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Abstract
Metastatic melanoma is a therapy resistant tumour with conventional chemotherapy
having little or no impact on survival leading to high mortality rate. The incidence of
Melanoma has been increasing over decades. Among the various agents licensed in
treating the disease, clinicians are often faced with challenges of non-response,
ineligibility, toxicity or secondary resistance. Thus there remains an unmet clinical need
for new therapies. Melanoma Cancer stem cells were shown to be responsible for the
resistance of MM to therapies. A number of cell surface proteins (ABCB5,CD133,
CD271, and CD20) are expressed by these stem-like cells in Melanoma, of which CD20
is potentially targetable.
We have developed an easily reproducible sphere formation (melanosphere) cell culture
assay in which six of seven human melanoma cell lines studied demonstrated
melanosphere under non-adherent 3D culture conditions, with reproducible sphere
forming efficiency when cells were plated at low density. Of these previously identified
melanoma cancer stem cell markers, enrichment in 3D non-dherent culture was
consistently observed with CD20 but not CD133 or CD271 markers. The expression of
High Molecular Weight Melanoma Associated Antigen (HMWA) was also dependent
upon non-adherent conditions. Consistent with transformation features, healthy human
melanocytes studied neither forms spheres in 3D non-adherent culture nor expresses
CD20 in 2D or 3D culture conditions.
Mutations resulting in activation of RAS-MAPK pathway were defined in our melanoma
cell lines using PCR and sanger sequencing. The BRAF mutant cell lines in culture
demonstrated higher sphere forming efficiency (p>0.05), and were not killed with BRAF
inhibitor (Vemurafenib) treatment.
Rituximab, a CD20 targeting antibody, at licensed dose was able to disrupt colony
formation. Furthermore, combination therapy with vemurafenib led to significant loss in
cell viability of CD20+ BRAF mutant cells. However, this combination was less effective
in killing CD20 negative BRAF mutant and CD20 negative wild type BRAF melanoma
cell lines. Flow cytometric analysis for apoptosis, showed that combination therapy was
associated with a 3-fold increase in early apoptosis of BRAF-mutant CD20 expressing
melanoma cell line.
In the more aggressive NF1-mutant melanoma cell line, pigment epithelium derived
factor (PEDF) loss was observed to be associated with increased proliferation,
migration and invasiveness. Additional studies including In-vivo assays are required to
further explore the role and applicability of CD20 and PEDF in melanoma. Thus, our
findings demonstrate the utility of our melanospheres in recreating in-vivo differentiation
to determine cell biology and test therapeutic targeting, notably of putative CD20
expressing cancer stem cells.
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Chapter 1: Malignant Melanoma (MM)
1.1 Introduction
Malignant melanoma is an aggressive, chemo-resistant malignancy of the
melanocytes (Markovic et al, 2007). Melanocytes arise from the neural crest
and colonise the skin, to a lesser degree other tissues during embryonic
development (Mort et al, 2015). They are found as a minority cell population
within the basal layer of the epidermis in close association with keratinocytes.
They divide infrequently, less than twice a year (Jimbow et al, 1975) and are
responsible for the production and transfer of melanin pigment to the
keratinocytes (Costin and Hearing, 2007).
Melanin is a complex macromolecule that scatters and absorbs ultra-violet
(UV) radiation and helps to protect the keratinocytes’ nuclei from UV-induced
Deoxyribonucleic acid (DNA) damage (Kaidbey et al, 1979). Melanocytes
proliferation and their pigment production activity are stimulated by UV
radiation of surrounding keratinocytes, which in turn secretes Melanocytes
Stimulating Hormone (MSH) to elicit this process. The MSH binds to
Melanocortin-1

receptor

(MC1R)

expressed

by

melanocytes

thereby

transmitting signal for melanin synthesis (Cui et al, 2007).
Melanocytes are not only confined to the basal layer of the epidermis in the
skin, but also found in the hair follicles where they contribute to hair shaft
pigmentation (Mort et al, 2015). Outside the skin, melanocytes are present in
the Uveal tract of the eye, the central nervous system, meninges and
anogenital tract. Each of these sites can give rise to melanoma that can be
genetically, clinically and histopathologically distinct from classical cutaneous
Melanoma (Shain and Bastian, 2016).
1.2 Melanocyte biology
1.2.1 Melanocyte development and migration
Melanocytes develop as melanoblasts that are derived from precursor neuralcrest cells, which are pluripotent cells that arise from the dorsal neural tube
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(Le Douarin et al., 2004). Melanoblasts migrate, proliferate and differentiate
into melanocytes, whereupon they are located in the basal epidermis and hair
follicles. Melanoblasts are differentiated from other neural crest-derived
populations by the expression of the tightly regulated microphthalmiaassociated transcription factor (MITF), which is critical for both melanoblast
survival and differentiation of the retinal pigment epithelium (Bharti et al.,
2006). Melanocytes also reach the choroid of the back of the eye, the iris, the
leptomeninges and the stria vascularis of the cochlea (inner ear).
Melanoblasts that reach the epidermis differentiate into pigment-producing
melanocytes. On the other hand, those that migrate to the hair follicle either
become MITF-positive differentiated melanocytes located in the bulb or to
adopt an MITF-negative stem cell fate and reside in the bulge (Nishikawa and
Osawa, 2007). The mechanism and details underpinning this choice of fate is
not fully understood. It is however known that, an early event in becoming a
stem cell is down-regulation of the transcription factor Sox10 (Osawa et al.,
2005), an activator of the MITF promoter, and TGF-b-mediated downregulation of MITF expression (Nishimura et al., 2010). Melanocyte stem cells
also express enhanced Notch signalling that is essential to suppress
differentiation of stem cells and melanoblasts (Kumano et al., 2008; Moriyama et al., 2006).
The study of inherited skin pigmentation disorders resulting in an absence of
melanocytes, such as albinism, has led to the identification of signalling
pathways involved in melanocyte migration. Key genes in this developmental
pathway include PAX3 (paired-box 3), SOX10 (sex-determining region Y
(SRY)-box 10), MITF, endothelin 3 and endothelin receptor B (EDNRB) (table
1.1). These interacting pathways culminate in the regulation of the master
melanocyte survival factor MITF (figure 1.1).
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Table 1.1 Inherited defects in signalling pathways resulting in abnormal
melanocytes functions (Adapted from Price, E. R. & Fisher, D. E., 2001)
Syndrome

The

functional Clinical manifestations

consequence

of

the

inherited mutation
Waardenburg syndrome

Mutation

in

melanoblast
factors

the Congenital
survival heterochromia

endothelin and

signalling

patches

of

factors Occasionally associated

(PAX3, MITF, SLUG or with
SOX10).

Hirschsprungs

disease)

Mutation

in

melanoblast
factors

irides

or leukoderma.

transcription

piebaldism

deafness,

Kit

the Leukoderma

with

survival hypopigmented
or

steel macules,

signalling.

white

(typically

hairs

eyebrows,

eyelashes and forelock).
Rarely, it is associated
with

deafness

or

hirschsprungs disease.
Tietz syndrome

Like

Waardenburg Generalised

syndrome,

but

in

a hypomelanosis,

deaf-

different region of the mutism, hypoplasia of
MITF gene.

the eyebrow, light blond
hair and blue hair. But
individual do not have
photophobia
nystagmus.
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or

Figure 1.1 Regulatory pathways of MITF: interacting pathways culminating
in the regulation of the master melanocyte survival factor MITF (Adapted from
Lin JY and Fisher DE, 2007)
1.2.2 MITF, a melanocyte master regulator
MITF is a conserved member of the Myc-related family of basic helix–loop–
helix leucine zipper (bHLH-Zip) transcription factors that bind the canonical
(CA[T/C]GTG) E box sequence (Steingrimsson et al., 2004). MITF expression
is regulated by the canonical WNT/β-catenin-signalling pathway (Larue, L. &
Delmas, V. (2006) and is active early during the transition from pluripotent
neural-crest cells to melanoblasts (Steingrimsson et al., 2004). Similarly,

4

SLUG seems also to be required for melanoblast migration and survival
(Perez-Losada, J. et al., 2002). Loss of MITF expression during embryogeneis
results in absence of melanocytes (Lerner, A. B. et al., 1986).
Activation of the tyrosine kinase receptor c-Kit by Kit-ligand (KitL, also known
as steel factor or SCF) leads to Ras-MAPK pathway activation that results in
phosphorylation of the transcription factor MITF (Wehrle-Haller, B 2003).
Hence tissue production of SCF is crucial for melanoblast survival and
proliferation, during their migration to colonize hair follicles and the epidermis
(Mackenzie et al., 1997; Jordan, S. A. & Jackson, I. J., 2000)
The downstream targets of MITF include Bcl-2 (B-cell leukaemia/lymphoma
2), an inhibitor of apoptosis that is required for melanocyte viability (Veis et al.,
1993). Another MITF target gene is cyclin-dependent kinase 2 (Cdk2), a cellcycle regulator and oncogene in cases of familial melanoma, which maintains
melanocytes in cell cycle and viable (Du, J. et al., 2004). In addition to
regulating genes that promote melanocyte survival and differentiation, MITF
expression is necessary for the coordinated activity of melanin production by
tyrosinase, TRP1 and TRP2, pigment targets of MITF in melanocytes:
PMEL17 (also known as gp100, which encodes the melanoma-diagnostic
epitope HMB45), melan-A (also known as MART1), melastatin (TRPM1) and
AIM1 (oculocutaneous albinism 4) (Levy C et al. 2006).
1.2.3 Melanocyte function
While the numbers of melanocytes differ between anatomic sites, greatest in
the genital region and least on the back, their numbers are remarkably
consistent between individuals. On average there is one melanocyte, located
along the basal layer, per every 10 basal keratinocytes or up to 40 total
keratinocytes (if supra-basal layer keratinocytes are included). This ratio
between melanocytes and keratinocytes is called an epidermal melanocyte
unit (EMU). Within the EMU, the melanocyte at the centre is connected to
each of the surrounding keratinocytes by dendritic processes (Figure 1.2).
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Epidermal Melanocyte Unit

Figure 1.2. Epidermal melanocyte unit. Melanocytes (represented in black
with a yellow coloured nucleus) reside above the basement membrane (Grey)
interspersed with keratinocytes (represented in blue with red coloured nuclei)
with along the basal layer. Each melanocyte has a number of dendrites (finger
like projections) that protrude into the surrounding keratinocytes. The
melanocytes produce melanosomes containing melanin, which are transferred
along these dendrites into keratinocyte. Once melanosomes enter the
keratinocyte they congregate around the superior margin of the nucleus
(represented as black moustaches here). Thus each melanocyte serves to
supply melanin in the form of melanosomes to a limited number of
keratinocytes, typically between 20 and 40 keratinocytes per melanocyte, this
relationship is referred to as the epidermal melanocyte unit (EMU).
Interestingly differences in the number of melanocytes between different racial
groups do not occur. Difference in Skin colour among various races depends
on the density and constituent of unique pigment (melanin) containing
organelle, which is similar to lysosomes, called melanosomes. Melanocytes
continually produce melanosomes, which are then transferred along their
many dendrites to the surrounding keratinocytes. The melanocyte dendrites
transfer melanosomes into the keratinocyte cytoplasm. These then aggregate
around the superior boundary of the keratinocyte nucleus. The chemical
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composition of melanin within the melanosomes facilitates the absorption of
ultraviolet (UV) radiation, thus limiting the amount of UV reaching the
keratinocyte nucleus and so act to prevent UV-induced DNA damage. A major
factor determining racial skin colour is the composition of the types of melanin
produced within melanosomes, which is discussed in more detail later.
Melanosomes not only house melanin but they also produce it. The
production of melanin needs to occur in within an organelle because many of
the melanin precursors are cytotoxic. Thus the enzymes necessary for
melanogenesis are transferred from the melanocyte cytoplasm into the
melanosome, and defects in these proteins or the transfer process can
manifest as leucoderma (table 1.2).
Table 1.2: Inherited disorders of melanogenesis
Syndrome

The

functional Clinical manifestations

consequence

of

the

inherited mutation
Oculocutaneous

Mutation in tyrosinase or Diffuse

albinism

associated

proteins, (complete

which

reduces including skin, hair and

trafficking

of

important

protein

pigment

this eyes.

or

the melanosome.

partial),

The

into involvement

loss

eye

leads

to

strabismus, nystagmus
and loss of binocular
vision.

Hermansky-pudlak

Mutation in proteins that Diffuse

syndrome

are

important

pigment

in (complete

or

loss

partial),

trafficking proteins into including skin, hair and
many different types of eyes. But also, bleeding
intracellular

organelle, tendency,

including melanosomes. fibrosis

pulmonary
and

Or a defect in proteins granulomatous colitis.
that are important for
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intracellular

organelle

biogenesis.
Chediak-Higashi

Mutation in the gene Diffuse

syndrome

CHS1,

which

is

important

pigment

an (complete

or

partial),

giant including skin, hair and

intracellular

organelle eyes. But also, bleeding

(including

tendency,

progressive

melanosomes,

neurological

neutrophil granules and dysfunction,
platelet

neutrophil

granules) and natural killer cell

trafficking.
Griscelli syndrome

loss

dysfunction.

Mutation in proteins that Diffuse
transfer

pigment

melanosomes (complete

or

loss

partial),

along dendrites. Some including skin, hair and
of these proteins are eyes.
also

important

But

in progressive neurological

transfer along neuronal dysfunction
dendrites.

also,
and

defective immune cells
(because of an inability
to

release

cytotoxic

granules).

1.2.4 Melanin production
As stated earlier, racial skin colour is determined neither by the number of
melanocytes nor by the number of melanosomes, but by the melanin type.
Generally, melanin is divided into two types, eumelanin and phaeomelanin. As
seen in the biosynthesis of melanin (figure 1.3), eumelanin has two forms. It
subsequently known that racial skin colour is dependent on the chemical
contents of melanosomes. The relative concentration of TRYP2 (also known
as DOPAchrome tautomerase) determines whether the brown or black
eumelanin is produced. However, this alone does not determine skin colour,
as interplay of other factors including genetic ones are required.
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Figure

1.3:

The

melanin

biosynthetic

pathways. Eumelanin and

pheomalanin are synthesized in melanosomes of melanocytes through series
of reactions that are catalyzed by specific melanogenic enzymes (black).
Production of these enzymes is driven by the MITF transcription factor whose
activity is regulated by a number of signaling pathways including PKC
(brown), cAMP (blue), MEK (purple), and WNT (orange). These signaling
pathways are activated upstream by receptors such as KIT (ligand: SCF) and
and MC1R (ligands: α-MSH, ACTH and ASP). The MITF transcription factor
drives the expression of a number of genes including SOX10 and PAX3.
Protein kinase C (PKC); cyclic AMP (cAMP); MAPK/ERK Kinase (MEK);
Kinase (MEK); Wingless-related integration site (WNT); Stem Cell Factor
(SCF); Melanocyte-specific Wingless-related integration site (WNT); Stem
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Cell

Factor

receptor

(SCF);
(MC1R);

adrenocorticotropic

Melanocyte-specific

melanocortin-1

α-melanocyte-stimulating
hormone

(ACTH);

agonist

melanocortin-1

hormone
stimulating

(α-MSH);
protein

(ASP)(Stacey et al., 2016)
It has been estimated that over 100 genes may be involved in regulating
melanin dose in the skin.

Out of these, two proteins, the well-known

melanocortin receptor 1 (MC1R), and the other an unusual protein called
SLC24A5 exert the greatest control. The MC1R is the receptor on
melanocytes that binds alpha melanocyte stimulating hormone (αMSH) and
adrenocorticotrophic hormone (ACTH). Both αMSH and ACTH are generally
considered as anterior pituitary hormones, released from the precursor protein
pro-opiomelanocortin (POMC). Addison’s disease from adrenal insufficiency
results in increased levels of POMC and therefore αMSH and ACTH, which
result in the observed increase in skin pigmentation. Increase in physiological
levels of these hormones is also associated with hyperpigmentation seen
during pregnancy. An increase in p53 levels is observed following UV induced
DNA damage in keratinocytes. As p53 levels rise, the protein binds the DNA
regulating site of the αMSH resulting in the release of the αMSH from the
keratinocytes. It then binds to the MC1R on melanocytes for enhanced
melanin production; resulting in a tan (Rutao Cui et al., 2007).
For individuals that don’t tan on exposure to sunlight (Fitzpatrick skin type 1),
the response to UV light as discussed earlier results in local αMSH
production, which in turn binds to the melanocyte MC1R protein. In these
Individuals that don’t tan, but instead readily get sunburn, have an underfunctioning MC1R protein. So that skin colour in these individuals favours the
default phaeomelanin pathway. Individual phenotypes characterised by red
hair, fair skin and propensity to freckle are determined by variation in MC1R
protein and to date there are at least 30 different variants reported. The other
major regulator of skin colour is SLC24A5, whose function in skin
pigmentation has only recently been discovered also regulates expression of
MC1R and αMSH. It appears that SLC24A5 has two human variants that
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differ by only one amino acid. Almost all African and Asians have one of these
variants, whereas 98% of Europeans express the other (Basu M et al., 2013)

1.2.5 Melanocyte stem cells
Epidermal melanocytes appear not to proliferate, instead producing
melanosomes for the accompanying basal layer keratinocyte. However,
melanocytes in the hair follicle demonstrate a lifecycle aligned to the hair
follicle cycle. Melanocytes in the hair follicle bulge do not produce pigment
and instead proliferate to produce daughter cells that accompany the anagen
hair follicle growth downwards, which mature in the hair follicle bulb to
produce pigment for the emerging hair shaft. Hair greying with age is
associated with attrition bulge melanocyte (Nishimura et al., 2005). These
findings support the existence of adult stem cell hierarchy within
heterogenous melanocyte populations.
1.3 Melanoma Epidemiology
Malignant melanoma mainly afflicts Caucasians, although distinct types such
as acral and mucosal melanomas also occur among the dark skin individuals.
Its incidence is increasing rapidly worldwide and this varies internationally with
Australia having the highest rate. Over 95% of primary melanoma tumours are
found on the skin although extra-cutaneous sites harbouring melanocytes
mentioned above could be involved (Markovic et al, 2007). The disease is
notorious for affecting young and middle-aged individuals as against older
adults seen with most solid tumours (Markovic et al, 2007).
Malignant Melanoma accounts for approximately 5% of all skin cancers in the
UK but disproportionately accounts for 80% of skin cancer deaths (Cancer
research, UK 2015).

