conclusions from. What was also evident was a lack of the use of 

the term therapeutic index (TI) with only 4% of the preclinical studies using 

this term. TI compares the highest concentration at which a drug exerts a 

therapeutic effect to that which causes toxicity. Drugs with a high therapeutic 

index are preferred; however, those with a low profile are often drugs which 

do not progress to the end of the drug development process. Thus, 

regardless of whether the drug combination is synergistic, if the TI is poor, 

the combinations of drugs will unlikely make it through this process. This 

concept was emphasized in this study which states that studies should show 

a greater TI before pursuing such drug combination clinically to try and 

improve the efficacy. Overall, this study concluded that the majority of 

preclinical studies misuse the term synergy and do not use sufficient 

methods to evaluate drug synergy which could ultimately result in 

inadequately designed clinical trials and in part be a fundamental reason 

behind the failure of possible drug combinations in the drug development 

process (Ocana et al. 2012).  

 

To evaluate synergy in this thesis for the combination of leflunomide and 

selumetinib, the methodology of Chou and Talalay was chosen to calculate 

combination index (CI) values. If a CI value of 1 is given, that drug 

combination is said to be acting additively. If the CI value is >1 this indicates 

the drug combination is acting antagonistically. If the CI value is <1 the drug 

combination is said to be working synergistically (Chou and Talalay, 1984). 

For all eight of the melanoma cell lines CI values were calculated. From table 

4.2 showing all of the CI values it became apparent that the highest 

concentration of leflunomide, 50µM, produced the majority of the synergistic 

values. This was not that unexpected given that from the previous cell 

viability assays it was apparent that leflunomide exerted its effects at higher 

concentrations. However there was variation in the CI values produced 

between the eight melanoma cell lines. For example, the M375 melanoma 

cell line produced all synergistic CI values, the M285 cell line produced all 
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bar one but the A375 cell line produced all antagonistic CI value which was 

an unexpected finding. The A375 cell line usually responds very well to 

selumetinib in melanoma studies, and observing no synergy between 

selumetinib and leflunomide was unexpected and potentially of significance. 

This might suggest that this cell line may not always be the best for studying 

melanoma and that a group of melanoma cell lines should be tested.  

 

There could be a number of possible of reasons for the variation seen in the 

CI values produced. One possibility could be imparted due to the 

experimental design itself. Other studies have noted that a particular ratio of 

a drug combination could give rise to synergism, however a different ratio of 

the combined drugs could then cause antagonism (Chou, 2010; Chou 2006; 

Steel and Peckham 1979). Therefore it could be possible that if the 

combination of leflunomide and selumetinib was administered at a different 

ratio other to that used in this thesis of 1:1, antagonistic values could alter to 

become synergistic. For future work, altering the drug ratio of this drug 

combination would be interesting to see if this was the case here, in 

particular for the A375 cell line. 

 

Another possible reason could be that the concentrations of both leflunomide 

and selumetinib may not have been optimised enough. For all cell viability 

assays carried out in this it thesis it became apparent that the sensitivity to 

either leflunomide or selumetinib varied amongst the eight melanoma cell 

lines. Therefore the sensitivity to a particular concentration of leflunomide 

and selumetinib may be more sensitive in some cell lines than others. This 

difference in sensitivity may be reflected in the CI values produced. Future 

studies could optimise the concentration range of the two drugs for each cell 

line. The only disadvantage of this would be that direct comparison could not 

be drawn between the cell lines. Nonetheless, one of the cell lines tested 

here for which this optimisation could prove to be successful is the SKmel5 

cell line. The synergistic CI values produced for the SKmel5 cell line were 

only produced at 0.1µM selumetinib in combination with all of the 
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concentrations of leflunomide tested (figure 5.20). The strength of the 

synergism also improved with increasing does of leflunomide. So if 

concentrations of selumetinib that were higher than 0.1µM were used in 

combination with the concentrations of leflunomide, one possibility is that 

even stronger synergism could be observed.  

 

An alternative reason that needs to be taken into account is that for some of 

the melanoma cells used in this thesis, the history of any chemotherapy or 

radiotherapy received by the patient the cells derived from is unknown. 

Therefore if any resistance had developed from any prior treatment the 

genetic cause of this is not known. Thus, if this played a role in the sensitivity 

of any of the cell lines to leflunomide and selumetinib is also undetermined. 

This links in with the fact that the genotype of each cell line plays a pivotal 

role in the sensitivity to drug treatment and as a consequence the CI values 

produced. It also highlights the substantial heterogeneity of this type of 

cancer. Therefore future studies could sequence the melanoma cell lines for 

a broad range of potential genetic mutations and determine if any specific 

mutations (or not) have an effect on whether synergism or antagonism is 

seen with the combination of leflunomide and selumetinib.  