In 2015, in the UK, the lifetime risk of developing

malignant melanoma was 1 in 55 for men and 1 in 56 for women (Cancer
research, UK 2015).

Since the mid-1970s in Great Britain, malignant

melanoma incidence rates have increased more rapidly than any of the
current ten most common cancers in males and females.

Over the last

decade (between 1999-2001 and 2008-2010) the European age standardised
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incidence rates have increased by 65% and 46% in males and females,
respectively. The incidence of melanoma has quadrupled over the last 30
years, with 14,509 new cases diagnosed in the UK in 2013 and 2,148 deaths
recorded in 2012 (cancer research UK, 2013). According to national cancer
data, Wales currently has the highest age-standardised incidence of
melanoma in the UK (20 per 100,000 individuals) as well as the worst agestandardised mortality rate (2.9 per 100 000 individuals) in Europe (Sant et al,
2009). The most conservative estimate of the percentage of patients that have
metastatic melanoma is 19%, in the UK around 59,000 people were still alive
at the end of 2006 (up to ten years after being diagnosed with malignant
melanoma); implying that there were over 11,200 patients with metastatic
melanoma (National Cancer Intelligence Network –NCIN, 2010).
1.4 Risk factors for MM
Several risk factors have been ascribed to the occurrence and increasing
incidence of MM among which strong intermittent UV exposure rather than
total cumulative exposure is the most important. Known risk factors can be
summarised in the table below based on level of evidence:
Table 1.3: Risk factors for MM by evidence (Adapted from Markovic et
al,2007)
Strong evidence

Moderate evidence

Inconclusive

or

no

increased risk
A-Environmental

and

life style factors
Exposure to sunlight
Geographical
eg Low latitude.

location

Tanning

beds, Exogenous

sunlamps,

obesity, Alcohol,

Industrial occupation.
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hormones,
smoking,

Vitamins A and E

B-Host factors
Increase

number

of Personal history of skin Pregnancy

naevi, Dysplastic naevi, cancer,
family

history

hormones

Immunosuppression,

menarche,

sensitivity

hair,

of Male sex, Endogenous

melanoma,
Sun

brown
(age

at

parity),

or Vitamin D deficiency

inability to tan, Blue or
green eyes, Blond or
red hair.

Epidemiological studies, both case-control and cohort studies, have identified
ambient sun exposure as the major environmental cause of melanoma
(Gruber SB and Armstrong BK; 2006). In most countries, the proportion of
melanoma attributed to sun exposure is between 78-90%. In the UK, 82% of
melanoma are attributed to sun exposure (Armstrong BK and Kricker A, 2001;
Armstrong BK, Kricker A, 1993; Parkin DM and Mesher D, Sasiene P, 2010.).
The association of melanoma and sun exposure is strongest with intermittent
exposure than chronic exposure, although lifetime sun exposure is positively
correlated (Gandini et al., 2005a; Gandini et al., 2005). Exposure to sunlight in
childhood appears to be a sensitive period, with melanoma developing
decades later (Gruber SB and Armstrong BK; 2006). Of particular importance
is sunburn, which seems to be a risk factor even when it occurs later in life
(Dennis LK, et al., 2008). Consistent with the association of UV in melanoma,
the risk of melanoma increases after indoor tanning before the age of 35
years in line with the number of tanning sessions (Boniol M et al., 2012).
Consistent with the epidemiological data, melanoma genome sequencing has
identified an increased prevalence of UV signature mutations. Sun avoidance
and sunscreen use can reduce the risk of melanoma by as much as 50%
(Green AC et al., 2011) and concerted efforts in form of campaigns to raise
awareness are being promoted both internationally and nationally including
Welsh “don’t be a lobster” campaign employed on welsh beaches.
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1.5 Familial melanoma
In approximately 10% of melanoma patients there is a positive family history
of melanoma in first- or second-degree relatives (Hayward NK; 2003). While
family history may be related to shared environmental exposure, 55% of such
cases exhibit a genetic predisposition to melanoma (Shekar SN et al., 2009).
CDKN2A is a high penetrance melanoma susceptibility gene. This gene
encodes for p16INK4a and p14ARF. It is involved in cell-cycle arrest and
melanocyte senescence and is commonly targeted by somatic mutations
during melanoma progression (Meyle KD and Guldberg P., 2009).
Studies have shown MCR1 to be an intermediate penetrance susceptibility
gene. Essentially, pigmentation phenotypes and development of melanoma
have been linked to Natural variation in the coding region of the melanocortin1 receptor (MC1R) gene (Kanetsky PA, et al,. 2006; Fargnoli MC et al., 2006)
MC1R genetic polymorphisms have been found in 80% of individuals with red
hair, fair skin, and poor tanning inability, whereas variants are less common
(20%) in black-haired and brown-haired persons and rare (4%) in individuals
who tan easily (Smith et al., 1998; Ress, JL,2004; Bastiens et al., 2001).
When specific deleterious MC1R variants are present either in heterozygous
or homozygous carriers the melanoma risk is elevated 2 to 3.6 fold (Palmer et
al., 2000; Kennedy et al., 1998).
Genome-wide association studies have additionally identified a number of low
penetrance melanoma susceptibility genes such as ASIP, TYR, and PLA2G6;
underscoring the role of cell cycle control and DNA repair processes. (Law
MH, et al. 2012).
1.6 Spectrum of MM development/Progression
MM is considered to be a heterogenous disease harbouring multiple
pathogenic mutations. Although the disease can develop on a background
normal skin, most primary melanomas are found on a background precursor
lesions ranging from benign naevi, dysplastic naevi to melanoma in situ and
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keep acquiring heterogeneity while evolving (Shain et al 2015 and Timar et al
2016). Clinical categorisation based on clinical description of patterns of
melanoma growth, subdivide melanoma into those wherein aberrant
melanocytes are derived from the skin or internal tissues (eye, internal
organs, and mucosal membranes). The mutagen and driver mutations differ,
albeit still involving activation of the Ras-MAPK pathway, confirming clinical,
pathological and genetic correlation (Bastian BC, 2014). Even within the skin
derived melanoma there is clinical variability of presentation. Melanoma
arising on the head and neck frequently arises on the background of high
chronic sun exposure and present as lentigo maligna melanoma or
desmoplastic melanoma. While less sun-exposed skin of the trunk and limbs
may present as non-chronic sun exposed melanoma, spitzoid melanoma, blue
naevus like melanoma and melanoma in congenital naevus. Finally
melanoma of palms, nail and sole also represent a clinically and genetically
distinct subgroup.
A classical model of progression is shown below although skipping of certain
stages do occur:

Figure 1.4: MM model of progression. Melanocyte polyclonality is a
precursor event. From initial formation of benign naevus, this can progress to
invasive melanoma through intermediate lesions (Adapted from Shain and
Bastian, 2016)
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Ultraviolet (UV) light is a potent mutagen, causing defined alteration in the
DNA resulting in a characteristic mis-read mutation of “C” to “T” or “CC” to
“TT”. Consistent with UV as the main mutagen, melanomas harbour a high
burden of UV signature mutations (Mar VJ, et al., 2013). As for normal
melanocyte survival and proliferation, the RAS-MAPK pathway is frequently
activated by driver mutations in melanoma cases: BRAF (~50%), NRAS (~2025%), NF1 (15%), and KIT (~3%) (Schadendorf D et al., 2015).
1.7 Molecular pathogenesis of Melanoma
The various molecular pathways that are altered and involved in driving
melanoma are depicted in the figure 1.5 below.
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Figure 1.5: Molecular pathogenesis of melanoma (Adapted from Monzon
and Dancey, 2012) Abbreviations: AKT, Protein Kinase B; ERK, extracellular
signal-regulated kinase; FLT -3, FMS-like tyrosine kinase 3; MEK, mitogenactivated ERK extracellular signal- regulated kinase; mTOR, mammalian
target

of

rapamycin;

PDGF,

platelet-derived

growth

factor;

PI3K,

phophoinositol-3-kinase; PTEN, phosphatase and tensin homolog; RAF,
murine sarcoma viral oncogene; RAS, rat sarcoma oncogene; RTK, receptor
tyrosine kinase; vEGF, vascular endothelial growth factor.
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1.7.1 The RAS/RAF/MEK/ERK pathway
The RAS/RAF/MEK/ERK pathway plays a role in normal organogenesis;
however, when aberrantly activated it can lead to malignant cellular
proliferation, inhibition of apoptosis, and invasion (Raman et al 2007). This
mitogen-activated protein kinase (MAPK) pathway relays extracellular signals
from the plasma membrane of the cell to the nucleus via an ordered series of
phosphorylation events (Garnett et al 2004). Various extracellular stimuli,
including growth factor-mediated activation of receptor tyrosine kinases
(RTKs), lead to the sequential recruitment, phosphorylation, and activation of
one of three RAS isoforms (designated KRAS, NRAS, HRAS), three RAF
family members (ARAF, BRAF, CRAF) via a SRC-family tyrosine kinase, MEK
(mitogen-activated ERK kinase) and ERK (extracellular signal-regulated
kinase)(Marais et al, 1997 and Ku et al, 1995). Activated ERK translocates to
the nucleus and phosphorylates several nuclear transcription factors
necessary for cellular proliferation, differentiation, and survival.
Activation of the MAPK pathway was reported to occurs in up to 90% of
melanomas (Cohen et al 2002). Davies et al, 2002 and Omholt et al, 2002
reported the two most common mechanisms for MAPK pathway activation in
melanoma as mutations in the BRAF (40%–60%) and NRAS genes (15%–
30%). The most common mutation in BRAF is on exon 15 of the gene, BRAF
V600E, accounting for the majority (>90%) of all activating BRAF mutations.
The protein product of the V600E mutation has demonstrated a 10.7-fold
increase in kinase activity as compared with the wild-type protein (Davies et
al, 2002). Constitutive activation of BRAF and the MAPK pathway impart a
proliferative and survival advantage to the cancer cell (Pollock et al 2003).
The second most common means for MAPK pathway activation in melanoma
is through mutations in the NRAS gene. Somatic RAS mutations usually occur
in codons 12, 13, or 61 and maintain RAS protein in a constitutively active
state (Omholt et al, 2002 and Barbacid, 1987). It is interesting to note that,
BRAF and RAS activating mutations are often mutually exclusive events,
suggesting only one mutation within the same pathway is sufficient for
pathway activation and denoting the redundant mechanisms of activating this
18

pathway in melanoma pathogenesis. Of note, oncogenic RAS can also bind
and activate PI3K, resulting in increased AKT activity (Cully et al, 2006).
Therefore, RAS activation leads to the up-regulation of two major signaling
cascades involved in Melanoma formation. This has a lot of therapeutic
significance.
1.7.2 PI3K/AKT/mTOR pathway
The PI3K/AKT/mTOR pathway is another signaling transduction pathway that
is aberrantly activated in several cancers, including melanoma (Cully et al,
2006).

In

response

phosphatidylinositol-4,5-

to

activated

RTKs,

biphosphate

the

to

PI3K

phosphorylates

phosphatidylinositol-3,4,5-

triphosphate (PIP3), recruiting other proteins to the plasma membrane and
leading to activation of the major downstream effector of the PI3K pathway,
AKT which in turn phosphorylates a number of substrates that promote cell
survival, proliferation, and invasion (Robertson, 2005). One substrate of this
pathway is the mTOR, a serine threonine kinase that modulates protein
synthesis, angiogenesis, and cell cycle progression. Targeting mTOR in renal
cell

carcinoma,

neuroendocrine

tumors,

and

lymphoma

has

been

demonstrated to be of therapeutic benefit.
Although activating mutations in PI3K are rare, downstream effectors PTEN
and AKT, are altered in the majority of melanomas (Stahl et al, 2204 and
Zhou et al, 2000). The tumor suppressor gene PTEN encodes a lipid and
protein phosphatase that negatively regulates the PI3K cascade. Decreased
or loss of PTEN expression through inactivating mutation, deletion or
epigenetic silencing, is observed in 30%–60% of primary melanomas (Stahl
et al, 2004 and Tsao et al, 2003). It also worth noting that somatic mutations
of PTEN gene occur in association with BRAF but not NRAS mutations
suggesting the dual pathway activation can be accomplished by alterations in
NRAS alone or the combination of PTEN and BRAF (Davies et al, 2002 and
Curtin et al, 2005).
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1.7.3 c-KIT
c-KIT (also known as CD117) is a RTK that also contributes to the
pathogenesis of a subset of melanomas that do not harbor NRAS or BRAF
mutations. c-KIT activates several signaling cascades, including the MAPK,
PI3K/AKT/ mTOR, and microphthalmia associated transcription factor (MITF)
pathways (Hemesath et al, 1998). c-KIT signaling is necessary for
differentiation, proliferation, and migration of normal melanocytes. Mutations
in c-KIT and/or copy number increases were identified in the melanomas from
mucosa, acral and chronic sun-induced damaged skin (Curtin et al, 2005 and
Yun et al, 2011). Point mutations in this gene were reported by Curtin et al,
2006 to occur in low frequencies (<10%) involving exons 11, 13, 17 and 18.
Its mutations have been reported by to result in constitutive activation of
downstream effectors of key signaling pathways in melanoma cells (Ashida et
al, 2009).
The laboratory and clinical studies quoted above support the importance of
activating c-KIT and components of the PI3K and MAPK pathways for
melanoma pathogenesis. Based on this evidence, activation may occur
through NRAS mutations that activate both the PI3K and MAPK pathways, or
concurrent BRAF mutations with altered function of either PTEN or AKT, or
through c-KIT mutations. Although these are not the sole alterations that
contribute to melanoma pathogenesis (table 1.4), the clinical and laboratory
results provide the initial rationale for testing specific agents combinations in
melanoma therapeutics.
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Table 1.4: Common mutations and their roles during melanoma progression.
(Adapted from Shain and Bastian, 2016)

1.7.4 NF1 mutation in melanoma
Neurofibromin type 1 (NF1) on the other hand, is one of the largest genes in
the human genome. It is an isoform of the neurofibromin protein encoded for
by the NF1 gene. It is a well categorized tumour suppressor gene and has
significant negative RAS regulatory activity (Bernards and Settleman, 2005) .
Although predominantly seen in the brain, NF1 is ubiquitously expressed and
somatic NF1 mutations have been implicated in many cancers such as brain,
ovarian, breast and lung (Yap et al 2014). The large size of NF1 gene makes
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it prone to high spontaneous mutation rates.
As previously explained, profiling of melanoma genetic events has identified
RAS-mitogen-activated

kinase

(RAS-MAPK)

signaling

pathway

as

a

significant driver in melanoma development and progression. This pathway
has an important role in linking extracellular signals to the processes that
control fundamental cell events such as differentiation, growth, proliferation,
migration, apoptosis and senescence; and NF1 has a key role in regulating
this pathway. MITF and PEDF are two important downstream effectors of this
RAS-MAPK pathway with NF1 therefore exerting a regulatory effect on their
expression. A study involving a whole-exome sequencing of over 200
melanomas reported a loss-of-function NF1 mutations as the third most
common genetic event in melanoma behind activating BRAF and NRAS
mutations (Krauthammer et al., 2015; Cancer Genome Atlas network, 2015).
In fact over 90% of melanomas are shown to express abnormality in this RASMAPK pathway (Yajima et al, 2012). Cirenajwis et al (2017) reported NF1
mutated melanoma as a distinct clinical and biological entity, commonly
prevalent among older males, showing stronger correlation with UV
mutagenesis and depicts a high burden of somatic mutations. While the
option of targeted therapy exist for BRAF V600-mutant melanoma, other
melanoma subtypes including NF1 or triple-wild-types have no effective
therapeutic option a part from immunotherapy. They were shown to have
poorer prognosis and overall survival (Cirenajwis et al., 2017).
Pigment epithelium-derived factor (PEDF) on the other hand is a glycoprotein
of approximately 50 kDa. It is believed to be a secreted serine protease
inhibitor (serpin) with multiple functions. It has dual anti-tumour activity in
several human malignancies through targeting and modifying both the tumour
cells directly and the tumour microenvironment (Figure 1.6).
PEDF has been shown to be a direct transcriptional target of MITF in
melanoma and melanocytes (Dadras et al, 2015)
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Figure 1.6: Direct and Indirect anti-tumour effects of PEDF. PEDF exerts
its anti-tumor effect directly through its interaction to cause apoptosis and
decrease cellular proliferation by decreasing the number of cells entering Sphase thereby leaving majority of the cells in G0 resting phase. Its indirect
anti-tumour effects is by inducing apoptosis of endothelial cells as well as
reduced expression of pro-angiogenic factors leading to decreased tumour
perfusion (Adapted from Ek et al, 2006)
Analysis of 102 tumours involving several melanoma stages showed a
consistent down-regulation of PEDF expression during tumour progression
with PEDF correlating inversely with tumour thickness (Dadras et al, 2015).
A classical clinical manifestation involving mutation in NF1 gene is
Neurofibromatosis type 1 (NF1). It is a multisystem and highly variable
autosomal dominant genetic disorder caused by mutations in the NF1 gene.
The disease is one of the most common genetic diseases worldwide with an
estimated 1in 2000 to 1 in 5000 affected individuals; approximately half of all
cases are due to sporadic mutations (Yap et al 2014). Germ line NF1
mutations can either be inherited or acquired, with pathogenic mutations in
NF1 patients identified in all 60 exons of the NF1 gene (Theos and Korf,
2006). The disease can affect every system in the body with its features split
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between malignant tumours, benign tumours and non-tumour manifestations.
These include malignant nerve sheath tumours, leukaemia, optic glioma, Lish
nodules, bone defects and scoliosis (Yap et al 2014). It is believed that a loss
of NF1 function and hyper-activation of the RAS-MAPK pathway is what leads
to the formation of tumours in NF1 mutated patients. Alongside the preexisting germ line NF1 mutation, an additional somatic genetic inactivation of
the remaining wild-type (Wt) allele is required to drive tumour formation
(Schepper et al 2007). Generally, NF1 mutated patients have a 2.5 to 4-fold
increase in malignancy risk compared to the general population and an
average 10 to 15 year reduction in life expectancy (Yap et al 2014).
Individuals with NF1 mutation frequently exhibit pigmentary abnormalities on
the skin, the signs and symptoms of which are highly variable and can include
generalised hyperpigmentation, intertriginous freckling, cafe-au-lait macules
(CALMs) and neurofibromas. One of the classical feature of NF1 is the
presence of six or more CALMs (>5mm in children and >15mm in adults)
which are flat, localised and well demarcated hyper pigmented lesions of skin
averaging 2-5cm in adults; they usually develop in early childhood and grow
proportionately with the body (Schepper et al 2006). The aetiology of CALMs
is still relatively unknown but recently the development of CALMs has been
attributed to a migratory problem during embryogenesis leading to an unequal
distribution of melanocytes. During melanocyte development melanoblasts,
the precursors to melanocytes, originate from the pluripotent neural crest and
migrate along characterised pathways to their destination. Melanoblasts rely
on multiple signalling networks for both their migration and survival including
RAS-MAPK pathways and Micropthalmia-associated transcription factor
(MITF) (Hou and Pavan 2008).
1.8 Genetic evolution of Melanoma
Evolutionary trajectory for the various subtypes of melanomas was observed
to be distinct. When individual melanoma precursor lesions were compared
with primary melanomas, a more or less consistent pattern of genetic changes
as shown in figure 1.7 was noted (Shain et al, 2015). Point mutation burden
increases from benign lesions through intermediary lesions to melanoma
adding to tumour heterogeneity. UV radiation was implicated by the
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mutational signatures to be the most important pathogenic factor from the
stage of benign naevus to advanced histological subtypes reiterating the
importance of sun protection in the disease development and progression. All
benign lesions consistently has harboured BRAF V600E as the only obvious
pathogenic mutation which implies that, even without additional mutation,
BRAF V600E mutation alone is enough to drive nevogenesis. On the other
hand, every precursor lesion with NRAS or other BRAF mutations harboured
additional genetic alterations and these were categorised as intermediate
lesions. In melanoma in situ and intermediate lesions, the earliest secondary
alteration reported is TERT promoter mutation. CDKN2A inactivation was
exclusively seen in invasive melanomas while PTEN and T53 mutations were
only detected in advanced melanomas.

Figure 1.7: Model of melanoma progression developing from sunexposed sites. Point mutations burden increase from benign lesions through
intermediary lesions to invasive melanoma. UV radiation mutation signature
was the most important pathogenic factor (Adapted from Shain et al, 2015).
1.9 Histopathology of melanoma
An important tool in the diagnosis of MM is histopathological staining and
examination. The common picture (see figure below) is that of marked cellular
atypia specifically pagetoid spread of melanocytes (beyond the basal layer),
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nests of melanocytes with variable size and shape as well as mononuclear
inflammatory cells infiltrates. Increased mitotic figures are also noted and
occasionally ulceration which portends poor prognosis.

Figure 1.8: Histopathology of Malignant Melanoma (Adopted from
www.proteinatlas.org/dictionary/cancer/superficial spreading melanoma.
1.10 Diagnosis of MM
The recognition of risk factors outlined above has helped in identifying people
at high risk requiring regular surveillance, as early diagnosis is essential for a
good outcome. The disease commonly present as a hyperpigmented lesion
on the skin and the rule of ABCD acronym helps in making a clinical diagnosis
which can be confirmed by histology and other elaborate investigations to
determine extent of involvements (Marsden, J.R, 2010). The acronyms stands
for a A-Asymmetry in shape and colour distribution, B-Border irregularity, CColour Variation and D-Dynamics (changes over time as well as Diameter
(>6mm) in any skin lesion as a pointer to melanoma (figure 1.9). The
introductions of specific diagnostic procedures such as Dermoscopy greatly
enhance recognition of an early suspicious lesion.
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Figure 1.9: Clinical presentations of MM. While MM mainly presents as
variably pigmented flat lesion in caucasian (Right), it mostly present as
nodular lesion on the acral sites in Dark skin (Left). (Adapted from Girouard
and Murphy, 2011; and the writer’s archives-patient granted permission
respectively)
1.11 Classification of MM
Cutaneous melanoma can be broadly categorised in to those originating from
skin that is Chronically sun damaged (CSD) and those from Non-chronically
sun damaged (non-CSD) skin. They differ in their anatomical site, mutation
burden, type of mutation and degree to cumulative exposure to UV radiation
(Figure

1.10).

Melanomas

on

sun-exposed

skin

differ

in

clinical,

histopathological and molecular aspects as a function of the degree of suninduced damage of the skin on which they arise. Chronically sun-damaged
(CSD) melanomas have higher mutation burdens and late age of onset, and
occupy anatomical sites with the highest levels of sun exposure, such as the
head and neck areas. Non-CSD melanomas present earlier in life, are often
associated with naevi, have comparatively lower mutation burdens and
occupy anatomical sites with intermediate levels of sun exposure such as
thighs and trunk. Each subtype of melanoma is characterized by distinct
mutations, such as BRAFV600E in non-CSD melanoma and NRAS,
neurofibromin 1 (NF1), KIT and BRAFnonV600E mutations in CSD
melanoma.
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Figure 1.10: CSD and non-CSD melanomas. These are distinct subtypes of
melanoma with the former having higher mutation burden and mainly seen in
older age group compared to the latter (Adapted from Shain and Bastian,
2016).
Another Histoclinical classification commonly used divides MM in to superficial
spreading Melanoma, Nodular Melanoma, Lentigo maligna Melanoma and
Acro-lentiginous Melanoma.
1.12 Staging of MM
The staging of MM is initially based on the 2009 American Joint Committee on
Cancer (AJCC) staging system which was updated as eighth edition in 2017
(Baltch et al ,2001; Gershenwald et al., 2017). It is based on tumour thickness
(Breslow’s), mitotic rate (histologically defined as mitoses/mm2) and ulceration
(T); the number of lymph nodes involved and their overt or occult clinical
nature (N); and the site of distant metastases as well as serum lactate
dehydrogenase level (M). These are collectively taken into consideration to
arrive at a clinical stage (Stages 0- IV) of the disease, to which the prognosis
is closely linked.
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1.13 Treatment of MM
The main stay of treatment is early diagnosis with wide margin surgical
excision. The extent of the margin to be excised depends on the tumour depth
(modified breslow’s thickness/depth)( table 1.5). This is measured in
millimetre as distance from the granular layer of the epidermis down to the
level of deepest malignant cell. Early detected primary thin melanoma is
curable by wide margin surgical excision.
Table 1.5: Recommended surgical excision margins for MM (Adapted from
Marsden et al, 2010)
Breslow thickness

Recommended excision Margin

In situ

5mm margin to achieve complete histological excision

<1mm

1cm

1.0-2mm

1-2cm

2.1-4mm

2-3cm

>4mm

3cm

Metastatic malignant melanoma on the other hand has a poor prognosis, with
a median 1-year survival of 41% and 5-year survival of 5-10% (Balch et al,
2001).

Chemotherapy has little or no impact on survival in metastatic

melanoma (Crosby et al, 2000). Although dacarbazine is the only
chemotherapeutic agent approved for treatment of melanoma, a pooled
analysis of 23 randomized controlled trials showed an objective response rate
with dacarbazine of 15.3%; but that the majority of these responses were
partial and seldom durable and there is insufficient evidence to suggest an
overall survival benefit (Crosby, et al 2000 and Lui et al, 2007). The use of a
single agent therapy with Interleukin-2 (IL-2), as an immune-modulatory agent
has been reported and similar poor overall response rate of only 16% (Atkins
et al, 2000) is documented. The use of IL-2 is also limited by its potential
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multi-organ toxicities care in a specialised cancer centres. For those with
inoperable disease there are currently exists two biological drugs,
vemurafenib and ipilimumab (cytotoxic T-lymphocyte associated antigen 4CTLA4 blocker), which are both approved by National Institute for care and
excellence (NICE). Vemurafenib, is a potent inhibitor of the activated V600E
BRAF mutant protein (Tsai et al, 2008), is only appropriate for the ~50-60% of
patients who have a B-RAF mutation in their cancer. For those patients who
fail to respond to vemurafenib or do not harbour a B-Raf mutation ipilimumab
is the therapy of choice, but 85% of patients fail to respond or cannot tolerate
ipilimumab because of severe side effects. Thus there remains a need for
additional therapies for patients with normal B-RAF who are ineligible or fail to
respond to ipilimumab.
1.14 Heterogeneity within melanoma
Advances in molecular medicine have identified melanoma, as a complex,
heterogeneous disease comprised of several distinct genotypes and
phenotypes. The issue of tumor heterogeneity has posed a significant
challenge in the goal of curing melanoma and cells respond to different stimuli
from the tumour micro-environment (TME) generating a heterogeneous tumor.
Therefore, different subpopulations within melanoma lesions can survive to
different therapeutic treatments and sustain the tumor for the development of
relapse.
Melanoma tumours exhibit both spatial and temporal heterogeneity, similar to
other cancers, with clonal evolution occurring before and during therapy (Shi
H, et al. 2014; Wilmott JS, et al., 2012). Furthermore, heterogeneity has been
observed between primary and metastatic lesions (Lin J, et al., 2011;). Not
unexpectedly,

heterogeneity

also

exists

between

metastatic

lesions

(Yancovitz M, et al. 2012;). The heterogeneity is not limited to BRAF
mutations, but has also been observed in NRAS driven melanoma (Nazarian
et al. 2010) and despite targeted therapies, clonal evolution continues,
facilitating tumour growth (Shi H, et al. 2014).
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1.14.1 Clinical and histological heterogeneity in Melanoma
Melanoma is not homogenous clinically and histologically and it has therefore
been extensively described based on Clinical and histological subtypes.
Melanoma could arise from both within and outside epithelia. melanomas
arising from cells within epithelia can be categorized in to four distinct clinicopathological subtype: (i) lentigo and desmoplastic melanomas (from the head
and neck sites with high ultraviolet (UV) exposure); (ii) Sites with low UV
exposure (gives rise to superficial spreading and spitzoid melanomas; nonmalignant lesions such as acquired and dysplastic nevi, Spitz nevi, and
atypical Spitz tumors are included here); (iii) mucosal melanomas (those of
the genital tract); and (iv) acral melanomas comprising of lesions of palms,
soles, and nails (Figure 1.11).

Figure

1.11:

Melanomas

arising

from

epithelium-associated

melanocytes. These mainly occur in areas of high UV exposure but can also
occur in areas that are well protected from UV (low UV, mucosal, and
palm/sole/nail melanomas) (Adapted from Shannan et al., 2015).
On the other hand, melanomas arising in areas outside of epithelia are
illustrated in Figure 1.12 and represent the second major group. This group
comprises of melanomas in the eye and internal organs such as the gut as
well as dermis-derived melanomas in the skin, which include blue nevus-like
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melanomas and those arising within congenital nevi.

Figure 1.12: Melanomas arising from non-epithelium- associated
melanocytes. These melanomas fall into the categories of intradermal
melanocytic neoplasms (blue nevi, uveal melanoma). These types of
melanoma harbor mutations of G protein alpha subunits of Gq family. These
mutations are virtually absent from epithelium-associated melanocytes.
(Adapted from Bastian, 2014; Shannan et al., 2015)
In human skin, there exist two populations of neural crest-like stem cells, one
in the dermis and the other in the bulge region of the hair follicle (Li et al.,
2010; Yu et al., 2010). Although yet to be proven, it is speculated that this
latter group of lesions arise from neural crest-like stem cells in the dermis
(Zabierowski et al., 2011). Which of the two stem cells is more important in
melanoma development is not clear since each stem cell is multi-potent.
There is a general lack of clinical and pathological information on melanomas
arising from hair follicles and melanocytes can dedifferentiate to neural crestlike stem cells when Notch signaling is activated (Pinnix et al., 2009),
suggesting a fluid transition from one state of cellular differentiation to the
other, making it very difficult to trace the origin of melanomas. As melanoma
advances and becomes more aggressive, cells often lose their pigmentation
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markers and dedifferentiate acquiring stem cell features adding to another
heterogeneity and making them more resistant to therapy (Shannan et al.,
2015)
1.14.2 Biological Heterogeneity in Melanoma
Melanomas express heterogeneously tumor-associated antigens such as
gp100 and melanoma antigen recognized by T cells-1 (MART-1). Cells not
expressing MART-1 and gp100 escape immune surveillance, which may
explain past failures in passive and active immunotherapies (Slingluff et
al.,2000). MITF expression, which is inversely correlated to the differentiation
status of melanoma also varies within lesions with melanoma cells expressing
low MITF levels exhibiting a more undifferentiated phenotype (Bailey et al.,
2012; Borrull et al., 2012). Interestingly, melanoma cells can dynamically
switch between a differentiated and undifferentiated state similar to the
dynamic changes in epithelial cancers, such as head and neck squamous cell
carcinoma, which switch between epithelial and mesenchymal phenotypes.
Tumor cell subpopulations, characterized as tumor stem cells with tumorinitiating or tumor-maintaining properties, have been described in melanomas.
These cells were shown to express markers such as CD20, CD133, CD271,
ABCB5, JARID1B and ALDH1 (Table 1.6) and can be absent or very small in
proportion. Alternatively, they can be expressed at intermediate level or
sometimes highly expressed adding to heterogeneity in melanoma. The
reason for the differences in expression of these markers remains unclear.
However, the potential direct role of tumour microenvironment in favoring the
selection and expansion of specific subpopulation has been proposed (Cheli
et al., 2012; Ghislin et al., 2012; Holzel et al., 2013; O’Connell et al., 2013).
Reports

have

also

suggested

the

roles

of

hypoxia

and

growth

factors/cytokines such as TNF-α, TGF-ß, and Hepatocyte Growth Factor
(HGF) in phenotypic switch of melanoma cells (Gray-Schopfer et al., 2007;
Koefinger et al.,2011; Krepler et al., 2013; Landsberg et al., 2012). Hence
multiple factors can control phenotypic heterogeneity in melanoma (singly or
in combination) and contribute to resistance to targeted therapies.
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Table 1.6 Summary of documented phenotypic melanoma stem cells
subpopulations (Adapted from Shannan et al., 2015)
Marker

Biologic role

Role in melanoma

CD271

NGF receptor; neural crest- Tumor-initiating

cells;

derived tissues

poor

correlation

with

prognosis and metastatic
potential

CD20

B cell marker

Originally identified as
melanoma

stem

cell

marker; associated with
aggressive melanomas

ABCB5

Intracellular and extracellular Chemo-resistant
trans-membrane transport

cells;

involved

in

melanoma

evasion

of

antitumor

immunity and in shaping
vasculogenic

mimicry

supporting tumor growth

JARID1B

Histone demethylase

Slow-cycling
JARID1B+

TIC;
cells

sensitive

are
to

mitochondrial respiration
inhibition

and

sensitive
radioimmunotherapy
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are
to

1.14.3 Genetic Heterogeneity in Melanoma
Melanomas carry the highest mutations burdens among all human cancers,
followed by lung cancer and genetic analyses have found that mutations in
specific pathways are more prevalent in some melanoma subtypes than
others (Mar et al., 2013). Mutation can either be activation/gain of function in
oncogenes (such as BRAF, NRAS) or loss of function in tumor suppressor
genes (such as CDKN2A, PTEN, ARID2, NF1), which have all been
documented in melanoma (Shannan et al., 2015). Melanomas are addicted to
MAPK activation through activating mutations of BRAF (50 % of melanomas)
or NRAS (20–25 % of mutations). Although melanoma can be genetically
classified broadly in to two, based on underlying driver mutation in to
BRAF/NRAS/KIT mutant and wild-type (triple-negative) melanomas, this is an
over-simplifications as tumors especially in advanced disease more often
shows multiple mutations (codrivers) adding to increased heterogeneity.
PTEN, which negatively regulates the PI3K/AKT pathways, is also commonly
reported in melanoma (Shannan et al., 2015). Intra-tumor genetic
heterogeneity between both individual melanoma biopsies and spatially and
temporarily parted biopsies of the same tumor has been documented (Ding et
al., 2012). It was possible to isolate single cells of BRAF V600E/wt-NRAS and
wt-BRAF/NRASQ16R genotypes from the same lesion(Sensi et al, 2006).
Also, BRAF genotyping from single melanoma cells showed heterogeneity
between primary and metastatic lesions (Lin et al., 2011) or among metastatic
lesions (Long et al., 2013). In another study, the presence of two different
NRAS mutations (Q61K and Q61R) was found coexisting within the same
metastatic lesion following therapy failure and heterogeneity was also
observed in relapsed tumors after BRAF inhibitor therapy (Nazarian et al,
2010). Undoubtedly, melanoma tumour is not homogenous and genetic
heterogeneity has been observed in both treated and treatment-naïve
disease. To address the problem of treatment failure and/or resistance in
melanoma, this heterogeneity needs to be further studied and understood.
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1.15 Cancer Stem Cells (CSC).
The cancer stem cell theory postulates that the bulk of tumour cells are in a
state of terminal differentiation, along normal tissue lineages. This is readily
appreciable when one considers that pathologist’s grade tumours by looking
for differentiation patterns observed in normal tissues, notably the presence of
stratified “keratin pearls” within Squamous Cell Carcinoma. Even when
tumour cells appear architecturally disorganised, differentiation can often be
identified by immunohistochemistry.