 

Overall, given that a valid method was used in this thesis to evaluate synergy 

which is frequently used by other researchers, there is confidence in the 

validity of the results. However there is room for improvement in the 

experimental design but due to the discrepancy in the field over the term 

synergy and there being no guidelines on how to determine synergy it 

becomes troublesome in order to resolve any issues arisen.  

 

A question was then posed if either pre-treating cells for 24 hours with 

leflunomide or selumetinib had an effect on the CI values produced. Four of 

the eight cell lines were tested in this next set of experiments; A375, M229, 

M285 and M375. Again variation was seen in the CI values produced and 
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this is likely due to the reasons as just described for the previous synergy 

experiments. However generally speaking, pre-treatment with either 

leflunomide or selumetinib did not improve the CI values for the A375, M229 

and M375 cell lines ((with some exceptions) figures 5.29-5.34). In some 

cases the CI values worsened. Contrastingly, the CI values for the M285 cell 

line became more synergistic for both pre-treatment with leflunomide and 

selumetinib (figures 5.35 and 5.36). This highlights the importance of the 

dosing regime of drugs to patients and how vigilant experiments determining 

drug synergy need to be planned in order to obtain the greatest response.  

 

To determine how leflunomide and selumetinib are mechanistically working 

synergistically together, western blots of pro-apoptotic and anti-apoptotic 

markers were carried out (figure 3.37). These experiments are very 

preliminary and the majority of the blots are still n=1 and some of the 

antibodies still need optimising (specifically BIM antibody). Therefore it is not 

possible to draw any conclusions. The concept behind using these markers 

was because it has been reported from other studies that selumetinib causes 

a G1 cell cycle arrest (Haas et al, 2008; Little et al, 2011). Therefore any 

effect this combination of drugs is causing on apoptosis is likely to be due to 

leflunomide and hopefully using these markers can help to identify how 

leflunomide is affecting apoptosis (see chapter 4). On the other hand it could 

also identify possible unidentified targets that both of these drugs target. 

These experiments are planned to be repeated and finalised and then a 

thorough analysis of the results will be performed and conclusions drawn.  

 

To determine if this synergism observed in vitro between leflunomide and 

selumetinib had a similar effect in vivo, a mouse xenograft study was 

performed. The mouse xenograft was carried out using the M375 cell line 

and for the duration of 12 days. What was obvious from the results of the 

mouse xenograft study (figures 5.40 and 5.41) was that selumetinib was the 

more effective drug compared to leflunomide. This is said because 

leflunomide alone did not reduce the tumour volume or weight compared to 
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the vehicle control. However, when in combination with selumetinib the 

tumour volume and weight significantly decreased than compared to either 

drug alone. The efficacy of selumetinib over leflunomide could also be seen 

from the pre-treatment synergy experiments. For example, for the M229 cell 

line, 24 hour pre-treatment with leflunomide resulted in all antagonist CI 

values compared to the all (bar one) synergistic CI values when leflunomide 

and selumetinib were added at the same time. However when these cells 

were pre-treated with selumetinib, over half of the CI values returned back to 

synergistic, some were even stronger CI values (figures 5.31 and 5.32). The 

reasoning for this domineering potency of selumetinib over leflunomide is 

unknown. It could be feasible that leflunomide and selumetinib are competing 

in the liver to be metabolised by the same enzyme (such as cytochrome 

P450). In this instance the more predominate drug, i.e. selumetinib, would 

therefore exert its potent effects resulting in a decrease of the metabolism of 

the competing drug (leflunomide) and a decrease in its efficacy. It could also 

be possible that the enzymes responsible for metabolising leflunomide and 

selumetinib have counteractive activities. For example the enzyme that is 

responsible for metabolising leflunomide could be inhibited by selumetinib 

and vice versa causing an imbalance of the efficacy of the drugs in the in 

vivo setting.  

 

From the xenograft study there was a decrease seen in the tumour weight 

which could be due to a number of factors. One possibility is that there could 

be a decrease in the blood vasculature present or because the number of 

cells has decreased. Dissecting each individual to examine the blood 

vasculature would answer this question, which was not done in this thesis.  