While the majority of cells within a

cancer exhibit differentiation, a small population of cancer stem cells that
resemble normal adult tissue stem cells continues to divide and maintain its
own population as well as giving rise to the differentiated cells. The American
Association for Cancer Research (AACR) in 2006 developed a working
definition of a CSC, identifying it as “a cell within a tumor that possesses the
capacity to self-renew and to cause heterogeneous lineages of cancer stem
cells that comprise a tumor” (Clarke et al., 2006).

Figure 1.13:

Stochastic VS Cancer stem cell models of tumour

formation (Giroud and Murphy; 2011).
The cancer stem cell theory is usually pitted against the classical “stochastic”
theory of cancer growth, in which cancer cells proliferate extensively and give
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rises to successive sub-clones that exhibit a proliferative advantage. In the
stochastic model, in which tumour growth occurs in a cell autonomous
random (“stochastic”) manner, one would predict that most cancer cells
maintain the capacity to drive tumour growth. This in turn has led to the
cancer stem cell hypothesis. To determine the presence of cancer stem cells
and refute the stochastic model, it has been necessary to demonstrate that
only a relatively small proportion of the cancer (which presumably is enriched
for cancer stem cells) is able to recreate tumour growth while simultaneously
showing that the remaining bulk of cancer cells is unable to do so. The gold
standard assay for such an experiment relies on an in vivo xenograft model.
Many human cancers have been determined to have cancer stem cells
including the three common skin cancers (Basal cell carcinoma, squamous
cell carcinoma and Malignant melanoma). It has been hypothesized that
cancer stem cells represent a pool of resistant cells in cancer patients (Frank
et al., 2010), and are known to be chemo-resistant and immune-evasive .
1.15.1 Origin of Cancer Stem Cells (CSC)
The origin of cancer stem cells and their relationship to adult stem cells
remain elusive. Like adult/somatic stem cells, cancer stem cells were first
identified in the hematopoietic system. Studies in leukemia and multiple
myeloma in the 1960s and 1970s showed that only a small subset of tumor
cells were capable of extensive proliferation (Bruce,WR and Van Der Gaag,
H., 1963; Park et al., (1971).
Some scientist have reported that, cancer stem cells arise from mutations of
physiologic adult stem cells (Reya et al.,(2001), arguing that transformed or
mutated adult stem cells may lead to tumorigenesis via unregulated selfrenewal. Although this is likely the case in certain malignancies, not all tumor
cells that arise from mutations in long-lived physiologic adult stem cells are
inevitably cancer stem cells. Conversely, cancer stem cells need not
necessarily derive from adult stem cells (Clarke et al., 2006). As shown below
(Figure 1.12), it has been speculated that cancer stem cells arise from
oncogenic transformation of transit amplifying cells (Clarke, MF and Fuller, M.,
2006), committed progenitor cells (Krivtsov et al.,2006; Jamieson et al., 2004),
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and in some instances, from terminally differentiated cell types (Sun et al.,
2005). It has also been suggested that differentiated somatic cells can
reacquire stem cell-like characteristics by reactivation of signaling pathways
that facilitate self-renewal and are associated with malignant transformation
(Welte et al., 2010; Gupta et al., 2009). Lastly, some have reported that fusion
of mutated somatic cells with normal stem cells may give rise to cancer stem
cells (Bjerkvig et al., 2005).
Figure 1.12 depicts the various ways through which CSC can be formed. In
normal tissues, stem cells (green) divide asymmetrically into progenitor cells
(orange) from which then terminally differentiated cells (red) are produced
(left). In tumorigenesis, mutations can transform stem cells into cancer stem
cells (light blue), which then result in tumorigenic progenitor cells and
differentiated tumor cells (dark blue). But also, by mutations in developmental
pathways progenitor cells and differentiated cells can re-acquire stem cell-like
properties and turn into cancer stem cells (right). Thus, the central tenet of the
cancer stem cell theory evocatively promises cure for cancer patients if a
relatively small portion of these cancer cells, called cancer stem cells, are
efficiently killed. Conversely, therapies that target the tumour bulk and not
cancer stem cells specifically risk leaving cancer stem cells so that they can
re-populate the tumour bulk. Over the last decade, our laboratory and others
have defined the presence of cancer stem cells in various human
malignancies as the drivers of cancer growth, typically representing <2% of
tumour cells in skin cancers. In many instances, the cell surface markers used
were not exclusive to the cancer stem cell populations, thus targeted
therapies risked simultaneously harming essential normal cells (often normal
stem cell populations) hindering development of targeted therapies.

38

Figure 1.14: origin of cancer stem cells ( Adapted from Welte et al 2010).
1.15.2 Melanoma Cancer Stem Cells (MCSC)
Scientists have independently identified distinct cell surface proteins, which
fulfil some but not all the criteria for cancer stem cells, using subtly different in
vivo xenograft models; but as yet it remains to be determined if these cell
surface markers represent the same cell population.
The ATP-binding cassette (ABC) transporters compose a family of transmembrane proteins that act as efflux pumps of a variety of substrates. A wide
variety of normal stem cells including embryonic stem cells and hematopoietic
stem cells generally express high levels of ABC transporters such as ABCB1
and ABCG2 for protection from potentially damaging influxes (Chaudhary and
Roninson, 1991). In 2005, Frank and co-workers reported that the ABC
transporter ABCB5 in melanoma mediates doxorubicin resistance (Frank et
al., 2005). Subsequently, using an antibody panel to screen for enrichment in
melanoma compared to benign naevi tissue samples, there was identification
and subsequent validation of the multidrug resistance protein ABCB5 as a
melanoma cancer stem cell marker (Schatton et al., 2008).

The group

reported that ABCB5-positive melanoma cells from clinical samples also have
increased

tumor-initiating

capacity

when

xenotransplanted

into

immunodeficient NOD/SCID mice (Schatton et al., 2008). In the ABCB539

positive population, tumor initiation was achieved with 105 cells, whereas in
the ABCB5-negative population, 100-fold more tumor cells were required to
form tumors suggesting that the CSC model also applied to melanoma.
selective ablation of ABCB5+ cells by anti-ABCB5 antibodies reduced tumor
growth and formation in xenografts on nude mice from unsegregated tumors.
ABCB5 was expressed on 1.6 to 20.4% of melanoma cells in all seven human
samples studied and in 4 of 7 the ABCB5+ melanoma cell population also
expressed CD20. Furthermore when mice with melanoma xenografts were
treated with an immunogenic anti-ABCB5 antibody melanoma growth was
retarded.
On the other hand, Weissman and co-workers supported the CSC model
melanoma by describing the CD271-positive subpopulation as essential to the
initiation of tumors in mice. CD271, a.k.a. low affinity nerve growth factor
receptor (NGFR) is a marker of neural crest stem cells (Stemple and
Anderson, 1992) and is heterogeneously expressed by an average of 17%
cells in most melanomas. Consistent with melanocyte derivation from neural
crest cell (Boiko et al, 2010), used this neural crest stem cell protein CD271 to
identify melanoma cancer stem cells. In 9 of 10 melanomas studied CD271
positive cells were identified, representing between 2.5 and 41% of melanoma
cells. Although CD271+ melanoma cells could reproducibly generate tumour
growth, in severely immunocompromised NOD/SCID/IL2rγ null mice, on rare
occasions CD271- melanoma cells also resulted in tumour growth in vivo
(Eaves C J, 2008). In the Boiko et al., (2010) study, CD271-positive
melanoma cells formed tumors in 72% of xenografts whereas CD271negative cells were tumorigenic in only 7% of xenografts. CD271-positive but
not CD271-negative melanoma cells also formed distant metastases. In
another study, melanoma cells with a tumor-initiating property based on the
activity of Aldehyde Dehydrogenase (ALDH), which is a functional marker for
hematopoietic stem cells, were isolated (Boonyaratanakornkit et al., 2010). It
has been suggested that an ALDH-positive cell population is correlated with
poor clinical prognosis in solid tumors such as breast or prostate cancers (Ma
and Allan, 2010). In their study, 1 in 4 of ALDH-positive cells initiated tumors
in NSG mice while only 1 in 600 ALDH-negative cells and 1 in 400
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unsegregated cells did. Both the CD271 and the ALDH studies support the
concept of CSC in melanoma where only a subset of cells drives progression.
However, a different report from the Morrison laboratory contradicts the
findings of the Schatton et al, 2008 (Quintana et al., 2010). In their refined
model system, Morrison and co-workers report that ABCB5-positive and
ABCB5-negative melanoma cells are equally tumorigenic when injecting as
few as 10 cells. The Morrison’s group has separately demonstrated that the
frequency of melanoma-initiating cells is dramatically higher, as high as 1 in 4
tumor cells, regardless of whether or not the tumors were separated into
different sub-populations (Quintana et al., 2008). This indicates that the
potential for tumor initiation in melanoma is not restricted to a rare
subpopulation but could be a feature of nearly all melanoma cells supporting
the view that even though melanoma melanoma is hierarchically organized
other cells could follow a stochastic model in which subpopulations change
randomly depending on micro-environmental signals.
CD133 (human prominin-1/AC133) is a trans-membrane glycoprotein and in
in one study, Monzani et al (2007)

demonstrate the presence of

stem/initiating subsets in melanoma both in biopsy and in an established
melanoma cell line grown in vitro and in xenografts. Interestingly, considering
that melanoma gives metastasis primarily through lymphatic vessels, they
also

demonstrated

that

a

melanoma

cell

line

expresses

typical

lymphoangiogenic factors. CD133 has been identified as a cancer stem cell
marker previously applied to tumors of the brain (Singh et al., 2004) and colon
(0’Brien et al, 2007). Cells that expressed CD133 had enhanced tumorigenic
potential upon transplantation to NOD/SCID mice, and thus were considered
to potentially represent ‘cancer stem/initiating cells’. In a long-term melanoma
cell line, CD133 was highly expressed and CD133+ cells displayed increased
tumorigenicity upon xenotransplantation. Moreover, CD133+ cells were able
to differentiate into mesenchymal as well as neurogenic lineages, grow as
spheres under serum-free culture conditions, and express angiogenic and
lymphoangiogenic markers thought to contribute to virulence. The authors of
the study did not examine whether CD133+ cells were capable of selfrenewal, a defining quality of cancer stem cells, and differentiation plasticity
was only shown for CD133+ cells from cell lines and not studied in patient
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biopsies. Of interest, the marker CD133 was highly co-expressed in the
melanoma cell line studied with ABCG2, a member of the ATP-binding
cassette (ABC) transporter family associated with dye efflux capabilities. A
positive correlation between CD133 expression and melanoma progression
was

subsequently

found

in

immunohistochemical

staining

of

tissue

microarrays (Klein et al, 2007). In a supporting study, down-regulation of
CD133 in vitro and in vivo resulted in slower melanoma cell growth and
decreased ability to metastasize (Rappa et al., 2008), further indicating a
potential role for this biomarker in melanoma progression.
In another study on melanoma cell lines, a slow-cycling subpopulation of
melanoma cells representing only 1–5% of all cells that had stem-like
properties were identified (Roesch et al., 2010). These cells were
characterized by high expression of JARID1B, a member of the H3K4
demethylase family, which is critical in regulating gene expression and cellular
identities and is an epigenetic marker for embryonic stem cells (Christensen
et al., 2007; Iwase et al., 2007). When separated from JARID1B-negative
cells, JARID1B-positive, non-proliferating melanoma cells gave rise to a
rapidly proliferating progeny that reconstituted the parental heterogeneity of
JARID1B-positive and -negative cells. Stable knockdown of JARID1B led to
an initial acceleration of tumor growth followed by exhaustion as determined
by serial xenotransplantation in NSG mice, suggesting that JARID1B plays an
essential role in continuous melanoma growth.
Interestingly, melanoma stem cells may also possess several additional
virulence factors. These are not primary, defining properties of cancer stem
cells, but secondary features of melanoma stem cells that may help them
survive in the host environment. These additional properties, which are likely
to be expressed by certain subsets of melanoma stem cells, reflect the
dynamic relationship that exists between melanoma stem cells and their
micro- environment. Accumulating evidence suggests that melanoma cells
may acquire virulence via several mechanisms, including immune evasion,
MDR (Multi-Drug Resistance), ‘vasculogenic mimicry’, and metastasis
(Hartsough et al, 2014).
Importantly, melanoma cancer stem cells have been identified using the cell
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surface marker CD20 (Fang et al, 2005) and fortunately there already exists a
licenced and effective anti-CD20 therapy, rituximab. Case-studies published
provide support for the potential benefit of rituximab in the treatment of
metastatic melanoma.
1.15.3 Preclinical and Clinical Studies involving CD20 MCSC
The work of Fang et al (2005), demonstrated the presence of cancer stem
cells, which were enriched in CD20+ fraction of melanoma cells obtained both
from metastatic melanoma tissue biopsy and established melanoma cell line.
This subpopulation of CD20-expressing cells where characterised by their
ability to proliferate as non-adherent “spheroids” in embryonic stem cell
media, differentiation plasticity and were more tumorigenic when xenografted
in to Severe combine immunodeficient (SCID) mice. CD20 expression was
confirmed by flow cytometric analysis.
Schmidt et al (2011) reported the presence of rare CD20+ melanoma cells,
detected by flow cytometric analysis and immunofluorescence in five
melanoma biopsies. Co-expression of CD20 with the high molecular weight
melanoma associated antigen was observed in < 2% of tumour cells in 4 out
of 5 patients; in one sample CD20+ cells were not detectable.

Using a

successful melanoma xenograft model, the authors successfully developed
and administered CD20 targeting immune cells by adoptive transfer. This
unconventional approach demonstrated the presence of a cancer stem cell
population, which when killed led to eradication of the entire cancer with no
evidence of tumour recurrence after 36 weeks of careful monitoring.

In

contrast, targeting other melanoma cell sub-populations in their model did not
result in tumour eradication.
Schlaak et al (2012), reported a 74year old patient with metastatic recurrence
of melanoma after initial wide local excision of a heel acral lentiginous
melanoma (ulcerated, with breslow thickness 2mm, and positive sentinel
lymph node biopsy). The site of the original excision was infiltrated with
tumour nodules, with palpable popliteal and inguinal lymphadenopathy,
representing 4 independent tumour sites. As is typical, the patient’s disease
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progressed despite treatment with 2 cycles of Dacarbazine. Due to the
absence of a BRAF mutation the patient was ineligible for vemurafenib and
the study predated the launch of ipilimumab. They initially administered
rituximab locally (using an intralesional low dose regimen, 10-30mg per site)
and noted 75-84% local regression by MRI scanning. Encouraged, they
administered two conventional doses of intravenous rituximab (187.5 and
375mg/m2) one month apart and observed complete regression of all the
lesions; except one lymph node which had 58% regression and was
amenable to surgical excision. Although CD20 positive cells represented only
2% of the melanoma cells, directly targeting these cells by local and
intravenous administration of rituximab led to regression of the tumour as a
whole.
Pinc et al (2012), treated 9 patients with metastatic melanoma who had been
rendered disease free by metastasectomy. Typically, after metastasectomy
the median recurrence free interval is 5-7 months and the median overall
survival is 19-21 month. Using the lymphoma 2-year rituximab infusion
regimen (four treatments at weekly intervals followed by infusions every 2
months), 6 patients were still alive [66%, median overall survival was 42
months], 5 of whom were also recurrences free at the end of treatment. The
five patients who were recurrence free had metastases to the brain [n=2], liver
[n=1], gastrointestinal tract [n=2], lung [n=1] and lymph nodes [n=5]. The
study cohort patients were at high risk of disease progression, which in most
cases has been halted by rituximab.
1.16 Targeted therapies for melanoma
The identification of key driver mutations in malignant melanoma has led to
the first advancements in therapy for over 20 years. Two drugs that inhibit the
BRAF V600E driver mutation have now been licenced for the treatment of
metastatic malignant melanoma: vemurafenib and dabrafenib. Between 5376% of patients with the BRAF V600E mutation benefit from these drugs, with
increased survival and relatively few limiting toxicities (Chapman ,et al., 2011;
Flaherty et al., 2012). A greater response rate, 76%, was observed when
dabrafenib was combined with the MEK inhibitor trametinib (Flaherty et al.,
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2012). Collectively, a higher overall survival benefit of 3.3 months [HR 0.76;
95% CI 0.63 to 0.93] compared with dacarbazine has observed. Although may
appear modest, however for some patients there is lasting benefit. Clinical
trial data demonstrated that resistance to BRAF inhibitors occurs within 6 to 7
months (Maverakis et al., 2015). Although not clinically accepted, it has been
proposed that the introduction of drug free periods may forestall the BRAF
inhibitor resistance (Das et al., 2013).The persistence of melanoma cells that
develop resistance to BRAF inhibition has been described through various
bypass mechanisms (section 1.17) of continued growth factor signalling, but it
could also be explained by the presence of melanoma cancer stem cells.
A hallmark of cancer is the ability to avoid detection by the immune system.
Recent elucidation of the mechanisms governing tumour immune evasion
have led to the development of a new class of approved cancer therapies, the
immune