 

From literature searches there appears to be no means of calculating drug 

synergy from in vivo experiments. Hence from this mouse xenograft it cannot 

be said that the drug synergy seen in vitro was also seen in vivo. But what 

can be said is that the combination of leflunomide and selumetinib 
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significantly decreased the growth of melanoma in vitro and in vivo compared 

to just using either drug alone.  
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Chapter 6: Overall Summary and future 

directions 

 

6.1 Chapter 3: Chemical genetic screen of the NCI diversity set II library 

in X.laevis embryos succeeded by a cell-based screen 

Marrying developmental biology, chemical genetic screening and molecular 

medicine, from this thesis, the chemical genetic screen of the NCI diversity 

set II library and subsequent cell viability screen was a success. It has led to 

the identification of 13 possible compounds of interest. The additional cell 

viability screen strengthened the data obtained from this chemical genetic 

screen. It has aided in narrowing down the compounds to those which 

appear to be specific towards inhibiting melanoma growth.  

 

From this successfully conducted screen in this thesis, more evidence is 

provided to support the use of Xenopus laevis as a model organism in the 

drug discovery process. However it does also highlight the major 

disadvantage of these forward chemical genetic screens; namely that the 

targets of these 13 compounds are unknown. A current collaboration with Dr 

Andreas Bender is underway to try and combine chemoinformatics, the 

compound structures and the phenotypes produced from this thesis to 

predict the potential targets of these compounds (Liggi et al, 2013 and 

Drakakis et al, 2014).  

 

Future work would involve carrying out cell viability assays on the 13 

identified NCI compounds on more melanoma cell lines to strengthen the 

claim that these compounds appear to hold potential therapeutic value in the 

treatment of melanoma. Further experiments would involve cell cycle 

analysis via propidium iodide staining and cell death analysis via Annexin V/ 

propidium iodide staining with the 13 compounds.  This would determine if 
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the reduction in cell viability seen for these compounds was due to either the 

cells becoming arrested in a particular phase of the cell cycle or if the 

compounds are having a more cytotoxic effect and cause cell death. The aim 

of these suggested further experiments is to try and narrow down these 

compounds even further to a select few of interest. The remaining 

compounds would then be tested in a mouse xenograft study to determine 

whether they have the same effect in an in vivo setting.  

 

6.2 Chapter 4: Characterising the function of leflunomide as an 

effective melanoma drug 

Previous studies have shown leflunomide to be a potential drug in treating 

melanoma (White et al, 2011). The further characterisation of leflunomide as 

an effective melanoma drug carried out in this thesis provided further 

evidence to support this claim. However, both White et al. (2011) and the 

results from this thesis suggest leflunomide may be best utilised in 

combination with another drug. In this thesis it was found that leflunomide is 

capable of reducing the cell viability in melanoma cell lines wildtype for BRAF 

and those harbouring the BRAFV600E mutation. Therefore leflunomide in 

combination with another drug (such as vemurafenib, selumetinib or any 

other anti-melanoma drug), holds potential to enhance the treatment of all 

melanoma patients.  

 

Experiments carried out in this thesis showed that leflunomide caused a 

decrease in cell proliferation, a G1 cell cycle arrest and induced apoptosis. 

All of these experiments were carried out on the A375 melanoma cell line. 

However the synergy analysis of the leflunomide and selumetinib 

combinatorial experiments showed this drug combination to be antagonistic 

in the A375 cell line, unlike all the other melanoma cell lines tested. 

Therefore the M375 melanoma cell line which showed the combination of 

leflunomide and selumetinib to be synergistic was used in the mouse 

xenograft study. Future studies would involve repeating the experiments 
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carried out in Chapter 4 of this thesis (such as cell cycle and cell death 

analysis) with the M375 cell line and/or other melanoma cell lines. 

Experiments using the A375 cell line should be treated carefully. A different 

melanoma cell line or better yet, a bank of melanoma cell lines needs to be 

tested in melanoma studies.  

 

The data from this thesis indicates that leflunomide could be having a 

cytoprotective effect at 100µM. Therefore a useful further experiment would 

be to conduct a time course of the cell cycle and apoptosis assays to 

determine specifically at which time-point this effect starts to occur. For 

example, such time-course points could include 12, 24, 36, 48 and 60 hours 

post leflunomide treatment. In this thesis the cell cycle and apoptosis 

experiments were carried out 72 hours post treatment with leflunomide. At 

100µM leflunomide a significantly pronounced G1 cell cycle arrest and a 

reduction in the amount of apoptosis was observed at this concentration 

compared to 25 and 50µM leflunomide. It would also be of interest to 

investigate mechanistically what is controlling this cytoprotective effect seen 

with leflunomide. One study has indicated that p53 has a role in the 

cytoprotective effect observed with teriflunomide (another DHODH  inhibitor) 

and another study reporting that deficient biosynthesis of pyrimidines due to 

inhibition of DHODH initiates a p53 response (Hail et al, 2012; Khutornenko 

et al, 2010). Therefore carrying out western blots detecting p53 and would be 

a rational place to start to determine if p53-dependent pathways are a target 

of leflunomide.  