checkpoint

inhibitors,

such

as

ipilimumab

(anti-cytotoxic

T

lymphocyte-associated antigen 4), nivolumab and pembrolizumab (antiprogrammed cell death 1 receptor) (Pardoll, DM, 2012). The introduction of
these immune check point inhibitors has dramatically improved the outcome
for patients with malignant melanoma, with response rates of 15%
(ipilimumab), 38% (pembrolizumab), 40% (nivolumab) and 60% (nivolumab
and ipilimumab combined) (Hodi et al., 2010; Robert et al., 2015; Topalian et
al. 2012). Through enabling the host immune system to target melanoma
cells, immune checkpoint inhibitors have achieved durable responses for
patients with and without BRAF mutations (Ribas A, Flaherty KT, 2015; Burki
TK, 2015; Johnson et al., 2015)
Cancer stem cells evade the host immune system and adapt to overcome the
dynamic changing microenvironment induced by treatments such as radiation
and chemotherapy (Vanneman M and Dranoff G. 2012.). Cancer stem cells
bypass immune-surveillance by down-regulation of major histocompatibility
complex MHC-I and -II (a milieu of proteins that regulate cell-mediated
adaptive response), expression of immune checkpoint inhibitors (Maccalli et
al., 2014) and through the release of immunosuppressive cytokines such as
IL-10 and TGFβ (Schatton et al., 2010); Maccalli et al., 2014; Di Tomaso et
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al., 2010). Cancer cells that undergo epithelial mesenchymal transition, to
become cancer stem cells, also overexpress genes for immune inhibitory
molecules including PD-L1 and CTLA-4 (Lou et al., 2014; Santisteban et al.,
2009). Thus immune evasion is a hallmark of cancer stem cells, even for cells
that acquire this state through epithelial mesenchymal transition, allowing
these new therapies to target cancer stem cell plasticity and ensure a durable
response.
1.17 Mechanisms of resistance to RAF inhibitors in Melanoma
Evidence from both treatment-naïve and post-relapse samples demonstrates
that, multiples mechanism are involved in melanoma resistance to BRAF
inhibitors. These mechanisms are not mutually exclusive and multiple
mechanisms can concurrently occur (Aplin et al., 2011)
The most commonly reported route for a melanoma cell to by-pass RAF
inhibitor action is by reactivation of the RAF-MEK-ERK1/2 pathway. Indeed,
enhanced phosphoERK1/2 levels have been observed in mutant B-RAF
melanoma cell lines that have acquired resistance to RAF inhibitors (PLX4032
and its non-clinical tool compound PLX4720, AZ628, and SB-590885) through
continued culture in the presence of drug (Montagut et al., 2008; Paraiso et
al., 2010; Villanueva et al., 2010). C-RAF and A-RAF are paralogs of B-RAF.
Settleman and colleagues showed that elevated C-RAF expression was
associated with mutant B-RAF melanoma cell (Montagut et al., 2008;
Villanueva et al., 2010). The potential role of RAS in altering the effects of
RAF inhibitors was highlighted by a series of papers showing that RAF
inhibitors lead to a paradoxical hyper-activation of MEK-ERK1/2 signaling in
cells harboring mutant N-RAS/ high RAS activity (Kaplan et al., 2010). NRAS
mutations were detected in two-independent advancing tumors from patient
treated with BRAF inhibitor (Nazarian et al., 2010). Elevated RAS activity in
the absence of RAS mutations was detected in cell lines with acquired
resistance to PLX4032 indicating that events that promote elevated RAS
signaling will likely elicit similar effects (Aplin et al., 2012).
Alteration in ERK1/2-regulated cell cycle event has been reported via over-
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expression of CDK4 and cyclin D1 as another meachanism through which
RAF inhibitor resistance is acquired in melanoma (Smalley et al., 2008)
Activation of alternative signalling pathways is another means through which
BRAF cell lines acquire resistance.

RTK PDGFRβ is up-regulated in

PLX4032 resistant patient biopsies. Furthermore, resistant cell lines with upregulated PDGFRβ were dependent on PDGFRβ for proliferation and survival
despite PLX4032 inhibition of the ERK pathway remained intact (Nazarian et
al., 2010). Other studies implicate the PI-3 kinase-Akt signaling pathway in
resistance to RAF inhibitors (Tap et al., 2010). Additionally, enhanced Akt
phosphorylation is acquired and associated with increased expression of IGF1R or depletion of PTEN in relapsed tumor samples from PLX4032-treated
patients (Villanueva et al., 2010). Consistent with activation of the Akt
pathway providing resistance to RAF inhibitors, expression of constitutively
active Akt3 inhibited PLX4720-induced apoptosis in 3D by preventing upregulation of the pro-apoptotic BH3-only protein, Bim-EL and Bmf, following BRAF inhibition (Shao and Aplin, 2010). Notably, MEK inhibitors in combination
with either an insulin-like growth factor receptor (IGF-1R) inhibitor or a PI3K
inhibitor induces cell death in RAF inhibitor acquired resistant cell populations
(Villanueva et al., 2010)
Chromatin-regulating and remodelling events have been reported as another
mechanism of acquiring BRAF resistance in melanoma. IGF-1R signaling and
chromatin remodeling mediated by enhanced expression of JARID1A, a
histone demethylase have been implicated in this pathogenesis (Sharma et
al., 2010).
1.18 Rituximab and CD20
Rituximab is an anti-CD20 chimeric mouse/human monoclonal antibody, with
human IgG1 constant region and murine light/heavy chain variable region
(Mitchell, 2003). It is licenced for the treatment for chemotherapy-resistant or
relapsed follicular or large B-cell non-Hodgkin’s lymphoma (NHL), and for
previously untreated or relapsed chronic lymphocytic leukaemia. Rituximab is
also licensed in combination with methotrexate for the treatment of severe
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active rheumatoid arthritis and is increasingly used in Dermatology for difficult
to treat auto-immune skin conditions such as refractory Pemphigus.
CD20 is a ligand that exists on developing B cells which has been reported to
be expressed by melanoma stem cells as discussed above. The mechanisms
by which rituximab causes CD20+ cell depletion involve: complement
mediated cell lysis, Fc receptor induced cytotoxic cell killing and direct
induction of apoptosis (Pescovitz, 2006)(figure 1.13)

Figure 1.15: Mechanism of actions of rituximab. Rituximab causes cell
death through complement mediated cell lysis, Fc receptor induced cytotoxic
cell

killing

and

direct

induction

of

apoptosis

(Adapted

from

www.ajrn.org/rituximab/image).
1.19 Hypothesis and Aims
This project builds on the earlier identification of CD20+ melanoma cancer
stem cell populations to provide preclinical and clinical evidence to support a
future clinical trial for the treatment of refractory metastatic malignant
melanoma with an anti-CD20 antibody (Rituximab™) that is already licenced
in the UK for the treatment of non-Hodgkin’s lymphoma, chronic lymphocytic
leukaemia and severe active rheumatoid arthritis.
Hypothesis: Targeting CD20 positive melanoma cancer stem cell results in
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melanoma regression, with improved outcome for patients with refractory
metastatic malignant melanoma.
Aims:
(1) Determine if in vitro killing of melanoma cancer stem cells with anti-CD20
therapy leads to melanoma regression
1a. Establish melanoma sphere cultures from melanoma cell lines
1b.Determine the frequency of CD20+ cells in different melanoma
culture conditions
1c.Determine the efficacy of anti-CD20 therapy on sphere formation in
CD20+ and CD20- cell lines
(2) Determine the expression of other putative melanoma stem cell markers in
Human melanoma cell lines in different melanoma culture conditions
(3) To Genetically profile the melanoma cell lines according to the driver
mutations.
(4) Define an in vitro assay to evaluate killing of melanoma cancer stem cells
as a therapeutic test using combination therapies targeting driver mutation
and CD20 marker.
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Chapter 2: Materials And Methods
2.1 Cell lines and Cell Culture
2.1.1 Established Cell Lines
Various human melanoma cell lines were utilised for this project. Melanoma
cell lines Mewo, Skmel-30, M14, A375, Colo-792 and Malme-3M were kind
donations from colleagues at European Cancer Stem Cells Research Institute
(ECSCRI) while WM3523 was purchased from Wistar Institute, the
Philadelphia. Human melanocyte cell line FM291 was also a kind donation
from colleague at ECSCRI while Eipstein-barr virus transformed B-cell was
also purchased from Wistar Institute and both were used as control cell lines.
Melanoma cell lines are all metastatic type and purposely chosen to reflect
the advanced form of the diseases which poses the greatest challenge in
terms of therapy resistance and relapse. Cell lines were also fairly
characterised in terms of surface molecule expression and represent a widespectrum of the molecular genetic melanoma subtypes of interest. A
descriptive summary of the various cell lines are given in table 2.1:
Table 2.1: Description of various melanoma cell lines used.
S/n
1

Cell lines
Mewo

Description/origin
Metastatic (Node)

Driver

Growth

Mutation

Pattern

NF1

Fibroblastlike

2

Skmel-30

Metastatic (skin)

NRAS

Both
Fibroblastlike

and

Epithelial-like
3

Colo-792

Metastatic (Brain)

None

Fibroblast-

Identified.

like

4

A375

Metastatic (skin)

BRAF

Epithelial-like

5

WM3523

Metastatic (Node)

BRAF

Fibroblastlike

6

M14

Metastatic (Skin)

BRAF

Fibroblastlike
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7

Malme-3M

Metastatic (Lung)

8

B cells

Eipstein-barr

BRAF
virus -

transformed
9

FM291

Epithelial-like
Suspension
culture

Immortalised

human -

Epithelial-like

skin melanocytes

2.1.2 Maintenance of Cell Lines
All cell lines were thawed at 37°C in a water bath, transferred to a 15 mL
falcon tube (Corning, UK) containing 5ml of pre-warmed media supplemented
with 10% FCS. Cells were pelleted at 300xg for 5 min at room temperature
(RT) and supernatant discarded. Cell pellets were re-suspended in 5 mL of
respective media(see table 2.2) and incubated at 37°C (5% CO2) in a T25
culture flask. Media was changed twice weekly except for B cells which was
changed once weekly. On reaching near confluence (70%), cells were subcultured.
The media used to maintain the cell lines and the passaging ratio are
described in table 2.2
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Table 2.2: List of cell lines, media used and passaging ratios
S/N

Cell lines

Growth Media

1

Mewo

RPMI

Passaging ratio.

1640

10%FCS,

(Gibco

50U/ml

UK),

1:3

penicillin,

500µg/ml of Geneticin (Gibco,
UK).
2

Skmel-30

RPMI 1640(Gibco), 10% FCS,

1:3

50U/ml penicillin, 500µg/ml of
Geneticin (Gibco, UK).
3

Colo-792

RPMI 1640 (Gibco),10% FCS,

1:3-1:5

50U/ml penicillin, 500µg/ml of
Geneticin (Gibco, UK).
4

A375

DMEM

(low

glucose),10%
penicillin,

Glucose
FBS,

500

Geneticin

µg/ml

bovine

(Sigma,UK),

1:5

50U/ml

(Gibco,

10mg/ml

1g/L
of
UK),
insulin

fungizone

250ug/ml (Gibco)
5

WM3523

Mel 2%, 50U/ml penicillin, 500

1:4

µg/ml of
Geneticin (Gibco, UK).
6

M14

RPMI +10%FCS, 2 mM L-

1:4-1:6

Glutamine, 50U/ml penicillin,
500µg/ml of Geneticin (Gibco,
UK).
7

Malme-3M

RPMI +10%FCS, 2 mM L-

1:3-1:5

Glutamine, 50U/ml penicillin,
500 µg/ml of Geneticin (Gibco,
UK).
8

B cells

RPMI 1640, 10% FCS, 50U/ml
penicillin,

500µg/ml

Geneticin (Gibco, UK).
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of

1:4

9

FM291

Medium
UK),

254(Thermofischer
Human

growth

melanocyte
supplement

(HMGS)(Thermofischer,
50U/ml

penicillin,

250 ug/ml (Gibco)
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UK),

fungizone

1:3-1:4

2.1.3 Sub-Culturing Cell Lines
With exception of B cells which were grown in suspension culture, for all cell
lines media was aspirated and cells washed once with pre-warmed PBS
(Gibco, UK), before adding 0.05% trypsin-EDTA (Gibco, UK). Cells were
incubated at 37°C for 5 min, or until cells detached from the culture flask
when viewed with the inverted microscope. Media with 10% FCS, four times
the volume of trypsin used was added to inhibit trypsin activity, and cell
suspension transferred to a 15mL falcon tube. B-cells culture suspension was
put directly in to 15ml falcon tube, since trypsinisation was not required. Cells
were centrifuged at 300xg for 5 minutes at RT, the supernatant was removed
and cell pellets re-suspended in their respective media before plating. Cells
were also stained with Trypan Blue solution (Sigma UK) to determine
frequency of dead cells by counting using a Fast 102 haemocytometer
(Immune system, UK). Appropriate number of viable cells were seeded into
appropriate cell culture plates/flasks ( see Table 2.3 ) depending on the assay
being performed. Cells were incubated at 37°C (5% CO2) until 70%
confluence ( typically 3-7 days depending on their proliferation rate.)
Table 2.3: Volumes of media used in cell culture
Plate/Flask

Relative Surface Area Media Volume (µL)
(cm2)

T25

25

5,000

T75

75

10,000

6-well

10

3,000

12-well

4

1,000

96-well

0.3

100
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2.1.4 Cryopreserving Cell Lines for Storage
All cell lines were prepared for cryopreservation in the same manner as subculturing, with the exception that they were re-suspended in cell-freezing
medium following centrifugation. For all cell lines, recommended cell
concentrations for freezing of 1.0x106 cells/mL was used.
In order to keep cells preserved for a long period of time, storage in liquid
nitrogen was required.
All cells were stored in a mixture of 90% FBS and 10% Dimethyl sulfoxide
(DMSO-Sigma). In all instances freezing medium was thoroughly mixed with
the cells in 2mL cryovials (Biosigma, UK), and placed in a CoolCell Biocision
cryopreservation container (Dutscher Scientific, UK) and stored at -80°C
overnight, before being transferred to liquid nitrogen for long term storage.
2.2 Development of Melanospheres from melanoma cell lines
Sphere-forming assays have been widely used to retrospectively identify stem
cells based on their reported capacity to evaluate self-renewal and
differentiation at the single cell level in vitro (Pastrana et al, 2011).
2D cultures were first established in T25 flasks (Corning, UK) for the human
melanoma cell lines acquired using their respective media requirements
(Table 2.2). All incubations were undertaken using humidified 5% CO2
incubator at 370C. Media change was undertaken 2-3 times weekly depending
on the cell line rate of growth. On reaching 70% confluence, the cells were
washed with Phosphate-Buffered Saline (PBS) (Gibco, UK) and split with
0.05% trypsin-EDTA (Gibco, UK). The trypsin was then neutralised using 10%
FCS containing media and then centrifuged at 300xg for 5 minutes. The
pellets were then re-suspended in embryonic stem cell media-TeSR-E8
(ESCM-stem cell technology, USA). Cell count and viability was done using
Fast read102 (immune system) and trypan blue dye (sigma).
A very important but controversial parameter in sphere-forming assays is cell
density as this has critical impact on clonality (Pastrana et al, 2011). Cell
density of between 0.2-20 cell/µl of media is generally agreed to be
appropriate for clonal condition and prevent aggregation of cells (Pastrana et
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al, 2011). For each cell line the ability to form spheres at Low seeding density
(5 cells/ microliter of growth media) was determined under non-adherent (3D)
conditions using 6-well ultra-low attachment plates (Corning, costar UK) and
human embryonic stem cell media-TeSR-E8 (ESCM-stem cell technology)
and incubated for 7 days. Using inverted microscope (Olympus CKX41) serial
photography was done at days 1, 3 and 7 and colony formation ability
determined by enumerating number of colonies formed as spheres. In order to
determine the efficiency of the sphere formations, another experiment was
undertaken using various seeding densities (1, 2, 5, 10, 15 and 20 cells per
microliter of media) for each cell line. Colony forming efficiency was
determined at day 7 using Gelcount

TM

scanner (Oxford optronix, UK) and

enumerated using ImageJ by selecting minimum colony size of 40µm.
Experiments were undertaken in triplicate to ensure reproducibility.
In order to determine whether the sphere formation was due to the stem cell
media, the reverse media experiment was undertaken for the cell lines in 2D
using ESCM in the culture instead of their conventional media and cultured for
7 days at 370C using 5% CO2 humidified incubator. Serial photographs were
equally taken on days 1, 3 and 7.
2.2.1 Serial passaging of melanospheres
Serial passage was also undertaken to assess the capacity and efficiency of
melanospheres to self renew. Spheres were serially dissociated mechanically
(by pipetting up and down) once per week and re-plated at single cell level at
5 cells/µL of ESCM and allowed to grow again in an incubator (370C and 5%
CO2 humidified).
2.3 Flow Cytometric Analyses
Both the 2D and 3D culture flasks of all the cell lines were interrogated for the
expression CD20, CD271 and CD133 as these were previously published
melanoma cancer stem cell surface markers using flow Cytometry.
To optimise our protocol and serve as a prototype cell line and positive control
for CD20 expression, transduced B cells (Wistar Institute) were grown in
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RPMI 1640+10% FCS as suspension culture and then pelleted, labelled with
our conjugated antibodies and assessed for CD20 expression (protocol
described section 2.3.3)
All data sets were acquired using BD AccuriTM C6 Cytometer (BD Bioscience,
UK) in the first instance before moving to BD LSRFortessa flow cytometer (BD
Biosciences,UK) to validate our CD20 positive cell lines. We were faced with
problems of our cell lines auto-fluorescing with DNA intercalator dye 7-AAD
(7-Actinomycin D) acquired in channel FL3, which was overcame by using BD
LSRFortessa flow cytometer and DAPI as our dead cell marker.
2.3.1 Effects of trypsin on CD20 Expression
In view of the fact that 0.05% trypsin-EDTA was used in splitting 2D cultures
of our cell lines, we sought to determine the effect of this proteolytic chemical
on the CD20 surface marker expression using our B cells which are known to
express CD20 in high proportion. B-cells were co-incubated with 0.05%
trypsin-EDTA in 15 ml falcon tube (BD Biosciences) for variable duration of
time (0-5 minutes) and effect of trypsin neutralised with 10% FCS containing
media. Using our flow cytometry protocol (2.3.2), CD20 expressions for the
various time-point exposures were assessed.
2.3.2 Flow cytometry analysis for CD20 expression
Cultures of cell lines were first dissociated into single cells using TrypsinEDTA for the 2D and mechanically for the 3D (2.1.3 above). Cells were then
centrifuged and supernatant discarded to acquire the pellets. The pellets were
then re-suspended in a locally prepared FACS buffer (5% Fetal bovine serum
(FBS) in PBS and 2mM EDTA) and placed in to siliconised tubes (at
approximate concentrations of 106 cells per tube). These were immediately
placed on ice. The cells were then labelled by using APC-conjugated IgG1k
(BD Pharmingen ) for isotype control tubes and equal concentration of APCconjugated mouse anti-human CD20 (L27) (BD Biosciences, UK) for the data
set tubes. High molecular weight-melanoma associated antigen (HMWA,
gene name CSPG4) is a cell-surface proteoglycan expressed on greater than
90% of melanomas. It is postulated that HMWA contributes to the malignant
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phenotype of melanoma cells via enhancement of their spreading, invasion,
and migration (Campoli et al; 2004). HMWA was therefore used through out
the experiments for labelling melanoma cells. Its PE/Dsred-conjugated IgG1 k
(Miltenyi, UK) antibodies were used for the isotype control tubes and equal
concentration of anti-human PE/Dsred conjugated–HMWA (Miltenyi, UK) were
used for the data set tubes. These were then all incubated on ice in the dark
for 20 minutes. They were subsequently washed twice with FACS buffer
through centrifugation at 450xg for 5 minutes. After the second wash, the
pellets were re-suspended in 500µl of FACS buffer and transferred in to new
tubes by filtering through 70 µm strainer (Falcon) to remove cell clumps. 5µl of
undiluted 7-AAD (BD Pharmingen, UK) or 1 µL of DAPI (4’,6-diamino-2phenylindole, dihydrochloride) (20 µg/mL) were added to the tubes to mark
non-viable cells before running the samples to acquire data using the BD
Accuri C6 Cytometer or BD LSRFortessa flow cytometer respectively. All data
sets were analysed using Flowjo software.
2.3.3 Flow cytometry analysis for CD271 and CD133 expression
To determine the expression of other putative Melanoma stem cell markers
CD271 and CD133, the same methodology as described above (2.3.2) was
employed. The only variation was in the use of Alexafluor647-conjugated
IgG1k (AbDSerotec, UK) for isotype control and Alexafluor647-conjugated
anti-human CD271 (BD Bioscience, UK) for the data set tubes; and APC
IgG1k (Miltenyi,UK) as Isotype control and APC anti-human CD133 for the
data set (Miltenyi, UK) to determine CD271 and CD133 expressions
respectively. Co-staining with the above mentioned flourochrome-conjugated
HMWA was always undertaken in all the melanoma cell lines regardless of
the stem cell marker being interrogated.
2.4 DNA Extraction
DNA isolation was performed using the DNeasy Blood & Tissue kit (Qiagen,
UK) as per manufacturers guidelines. 2D cell cultures were trypsinised as
described in the sub-culturing protocol above ( section 2.1.3) and the pellet resuspended in 200 ul PBS. For our 3D cultures, melanospheres were
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harvested by aspirating the media and centrifuged as described above (2.1.3)
and the pellets re-suspended in 200 ul PBS. The pellet suspension was
transferred to a fresh Eppendorf tube (Eppendorf, UK) to which 20 µL of
proteinase K solution was added. Then 200 µL of AL lysis Buffer was added
and mixed thoroughly by vortex, and incubated at 56°C for 10 minutes. This is
followed by adding 200 µL of ethanol (96-100%) again mixing thoroughly by
vortexing. The mixture was pipetted into DNeasy Mini spin column and
centrifuged at 8,000xg for 1 min. Flow through was discarded and column
membrane was washed using washing buffers AW1 and AW2 by firstly adding
500 µL of Buffer AW1, and centrifuging at 8,000 xg for 1 minute; then
secondly, 500 µL Buffer AW2, and centrifuged at 20,000 x g for 3 minutes to
dry the membrane. Finally, DNA was eluted by adding 200 µL of elution buffer
(Buffer AE) directly onto the column membrane, left to incubate at RT for 1
minutes, and centrifuged at 8,000 x g for 1 minute. DNA concentration was
determined using NanoDrop 2000 (Thermo Fisher Scientific, UK).
2.5 Polymerase Chain Reaction (PCR)
2D culture flasks of the Melanoma cell lines were used to extract DNA using
DNA extraction kit (Qiagen,UK) according to the manufacturer’s instructions (
section 2.4). Primers for the hotspots of the commonly mutated genes in
melanoma were acquired from Invitrogen, UK (Table 2.5) and carefully
reconstituted according to a final working concentration of 10 uM. Normal
human DNA was used to determine the optimum temperature the primers
(58.8oc) bind by conducting PCR and Gel electrophoresis.
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Table 2.4: List of Primers used for PCR
Gene/%

Forward%Primer%

Reverse%Primer%

Expected%mutation%

BRAF%(NM_004333.4)%

5′TCATAATGCTTGCTCTGATAGGAG
3′%

5′GGCCAAAAATTTAATCAGTGGAG
3′%

T1799A%(V600E)%

NRAS%

5′G%GGTTTCCAACAGGTTCTTGCG3′%

5′G%CACTGGGCCTCACCTCTATGG3′%

G34T/C/A%(G12C/R/S),%
G35T/C/A%(G12A/D/V),%
G37C%(G13R),%G38T/C/A%
(G13V/A/D)%

NRAS%

5′G%CACACCCCCAGGATTCTTACG3′%

5′GTGGCAAATACACAGAGGAAGCG
3′.%

C181G/A/T%(Q61E/K/L),%
A182T/C/G%(Q61L/P/R),%
AA182G183TG/GG%
(Q61L/R),%A183C/T%
(Q61H)%

CKIT%(NM_000222.2)%

5′TGTTCTCTCTCCAGAGTGCTCTAAG 5′GAAACAAAGGAAGCCACTGGAG3′%
3′%

CKIT%(NM_000222.2)%

5′GCATCAGTTTGCCAGTTGTGCG3′%

5′AGCAAGAGAGAACAACAGTCTGGG T1727C(%L576P)%
3′%

CKIT%(NM_000222.2)%

5′GTCATTCAAGGCGTACTTTTGG3′%

5′G
A1924G%(K642E)%
TCGAAAGTTGAAACTAAAAATCCG3′%

CKIT%(NM_000222.2)%

5′GCATTTCAGCAACAGCAGCATG3′%

5′GCAAGGAAGCAGGACACCAATG3′%

T1669A/C%(W557R),%
T1676C/A%(V559A/D)%

G2446C%(D816H)%

!

PCR was undertaken by constituting reaction mix to a volume of 25 ul as
shown in table 2.5
Table 2.5: Composition of PCR reaction mix
Materials

Volume(ul)

PCR buffer (x10)

2.5

dNTP (10mM)

0.5

Mgcl2 (50mM)

1.5

Forward primer

0.5

Reverse primer

0.5

DNA

1.0

Taq polymerase

0.1

DNA-free water

18.4

Total

25
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PCR was run using T100 Thermal cycler (Biorad, UK) using a standardised
temperature setting as follows: Temperatures of 950C (3 minutes) and 950C
(30 seconds) for denaturing, 58.80C (1 minute) for annealing of primers and
720C (1 minute) for elongation phase. The cycle was repeated 34 times
following which sample was maintained for 5 minutes at 720C before holding it
at 40C.
2.6 DNA Agarose Gel Electrophoresis
PCR products were analysed by agarose gel electrophoresis which separates
the products according to molecular size. The size of products was estimated
by comparison to a DNA ladder (Thermo Fisher Scientific, UK). A 1.5% (w/v)
agarose gel was prepared by adding 1.5g of agarose (Eurogentec, UK) to
100ml 2x Tris-Acetate-EDTA (TAE) buffer in a conical flask followed by mixing
and heating in a microwave until it boils and then allowed to cool. 7 ul of
SafeView nucleic acid stain-(NBS Biologicals,UK) was added to the mix. The
gel was cast in an AGT1 tank (VWR International, UK) together with combs to
make 20 wells. After the gel had set, it was immersed in 100ml of 2x TAE
electrophoresis buffer. 2.5 µl DNA loading dye (Promega) was mixed with 10
µl of PCR product of each sample and pipetted into respective well. One lane
was loaded with a 1Kb DNA ladder (Fischer, UK). The gel was then run at
120V for approximately 40 minutes. The DNA bands were scanned and
visualised with ChemiDocTM

(Biorad, UK) The molecular weight of the

product was determined by the location relative to the DNA ladder markers of
known molecular weight. The predicted molecular weight of the PCR products
was used to assess the presence of the correct DNA.
2.7 Purification of PCR product
PCR products were purified using Qiaquick PCR purification Kit (Qiagen, UK)
according to the manufacturer’s instructions. 5 volumes of PB Binding buffer
was added to 1 volume of PCR product and mixed by vortexing. QIAquick
column was placed in to a 2 ml collection tube provided. The sample was
applied to the QIAquick column and centrifuged at 18,000xg for 1 minute.
Flow through was discarded and the QIAquick column placed back in to the
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same tube. To wash, 750ul of Buffer PE( to which 96-100% of ethanol had
been added) was added to the QIAquick column, centrifuged again at
18,000xg for 1 minute. Flow through was discarded and the QIAquick column
placed back in to the same tube. To remove residual wash buffer,
centrifugation for additional 1 minute at 18,000xg was carried out. The
QIAquick column was then placed in a clean 1.5 ml microcentrifuge
(Eppendorf, UK) and 50 µl of EB Elution buffer added to the centre of the
QIAquick membrane and centrifuged at 18,000xg for 1 minute to elute DNA.
NanoValue Plus spectrophotometre was used to measure the purity and
concentration of our DNA before storing at -200C.
2.8 Sequencing of PCR Products
Purified PCR products were premixed according to Eurofins guidelines and
sent to the company for sequencing. The expected (known) sequences of the
various genes were downloaded from Ensembl. The chromatographs
received from eurofins were aligned to compare with the known sequence
expecting double peaks signifying base substitution to identify mutations.
2.9 Assessing the effect of Rituximab on Melanospheres
5,000 cells per millilitre of embryonic stem cell media were plated using 12well ultra low attachment plates (Corning) and incubated using humidified 5%
CO2 incubator at 370C. Discernible Spheres were recognised from day 3
based on our previous sphere formation experiment. To assess the direct
effect of the drug on sphere formation, two different concentrations of
rituximab (Roche, UK), 40 µg and 100 µg per 106 cells were added on day 3
to triplicate wells per drug concentration. Three wells without rituximab were
used as untreated controls. The plate was then re-incubated at 370C for 4
hours after which photographs of the spheres were taken using Olympus
microscope at 10x magnification. The culture plate was put back in to the
incubator and left for another 48hrs after which 2nd doses as mentioned above
were repeated to the respective wells and incubated for 4 hours. Spheres
were then observed and 2nd photographs taken as described above. To
supply complement factors required for the drug to effect complement-
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mediated cytolysis, the same experiment described above was repeated but
with addition of 200µl of foetal calf serum to all the wells immediately before
adding the 1st and 2nd drug doses.
2.10 Assessing the effect of Combination treatment on Melanospheres
The effects of monotherapy and combination treatment of anti-CD20
(Rituximab)

and

BRAF

inhibitor

(vemurafenib-

Sellekchem,USA)

on

melanospheres were investigated. Melanospheres were generated using the
same protocol described above to day 3 followed by treating them with 0.5
µM/ml vemurafenib (Shao and Aplin, 2010) daily for 72 hours as
monotherapy. The wells meant for combination treatment were supplemented
with 7% FCS to provide the needed complements and treated with 40 µg
rituximab (Roche) per 106 cells for 4 hours. Wells treated with DMSO and
FCS were used as vehicle control. Photographs using our inverted
microscope

were

taken

for

the

phenotypic

characteristics

of

our

melanospheres.
2.11 RNA Extraction from Cultured Cells
In order to prevent contaminations, procedures involving RNA extraction and
handling, care was taken to ensure that all plastic-ware (i.e. pipettes),
glassware, and work surfaces where RNase-free by spraying them with
RNaseZAP. Sterile RNA and DNA free filter tips were used to carry out all
procedures involving RNA work.
Total RNA was extracted from cultured cells using TRIzol reagent
(LifeTechnologies, UK). T25 2D Culture media was removed and the cells
washed with 2ml PBS per well three times before adding 1 ml of TRIzol. For
the 3D cultures, the melanospheres were carefully harvested by aspirating the
media in to 15ml falcon tube and then centrifuged at 300xg for 5 minutes. The
supernatant was then discarded and the pellet suspended in 1 ml TRIzol (Life
Technologies, UK). The contents were then transferred to a sterile 1.5ml
eppendorf tube and vortexed for 5 minutes before placing on ice. An aliquot
(0.25 ml) of chloroform (Fisher Scientific, UK) was then added to each
eppendorf, mixed by vigorous shaking for 15 seconds and then left to stand
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on ice for 15 minutes. The samples were then centrifuged at 12,000 rpm for
15 minutes at 4ºC and the top aqueous layer containing RNA was carefully
transferred to a new sterile eppendorf tube by pipetting. The mRNA was
isolated from the sample with an RNeasy kit (Qiagen, UK) using silica spin
columns following manufacturer’s instructions. Lysates were transferred to a
gDNA eliminator spin column together with a 2 mL collection tube and
centrifuged for 30 seconds at 8,000 x g. One volume of 70% ethanol was
added to one volume of flow-through, and transferred to an RNeasy spin
column and centrifuged for 30 seconds at 8,000xg. Spin column membrane
was then washed with 700 µL of Buffer RW1 and spun for 30 seconds at
8,000xg, followed by two washes with 500 µl of Buffer RPE with subsequent
spins at 8,000 x g for 30 seconds and 2 minutes, respectively. RNA was
eluted by adding 50 µL of RNase-free water, and centrifugation for 1 minutes
at 8,000 x g.
In all cases, mRNA quantity was determined using a Nanodrop™, using 2
microlitres of RNA for the spectrophotometer reading. Samples of good
quality were stored at -80°C.
2.12 Preparation of cDNA for Quantitative Analysis
cDNA synthesis was performed using the Quantitect Reverse Transcription
Kit (Qiagen,UK) in 0.2ml PCR tubes as per manufacturers guidelines. cDNA
synthesis reaction comprised two steps: 1) Genomic (gDNA) removal, and 2)
reverse transcription (RT) reaction.
Firstly, any contaminating gDNA was removed by adding 500ng of total RNA
to 2 µL of gDNA wipeout, and made up to a final volume of 14 µL with RNasefree water, and incubated at 42°C for exactly 2 minutes in a thermocycler
(Biorad). Then 1 µL of reverse transcriptase, 1 µL of primer mix, and 4 µL of
RT buffer was added to the 14 µL of aforementioned solution, and incubated
at 42°C for 15 min and then 95°C for 3 minutes.
2.13 Quantitative Real-time PCR (qPCR)
For qPCR gene expression studies, all reactions were performed using the
TaqMan assay. Pre-designed TaqMan primer/probes were obtained from
Applied Biosystems. A number of conditions were considered when obtaining
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the primers. Primers were human specific, and did not cross react with
mouse. All reactions were run on the QuantStudio 7 Flex Real-Time PCR
system (Applied Biosystems, UK) supported by QuantStudio software. All
reactions were run in three technical triplicates. Housekeeping genes (usually
GAPDH or beta actin) were used as a reference gene for each plate run.
Reactions were run using the TaqMan Universal Master Mix II, with UNG
(Applied Biosystems) according to the manufacturers guidelines. qPCR
reactions were assembled in 96- and 384-well plates to a final reaction
volume of 15 µL and 10 µL, respectively. The amount of cDNA used was such
that each well would contain 20 ng of RNA/cDNA. Reactions were run using
the following conditions: 50°C for 2 minutes, 95°C for 10 minutes, followed by
40 cycles (95°C for 15 seconds, 60°C for 1 minute). Samples with
reproducible cycle time (Ct) values were analysed using the 2ΔΔCt method.
The ct value of the reference gene (i.e. GAPDH) from the same sample was
used to calculate the ΔCt values. Average ΔCt values were calculated for all
control samples and ΔΔCt value was calculated for each individual sample in
reference to the average control ΔCt.
2.14 Cell Viability
2.14.1 Cell Titer Glo
The Cell Titer Glo assay (Promega, Southampton, UK) was used to determine
the number of viable cells in culture based on the quantitation of the ATP
present, which is an indicator of metabolically active cells. Melanoma cells
were seeded in replicates using 12-well non-adherent plates (Corning) at a
seeding density of 10,000 cells/mL of ESCM and incubated to generate
melanospheres. Drug treatment was initiated on day 4 with daily 0.5 µM/ml of
vemurafenib (Sellickchem) treatment for 72 hours. This is followed by addition
of 40ug of rituximab (Roche) per 106 cells supplemented with 7% FCS for 8
hours on day 7 for the combination treatments arm of the study.
Melanospheres were then disrupted mechanically (by pipetting up and down)
and transferred immediately into white-sided 96 well flat-bottomed plates
(Greiner Bio One,UK). The impact of these compounds on cell viability was
then assessed.
Experiment was performed by adding the single reagent (Cell Titer-Glo
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Reagent-Promega, UK) directly to the cells in a media in 1:1 ratio (100 µL or
reagent to 100 µLmedia). The plate was then placed on an orbital shaker for 2
minutes in order to lyse the cells, before being placed in a dark environment
for 20 minutes at RT in order for the signal to stabilize. The Cell Titer-Glo
contains lysing reagents, which lyse the cells, and the enzyme Ultra-Glo
recombinant Luciferase, which requires ATP from the lysed cells to convert
luciferin into oxyluciferin, to subsequently generate the luminescent output.
Following incubation the luminescent signal produced was measured using
the CLARIOstar plate reader (BMG Labtech, Germany) by setting the
excitation/emission wavelengths to 560/590 nm.
2.15 Transient Transfection: NF1 Knockdown with siRNA in Melanocytes
Neurofibromin 1 (NF1) and non-target siRNA solution were prepared at a
concentration of 25nM in 175µl Dharmafect reagent as per the manufacturer’s
instruction (ON-TARGETplus siRNA, GE Healthcare Dharmacon, USA).
Solutions were made up to the defined volumes before being added to
attached cells. Knockdown of NF1 was confirmed with qPCR and western
blot.
2.16 Stable Transduction: PEDF Overexpression in Melanocytes and
Melanoma
Briefly, 293T cells were co-transfected with pLV-IRES-Venus or pLV-PEDFIRES-Venus (Cyagen biosciences, UK), HIV-1 pol-gag and pCMC-VSV-G env
packaging plasmids with calcium phosphate. 48 hours’ post-transfection
supernatant containing lentiviruses was collected. The day of transduction,
lentiviruses containing PEDF or control vector were spun for 2.5 hours at
2,100 x g at RT in retronectin (Clontech, USA ) coated 12 well plates. Both
vectors contained green fluorescence protein (GFP). After centrifugation,
supernatant was removed, and cells were bound to the virus-retronectincoated plate by spinning down for 5 minutes at 500 xG, RT. 12 hours later,
cells were transferred to culture flasks and grown for 1 week before sorting.
GFP-expressing cells were selected by fluorescence-activated cell sorting
with a BD FACSAria Fusion flow cytometer (BD Biosciences) and data
analysed using FlowJo software. Overexpression of PEDF was confirmed with
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qRT-PCR.
2.17 Proliferation Assay
Proliferation of untreated, PEDF vector and control vector treated MEWO,
M14 and FM291 melanocyte cell lines was assessed in triplicate using the
CellTiter-Glo Luminescent Cell Viability Assay (Promega). Cells from each
condition were seeded at a density of 10,000 cells in 100 µl per well in to a 96
well and measured after 24 hours. Using the CLARIOstar plate reader (Bmg
Labtech) proliferation rates were generated using a standard curve ranging
from 1000 to 30,000 cells of each control vector cell line measured after 3
hours.
2.18 Single Cell Migration
For single cell migration analysis cells were trypsinised, counted and seeded
at a fixed density of 3000 cells in 600µl per well of a 24 well plate. Up to six
images of each well were taken at 10 minute intervals for 24 hours using a
Leica DMI6000B Fluorescent Time Lapse Microscope with a X10 lens. Using
the CellTracker programme in MATLAB each cell was tracked from frame to
frame (n=41-123) to give a final average distance moved from origin and
graphs plotted with GraphPad Prism.
2.19 Two Chamber Culture Insert Migration Assay
Culture inserts were placed in the centre of each experimental well in a 24
well plate. Cells were trypsinised, counted and seeded at a density of 50,000
cells per chamber in 80µl fresh medium. The chambers were immersed in
200µl media and left in the incubator (370C, 5% CO2) for 5 hours to allow cell
attachment. Post-attachment the insert was removed with tweezers and the
media was replaced with either fresh media or NF1/non-target siRNA
solutions. Images of each well were taken at 10 minute intervals for 24 hours
using a Leica DMI6000B Fluorescent Time Lapse Microscope with a X10
lens. Environment was kept at 370C with 5% CO2. Each condition was plated
in triplicate. Wound area coverage was analysed using the MRI Wound
Healing Tool for ImageJ and graphs showing percentage wound area
coverage generated in GraphPad Prism.
67