 

It was noted in this thesis that when cells were treated with 100µM 

leflunomide the intensity of green fluorescence emitted from mitotracker 

green was 3-fold higher compared to the DMSO control. However it could not 

be concluded from this assay why this increase in fluorescence was 

observed at 100µM leflunomide. It could be that there was an increase in the 

number of mitochondria present, or that there was mitochondrial swelling. 

Imaging cells treated with leflunomide would need to be performed. 
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Mitotracker green dye is not well retained post fixation of cells, therefore live-

cell imaging would be required.  

 

6.3 Chapter 5: Investigating the possibility of using leflunomide in 

combination with selumetinib to treat melanoma 

The combinatorial experiments carried out with leflunomide and selumetinib 

proved to be successful both in vitro and in vivo. From the synergy analysis 

of the combinatorial cell viability assays, synergy was observed between 

these drugs for the majority of the melanoma cell lines tested. The 

combination of leflunomide and selumetinib significantly reduced tumour 

growth in the mouse xenograft study compared to either drug alone. 

Although further analysis could be carried out on the excised tumours from 

the mouse xenograft study, it is plausible to look into pursuing this drug 

combination in a clinical trial.  

 

The key future work to be completed from this chapter of the thesis would be 

to analyse the dissected tumours from the mouse xenograft study. Staining 

for a proliferation marker such as  Ki67 or BrdU would reveal to what extent 

the combination of leflunomide and selumetinib inhibited tumour cell division. 

TUNEL staining should also be conducted on the tumour samples to 

determine the level of tumour cell death. Additionally, staining could also be 

performed with a phospho-ERK antibody to visualise and confirm that 

selumetinib was efficiently inhibiting its target MEK. Given how selumetinib 

and leflunomide appear to be working mechanistically, it would be interesting 

to conduct further staining for cell cycle and cell death proteins; such as the 

cyclin D and CDK4/6 complex, p16INK4A and caspase 3.  

 

In Chapter 5 of this thesis, the only in vitro assay conducted prior to the 

mouse xenograft study was the cell viability assays performed with 

leflunomide and selumetinib treated melanoma cells. What could be of 
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interest for future studies would to elaborate on the in vitro assays in this 

chapter. For example, cell cycle (by PI staining) and cell death analysis 

(Annexin V/PI staining) could be conducted on a melanoma cell line treated 

with the combination of leflunomide and selumetinib. This would provide 

functional data as to how these two drugs exert their effects in combination. 

This additional data could also then be compared to the data obtained from 

leflunomide treated cells in chapter 4 of this thesis. Therefore any notable 

differences in the data obtained compared to that in chapter 4 would be due 

to the addition of selumetinib.  

 

Further valuable in vitro experiments that could be conducted would to be to 

carry out cell work on primary tumour isolates directly from melanoma 

patients. Such experiments could offer more clinically relevant information 

regarding the efficacy of the combination of leflunomide and selumetinib. 

Although the efficacy of this drug combination was preliminarily tested in a 

xenograft model, this could be improved in the future by developing patient 

derived tumour xenografts (PDTX) mouse models. One of the major 

disadvantages of xenograft models is that they have limited ability in 

predicting how a possible anti-cancer drug would clinically respond in a 

patient. PDTX mouse models overcome this issue in that they implant 

cancerous tissue directly from a patient’s primary tumour into an 

immunocompromised mouse. This maintains the tumours genetic, 

phenotypic and stromal components of the tumour and enables more reliable 

predictions in how patients would respond to a possible anti-cancer drug. 

However the major disadvantages of the PDTX mouse model is that they are 

expensive and time-consuming (Tentler et al, 2012; Jung, 2014).  

 

This thesis has shown that leflunomide’s efficacy as a potential melanoma 

drug was strongly enhanced in combination with selumetinib. Future 

experiments could further test leflunomide’s efficacy in combination with 

currently available melanoma chemotherapy drugs, such as dacarbazine. 

Furthermore with the current success of immunotherapies for treating 
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melanoma within the field, it would be of interest to investigate whether 

leflunomide in combination with an immunotherapy (such as ipilimumab) is 

also successful. Determining if leflunomide has the versatility to achieve 

similar results with an immunotherapy could reinforce the conclusion of this 

thesis that suggests leflunomide to be a promising drug in the battle against 

melanoma.  
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