2.20 Annexin V apoptosis assay
The Annexin V apoptosis assay was used to determine the proportion of cells
undergoing

early

or

late

apoptosis

following

drug

treatment,

by

detecting/studying the externalization of phosphatidylserine, one of the
earliest indicators of apoptosis. Both 2D and 3D cultures of our cell lines were
treated daily for 3 days, starting from day 4 of culture with either 30 nM/ml or
higher 0.5 µM/ml dose of vemurafenib (Selleckchem) as a single treatment.
For the combination with rituximab (Roche), this is followed by addition of
40ug of rituximab per 106 cells supplemented with 7% FCS for 8 hours on day
7 immediately before assessing apoptosis. On the day of analysis, media
containing dead cells in the 2D culture was removed from cultured cells and
kept, cells were washed with PBS, trypsinised and trypsin inactivated using
the media that was stripped off the well earlier. For the 3D cultures, single
cells were acquired on the day of analysis by mechanical dissociation. Cells
were then pelleted by centrifuging at 300xg for 5 minutes, supernatant
discarded, and each sample/condition was re-suspended in 100 µL of
1xAnnexin V Binding Buffer (Biolegend, UK) and 1 µL of Annexin V,
AlexaFluor 647 conjugate (ThermoFisher Scientific) was added to the
suspension and incubated for 30 minutes at room temperature in the dark.
100 µL of Annexin V buffer was used for every 100,000 cells, and volumes
were scaled up according to cell number. Following incubation, a further 400
µL of Annexin V binding buffer was added to each sample to inactivate the
reaction. Just before each sample was analysed, 1 µL of DAPI (20 µg/mL)
was added. Samples were analysed using a BD LSRFortessa flow cytometer
(BD Biosciences), and were gated by first selecting the cell population using
FSC-area/SSC-area, and then by obtaining a single cell population by
removing doublets using FSC-area/FSC-height, before finally gating this
single cell population based on the intensity of the far-red APC dye
conjugated to Annexin V, and DAPI to identify cells that are either early or late
apoptotic, and live or dead. Data was processed using FlowJo analysis
software.
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2.21 Western Blot
FM291 melanocytes and Hela cells were cultured as described and lysates
taken. Cell lysates were prepared by washing and trypsinizing the cells and
centrifuging at 300 x g for 5 minutes. Cell pellets were re-suspended in 50µL
RIPA buffer and incubated on ice for 30 minutes. Supernatant was removed
after centrifuging at full speed at 40C for 20 minutes and protein
concentrations determined by Pierce BCA assay (ThermoFisher). Protein was
added to RIPA buffer and 4X Laemmli sample buffer for the desired total
protein concentration in 28µL. Proteins were run on 10% BIORAD Clarity gel
in sodium dodecyl sulphate (SDS) running buffer. Proteins were transferred
on mini PVDF membranes using the Trans-Blot Turbo Transfer System and
Trans-Blot Turbo Mini Transfer Packs (Bio-Rad).
Membranes were blocked with 10% bovine serum albumin (BSA, SigmaAldrich) in TBST (50 mM Tris-Cl, pH 7.6, 150 mM NaCl) for (phosphorylated
proteins) and (10% skimmed milk in TBST for nonphosphorylated proteins)
and probed with primary antibodies overnight. Membranes were washed 5
times with TBST before one-hour incubation with horseradish-peroxidase
conjugated secondary antibody (Abcam, UK). Blots were washed another 5
times before addition of Luminate Forte chemiluminescent HRP detection
reagent

(Merck

Milipore,

USA)

for

30

seconds.

Colorimetric

and

chemiluminescent high resolution images were acquired using the BioRad Gel
Doc XR+ Gel Documentation System.
2.22 Statistical analysis
Error bars on graphs represent standard error values. In the vast majority of
cases, an unpaired student’s T-test was used to establish if there was
statistical significance between experimentally treated samples and control
samples. All tests assumed unequal variance and in most cases were carried
out on data sets with samples sizes of n=3 unless otherwise stated. Analysis
were carried out using Mann-Whitney test, 2-tail paired t-test using Microsoft
Excel 2010 as well as Graphpad Prism software; and results were taken to be
significant if the calculated p value was equal to or less than 0.05.
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Chapter 3: Further development of Melanosphere colony
forming assay
3.1 Introduction
The sphere-forming assay, which was first described in normal stem cells
research, has now been widely applied in cancer research as a functional
assay to identify and characterise cancer stem cells (CSCs) (Reynolds and
Weiss, 1992; Galli et al, 2004; Yuan et al, 2004). By exploiting the ability of
stem cells to escape anoikis (a form of programmed cell death that happens
in anchorage-dependent cells when they are subjected to inadequate cellmatrix interaction by suspension culture), a carefully designed experiment can
help identify and enumerate cancer stem cells from within either primary
(normal or malignant) tissues or cell lines. When cells are cultured in
suspension, anoikis is induced in the majority of cells allowing the stem cells
to survive. These cells continue to proliferate through cell division and selfrenewal, producing small differentiating colonies termed spheres or
‘spheroids’. By dissociating these spheres in to a single cell suspension and
once more subjecting them to serial passaging, self-renewal can be
assessed, an important feature of stem cells. Although the ability to form
primary sphere assesses both early progenitor and stem cell activity,
subsequent passages and quantifying the number of spheres can reflect stem
cell frequency (Dontu et al. 2003; Pastrana et al 2011; Shaw et al. 2012).
Moreover, in melanoma, in vitro expression of certain stem cell markers such
as CD20 from primary cultures is context dependent and may depend on this
non-adherent condition in primary cultures (Fang et al., 2005) which may not
be expressed in conventional adherent 2D cultures even using established
cell lines. It is also pertinent to note that, known markers CD133 and CD271
used in identifying CSCs in melanoma were mainly validated using primary
biopsies in the absence of cell cultures. Studies on established cell lines have
shown variable and sometimes controversial findings when conventional 2D
cultures were compared with non-adherent 3D cultures.
A critical factor in sphere forming assays is the cell density, which should be
low to ensure that each sphere is clonal, being derived from a single cell. Low
seeding densities are used to ensure that cell clumping is avoided. To achieve
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this, cell density between 0.2 to 20 cells per µl of media is agreed to be
appropriate for clonal growth condition without fusion of spheres (Pastrana et
al, 2011; Ferron et al, 2007; Coles-Tabake et al, 2008; Chojnacki and Weiss,
2008).
The basis for why some cancer cells establish non-adherent colonies and
others do not remains unclear. With regard to melanoma initiation and
progression, activating mutation in the serine/threonine-specific protein kinase
BRAF is the commonest driver, seen in >50% of cases (Davies et al, 2002;
Wellbrock et al, 2004; Lin et al, 2011). It is also unclear whether CSCs
markers are consistently preserved and expressed in cultures of established
cell lines since acquisition and expression of stem cell-like attributes can be a
dynamic process in melanoma and this stemness can largely depend on the
microenvironment (Roesch et al. 2010; Sztiller-Sikorska et al, 2012). Previous
reports showed little success in generating spheroids cultures from
established melanoma cell lines, ranging from 32% success rate (Perego et
al., 2010) to as low as 11% (Fang, et al; 2005) where only WM115 and
WM239A, a pair of primary and metastatic melanoma from the same patient
formed 3D colonies out of a total of 18 melanoma cell lines grown in stem cell
culture conditions.
We hypothesized that, as a transformation feature, established melanoma cell
lines could form reproducible spheres in 3D culture conditions with a
differential expression of melanoma CSC markers (CD20, CD133, CD271).
Using appropriate controls, our future experiments would further describe
these cells in terms of CSC markers, cellular proliferation and apoptosis.
3.2 Results
3.2.1 Human melanoma cell lines could form spheres under our modified
3D non-adherent culture conditions
Our various melanoma cell lines when cultured in normal 2D adherent
exhibited either fibroblast-like and/or epithelial-like morphology (see figure 3.1
below). Skmel-30 exhibited both morphological features. The conventional
culturing and passaging conditions for these established melanoma cell lines
are as described in the methods section (chapter 2).
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Figure 3.1: Human melanoma cell lines cultured in 2D adherent
monolayer

conditions

using

established

cell

culture

protocols.

Reproducible growth of each cell type yielded either fibroblast-like (M14,
WM3523, COLO-792, Mewo) and epithelial-like (A375, Malme-3M) growth
patterns. Skmel-30 exhibited both features. Scale bar=20µm
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Human melanoma cell lines were consistently displayed ability to proliferate
as floating anchorage independent ‘spheroids’ cells (melanospheres) in nonadherent 3D cultures with embryonic stems cell media even when plated at a
low seeding density of 5 viable cells/µl of media (n=6 of 7 cell lines). The
ESCM contains mitogens that select and promote proliferation of stem cells in
non-adherent culture condition and was purposely selected to achieve this. 6
out of 7 cell lines formed spheres. COLO-792 cell line did not form discernible
spheres by day seven and remained as single cells level even when observed
after an additional seven days of culture. For the remaining cell lines, spheres
began to form within 72 hours (by Day 3) and continued to grow and expand
to become fully established spheres by day 7 (figure 3.2A-G). Although we
cannot categorically say that these culture conditions prevented cell clumping,
the reproducible expansion of colonies in these six melanoma cell lines and
importantly the reproducible absence of non-adherent 3D colonies with colo792 cells, led us to feel confident that individual cells gave rise to colonies.
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Figures 3.2A-G: Representative serial photographs at Days 1, 3 and 7 of
various human melanoma cell lines showing their sphere-forming
capacity when grown in non-adherent 3D conditions with embryonic
stem cell medium. Starting at single cell level on Day 1 (day of the plating),
spheres began to form by Day 3 and continued to grow till day 7 for six
melanoma cell lines. Images photographed using an inverted microscope and
10x lens. Colo-792 did not form spheres. Scale bar=100µm
3.2.2 Melanospheres could be serially passaged resulting in increased
colony formation
An important requisite of stem cells and CSC is their ability to self renew.
Serial passage experiment in which CFE is re-tested in vitro assesses the
ability of CSC to self-renew. In order to determine whether our spheres could
be serially passaged, we subjected our melanospheres to mechanical
dissociation in to single cell and re-plating once more at single cell. Our 3D
cultures could generate spheres (Figure 3.3) in our sphere-forming cell lines
when tested up to 3 serial passages. It is pertinent to however note that,
phenotypic changes such as increased pigmentation and increase in number
and sizes were also observed in some passaged spheres.
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1st Passage

2nd Passage

3rd Passage

Figure 3.3: Representative picture of a triplicate experiment showing
Sphere forming capacity of WM3523 melanoma cell line during serial
passaging. Following mechanical dissociation of melanospheres and replating at single cell level during passage, increased pigmentation
(determined separately by flow cytometric autofluorescence) as well as
increase in number and sizes were observed in WM3523 cell line
melanospheres. Scale bar=100µm
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3.2.3 Sphere formation is not an inherent property of human melanocyte
cell line
In order to determine if healthy human melanocytes could proliferate as
spheres under similar non-adherent condition, we first cultured human
melanocyte cell line FM291 in normal 2D using Media 254 and human
melanocytes growth supplement (see method section). After reaching 90%
confluency, the 2D culture was trypsinised and plated in to 3D culture
condition at 5 viable cells/μl in ESCM similar to our melanoma 3D assay.
Although some clumps of cells were noted, no discernible sphere formation
was observed after 7 days even when the experiment was replicated despite
using higher seeding densities of 10, 15 and 20 cells/μl of media (see figure
3.4). Consistent with our hypothesis, sphere formation in melanoma cell lines
under these conditions is a feature of transformation and possible presence of
CSCs. However, we recognise that, we have only tested sphere formation
with one melanocyte cell line and also not tested the ability of primary
melanocytes to form spheres.
2D!

!DAY!1!

DAY!3!

DAY!7!

Figure 3.4: Representative picture of non-adherent 3D cultures of FM291
Human melanocyte cell line in embryonic stem cell media. FM291 did not
form spheres when seeded at 5,10 and 15 cells per ul in ESCM and observed
over 7 days. Scale bar=100µm
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3.2.4 Melanoma cell lines demonstrated reproducible sphere forming
efficiencies
Previously, melanoma sphere has only been documented in 1 out of 18
established melanoma cell lines tested using ESCM (Fang et al., 2005).
Having succeeded in growing spheres among six of our established cell lines,
the efficiency of this sphere formation was interrogated by seeding a varying
densities of live cells (1, 2, 5, 10,15 and 20 cells per ul of media) in triplicate
experiments for each cell line and the spheres (colonies) captured by
scanning with Gelcount scanner at day 7 and enumerated using ImageJ.
Colony forming efficiency (CFE), was calculated by dividing the total number
of spheres by the number of cells seeded in the well, then multiplied by 100 to
get a percentage. Figure 3.5 shows the average CFE and median efficiency
values from triplicate experiments of the various cell lines. While the CFE
showed greater variability at seeding densities of 1 and 2 due to possible lack
of adequate paracrine signals and difficulty to measure a discernible sphere.
CFE was however, found to be relatively fixed between 5-15 seeding cells
density. The maximum and minimum CFE were 1.3% and 0.3% respectively
among the cell lines with median values ranging from 0.25% (skmel-30) to
0.8% (WM3523). CFE began to slightly decline after 15 cells/µl seeding
density. This could be attributed to the saturation of sphere forming capacity
and exhaustion of the media by the cells.
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SPHERE FORMING EFFICIENCY

Figure 3.5: Graphs of Average Colony forming efficiency per cent (left)
and box plot (Right) of various melanoma cell lines. The plots show CFE
of melanoma cell lines plated at varying low-density cell numbers. The left
graph shows the CFE percentage at each plating density and values are
averages of 3 independent experiments. The right graph shows the median
CFE for each cell combining all the data shown in the left graph. The
maximum and minimum CFE observed were 1.3% (WM3523) and 0.3%
(Skmel-30) among the cell lines with median values of 0.8% and 0.25%
respectively (n=3).
3.2.5 PCR and Sanger sequencing to identify driver mutations
In order to investigate the oncogenic driver mutation of our hitherto
uncharacterised cell lines and to validate those that have been previously
characterised (cell line contamination has been documented in literatureHorbach and Halffman, 2017), PCR and Sanger sequencing was undertaken.
DNA was extracted from the 2D cultures and PCR reaction mix prepared and
run on thermal cycler as described in the methods section (chapter 2).
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Normal human DNA was first used to optimise and determine the binding
temperature of our primers. To ensure quality, our PCR products were run on
1.5% agarose gel to compare the intensity of our bands to the background
and where they appear weak or with multiples smears, the PCR conditions
were further optimised.
Purified PCR products were sent to Eurofins for sequencing. The received
electropherogram of the PCR products from Eurofins were aligned and
compared with the expected (Normal) sequences of the respective commonly
mutated genes reported in melanoma (BRAF, NRAS and c-KIT), which were
downloaded from ensemble. Cell lines, Malme-3M, M14 A375 and WM3523
(Figures 3.6-3.9) were shown to be BRAF mutant with T1799A (V600E)
mutations. Skmel-30 was NRAS mutant while Mewo and colo-792 wild types
in the hotspots of the 3 commonly mutated genes investigated and no c-kit
mutation was identified in any of the cell lines (see appendix for individual cell
line data).
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Wlid type/Normal
BRAF Sequence

Malme-3M
Melanoma Cell line

Figure 3.6: Electropherogram illustrating V600E BRAF mutations in
Malme-3M melanoma cell lines. The upper sequence represents normal
BRAF wild-type Sequence while the arrows showed the T>A (V600E ) BRAF
mutations on the cell line.
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Wild type/Normal
BRAF Sequence

M14 Melanoma
Cell line

Figure 3.7: Electropherogram illustrating V600E BRAF mutations in
Melanoma cell line M14. The upper sequence represents normal BRAF wildtype Sequence while the arrows showed the T>A (V600E ) BRAF mutations
on the cell line.
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3.2.6 BRAF-mutant Melanoma cell lines demonstrated higher Colony
forming efficiency than BRAF-wild types.
In view of the fact that BRAF is the driver mutation most commonly mutated
and clinically targeted in melanoma treatment, we investigated a possible
relationship between CFE and this underlying driver mutation. Based on
previously identified and/or validated oncogenic driver mutation of our cell
lines, we categorised our cell lines in to BRAF mutant and BRAF wild types.
A375, WM3523, M14 and Malme-3M cell lines belong to the BRAF mutant
cohort while Mewo and Skmel-30 cell lines belong to the BRAF wild cohort.
The BRAF mutant cell lines demonstrated higher sphere forming efficiency
Mean ± Standard deviation (SD) (0.54 ± 0.37%) than the BRAF wild-type
cohort (0.29 ± 0.34%) respectively. However this did not achieve statistically
significant difference (p>0.05) using Mann Whitney test (Figure 3.10).
Importantly, two of the four BRAF mutant melanoma cell lines consistently
demonstrate above average CFE (M14 and WM3523).
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Figure 3.10: shows CFE of BRAF mutant (left plot) and BRAF wild-type
(Right plot) melanoma cell lines. The BRAF mutant cell lines demonstrated
higher mean CFE than the BRAF wild-type cohort (P>0.05).
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3.3 Establishing a positive control for CD20 expression.
In order to confirm the quality of our APC-conjugated CD20 antibody and
optimise our protocol, we acquired Epstein-Barr virus (EBV) transformed B
cells as prototype of CD20 expressing cells. B cells were grown as a
suspension culture in RPMI-1640 medium supplemented with 10% FCS (see
figure 3.11 below). High molecular weight melanoma associated antigen
(HMWA) is a known marker of melanoma differentiation (Campoli et al., 2004)
and its PE-conjugated antibody was used as a marker for melanoma cells.
Culture'of'B'Cells'in'RPMI+10%FCS''

Figure 3.11: Suspension culture of Epstein-Barr virus transformed B
cells. B cells grown in RPMI-1640 supplemented with 10% FCS proliferate as
both single and clumps of cells in suspension culture
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3.3.1 Over 90% of EBV-transformed B cells expressed CD20 surface
marker
Preliminary flow cytometric analysis with 7-AAD dye suitable for discriminating
dead and apoptotic cells using BD AccuriTM C6 plus cytometer and analysed
using flowjo. Our population of interest in all the flow cytometric analyses was
gated by first selecting the cell population using FSC-area/SSC-area, and
then obtaining a single cell population by removing doublets using FSCarea/FSC-height. This is followed by gating 7AAD/DAPI negative cells by
using 7AAD-FL3/DAPI-A/FSC-Area before finally gating this live population
based on the intensity of the Alexaflour 647-conjugated CD20 antibody to
PE/DsRed-conjugated HMWA (Figure 3.12). Data was processed using
FlowJo analysis software.

Selected cells
Live cells

CD20

An#body label

HMWA

Figure 3.12: Diagram illustrating gating process of flow cytometric
analysis to assess expression of CD20 and HMWA markers.
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B cells showed high (over 90%) expression of CD20. HMWA was not
expressed by B cells (figure 3.13). These was further validated and confirmed
using another model of FACS, BD LSR FortessaTM flow cytometer (Figure
3.14).

CD20%

Isotype%
An2body%label%

Live%cell%gate%

HMWA%

Figure 3.13: Representative flow cytometry analysis showing CD20
overexpression in B cells. CD20 marker (FL4) is expressed by majority of B
cells (94.7±2.8%). HMWA (FL2) is not expressed (n=3). Data acquired and
analysed using BD AccuriTM C6 plus cytometer and flowjo Software
respectively
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CD20%

Isotype%
An2body%label%

Live%cell%gate%

HMWA%
Figure 3.14: Representative flow cytometry analysis showing CD20
overexpression in B cells. CD20 marker (Alexaflour-647) is expressed by
majority of B cells (92.3±3.1%). HMWA (DsRed) is not expressed (n=3). Data
acquired and analysed using BD LSR FortessaTM flow cytometer and flowjo
Software respectively
3.3.2 CD20 marker expression is not affected by Trypsin dissociation
In view of the fact that we used trypsin in our protocol to detach our 2D
cultures, we sought to establish the effect of trypsin on CD20 marker by coincubating our B cells with trypsin for various time periods (1,3 and 5 minutes)
and then evaluated CD20 expression by flow cytometry. Triplicate
experiments showed that CD20 expression is only minimally affected by
trypsin (Figure 3.15 below)
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1"min"

CD20"

0"min"

3"mins"

5"mins"

HMWA"

Figure 3.15: Flow cytometric analysis demonstrating trypsin has
minimal effect on the CD20 marker expression. B cells still expressed
CD20 in excess of 83±2.1% after 5 minutes co-incubation with Trypsin.
Figures are representative of triplicate experiments
3.4 CD20 marker expression is enriched in the 3D spheres of some
melanoma cell lines
Both 2D and 3D cultures of our cell lines were interrogated for CD20
expression at day 7 of culture using flow Cytometry. Using Accuri to acquire
our data, no CD20 expression was observed in the 2D cultures in any of the
cell lines. However, 3 out of the 7 cell lines (WM3523, M14, SKMEL-30)
showed CD20 expression between 1-15% in 3D non-adherent culture, which
their 2-D counterpart consistently failed to do (figures 3.16 and 3.17). We
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found the 3D melanoma viable cells demonstrating auto-fluorescence in to
FL3 (7AAD) channels giving false impression of non-viability. Similar
expression was observed with unlabelled melanoma cells. Sorting this FL3high 3D non-adherent cells by FACS Aria Fusion cell sorter and re-plating
them confirmed these cells to be viable, where by they successfully attached
and grew as adherent monolayer cultures (unshown data). It was therefore a
challenge gating our viable 3D melanoma cells on the Accuri using the 7AAD
as dead cells marker. To mitigate this, we moved to Fortessa where we used
different filter, with DAPI as our dead cell marker. We validated CD20
expression on the same 3 cell lines (WM3523, M14, SKMEL-30) where they
consistently showed enrichment with CD20 marker in 3D (Figures 3.18,3.19
and 3.20) but not 2D cultures. A small subtle population of CD20-expressing
cells was detected. This finding is similar to what were previously reported by
Fang et al (2005) and Song et al (2015).
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ISOTYPE

M14

A375

MEWO

CD20

B CELLS

WM3523

SKMEL-30

MALME-3M

COLO-792

HMWA

Figure 3.16: Flow cytometric analysis of 2D cultures of various
melanoma cell for the expression of CD20. Neither CD20 nor HMWA was
expressed in 2D cultures. Individual isotype controls were used in analysing
each cell line but only one shown for illustration. Figures are representative of
3 independents experiments analysed on day 7 of 2D adherent cultures using
BD AccuriTM C6 plus cytometer

95

ISOTYPE

A375

WM3523

SKMEL-30

CD20

B CELLS

MALME-3M

MEWO

COLO-792

M14

HMWA

Figure 3.17: Flow cytometric analysis of 3D non-adherent cultures of
various melanoma cell for the expression of CD20. Figure shows
expression of CD20 by WM3523, Skmel-30 and M14 cell lines (1-15%).
HMWA was expressed by malme-3m, WM3523, Skmel-30 and M14 cell lines.
Individual isotype controls were used when analysing each cell line but only
one is shown in this illustration. CD20 was not expressed by A375, Malme3M, Mewo and colo-792. Colo-792 did not form spheres in 3D and this
adversely affected its viability and so low cell numbers. Figures are
representative of 3 independents experiments analysed at day 7 of 3D nonadherent cultures.
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CD20%

Isotype(
An+body(label(

HMWA%

Figure 3.18: Flow cytometric analysis of 3D non-adherent culture of
WM3523 melanoma cell line validated CD20 expression using the BD
LSR FortessaTM flow cytometer. Gated cells in left panel represent live cells.
CD20 expression was shown to be 1.48± 0.65%. Figures are representative
of 3 experiments.
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CD20%

Isotype(
An+body(label(

HMWA%

Figure 3.19: Flow cytometric analysis of 3D non-adherent culture of M14
melanoma cell line validated CD20 expression using the BD LSR
FortessaTM flow cytometer. Gated cells in left panel represent live cells.
CD20 expression was shown to be 1.43 ± 0.32%. Figure representative of
independent triplicate experiments.
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CD20%

Isotype(
An+body(label(

HMWA%

Figure 3.20: Flow cytometric analysis of 3D non-adherent culture of
Skmel-30 melanoma cell line validated CD20 expression using the BD
LSR FortessaTM flow cytometer. Gated cells in left panel represent live cells
CD20 expression was shown to be 2.13 ± 0.36%. Figure is representative of
independent triplicate experiments.
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3.5 Melanoma differentiation marker HMWA is expressed earlier than
CD20 stem cell marker in 3D non-adherent cultures of melanoma cell
lines.
We consistently observed CD20 expression at 7 days of 3D cultures but not
2D cultures, as our experimental endpoints. We next sought to find out how
early CD20 was expressed by undertaking flow cytometry earlier on our
culture at days 3. Our result showed that, the melanoma differentiation marker
(HMWA) is expressed within 72 hours by our spheres (up to 100%). However,
CD20 expression is very minimal on day 3 and became more appreciable by
day 7(See figure 3.21 below)
DAY3%

DAY%7%

WM3523%

CD20%

M14%

SKMEL430%

HMWA%

Figure 3.21: Representative flow cytometric analysis showing CD20 and
HMWA expression by 3D non-adherent cultures of melanoma cell lines
at Days 3 and 7. HMWA is expressed by day 3 while CD20 was less
apparent at day 3 but became robust at day 7.
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3.6 CD20 surface marker expression is not only due to ESCM
As our 3D non-adherent cultures where CD20 surface marker were shown to
be enriched utilised ESCM as opposed to conventional media used for 2D
adherent cultures, we next sought to determine if CD20 expression could be
induced by the ESCM by culturing our cell lines in 2D adherent cultures with
ESCM for 7 days by flow cytometry analysis. None of the cell lines expressed
CD20 marker including the 3 hitherto CD20 expressing cells (WM3523,
Skmel-30 and M14). Hence, it is 3D non-adherent cell culture condition that
promote HMWA and CD20 expression of our CD20+ cell lines (figure 3.22)

CD20$

ISOTYPE$

WM3523$

M14$

SKMEL230$

HMWA$

Figure 3.22: Flow cytometry analysis of 2D adherent cultures of
(WM3523, Skmel-30 and M14) melanoma cell lines grown in ESCM
analysed on day 7. Figures are representative of triplicate experiment,
representing flow cytometric analysis of melanoma cell lines grown in ECSM
for HMWA and CD20 expression.

101

3.7 Normal melanocytes do not express CD20
Considering the fact that, melanoma cells are derived from melanocytes, we
next sought to determine if FM291 normal human melanocyte cell line can
express CD20 surface marker when cultured either in 2D with ESCM for 7
days. Flow cytometric analysis of the FM291 melanocyte cell line showed that
these cells do not express CD20 (see figures 3.23). We again tested these
normal melanocytes (FM291 cell line) propagated in 3D non-adherent culture
condition using ESCM and they again demonstrated no CD20 expression
(Figure 3.24). Viability of the melanocytes was negatively affected in both
culture conditions because of the use of the serum free ESCM in the 2D
instead of conventional melanocytes growth media and the inability of the
normal melanocytes to resist anoikis in the 3D non-adherent cultures. Even
though few melanocytes remain viable in 3D non-adherent cultures with
ESCM, expression of HMWA was facilitated. It is therefore pertinent to note
that, these melanoma cells precursors (melanocytes) also expressed HMWA
in 3D non-adherent but not 2D adherent conditions, strengthening our earlier
assertion that expression of HMWA is dependent upon non-adherent culture
condition.
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Isotype

Melanocytes

CD20

An+body label

HMWA

Figure 3.23: Flow cytometry analysis of melanocyte FM291 cell line
cultured in 2D ESCM for 7 days. Flow cytometric analysis of HMWA and
CD20 expression of normal melanocyte in 2D culture with ESCM. Gated cells
in left panel represent live cells neither CD20 nor HMWA was observed.
Representative figure of 3 independents experiments
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Melanocytes

CD20

An+body label

HMWA

Figure 3.24: Flow cytometry analysis of melanocyte FM291 cell line
cultured in 2D ESCM for 7 days. Flow cytometric analysis of HMWA and
CD20 expression of normal melanocyte in 2D culture with ESCM. No CD20
expression was observed. Representative figure of 3 independents
experiments
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3.8 Melanospheres could be further enriched for CD20 surface marker
Expression.
We previously observed CD20 expression emerged at low levels on day 3 of
3D non-adherent cultures. In order to investigate the dynamism of our CD20+
stem cells and see whether their population can further be enriched, we
cultured melanoma cells in 3D with the ESCM 3 weeks replacing our media
every 7 days. Using our flow cytometry protocol described in the methods
chapter, DAPI was used to exclude dead cells and data were acquired with
fortessa on days 21. Flow cytometric analysis on days 21 shows significant
enrichment of CD20 in the spheres of two of our CD20-expressing cell lines
(WM3523 and M14 reaching 28.8 ± 1.7% and 49.7 ± 0.96% respectivelyFigures 3.25 and 3.26). However, this experiment does not provide an answer
as to whether cells acquire CD20 expression or if the culture condition select
for CD20 expressing cells.
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HMWA%

Figure 3.25: Flow cytometry analysis demonstrating enrichment of 3D
non-adherent culture of WM3523 melanoma cell line. Following continuous
non-adherent culture using ESCM for 21 days, CD20 and HMWA expressions
were determined by flow cytometry analysis Gated cells in left panel represent
live cells, and CD20 expression was 28.8 ± 1.7%(n=3)
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M14

CD20

An+body label

HMWA

Figure 3.26: Flow cytometry analysis demonstrating enrichment of 3D
non-adherent culture of M14 melanoma cell line. Following continuous
non-adherent culture using ESCM for 21 days, CD20 and HMWA expressions
were determined by flow cytometry analysis. Gated cells in left panel
represent live cells, and CD20 expression was 49.7 ± 0.96% in M14 cell line
(n=3).
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3.9 Assessing the expression of other putative melanoma stem cell
markers CD271 and CD133 on melanoma cell lines.
Although there is no definitive consensus on the phenotype and frequency of
CSCs in the majority of human tumors, much experimental evidence supports
the contentions that many tumors of both epithelial and non-epithelial origin
have operationally defined CSCs and Melanospheres were heterogeneous for
the expression of stem cell markers (Perego et al., 2010).
CD133 (human prominin-1/AC133) is a trans-membrane glycoprotein that is
expressed on the hematopoietic stem cells, endothelial progenitors, and
dermal-derived stem cells (Belicchi et al., 2004; Shmelkov et al., 2005) and it
has also been shown to be expressed by acute and chronic myeloid
leukemias as well as lymphoblastic lymphoma cells (Bhatia, 2001). ABCB5, a
novel drug transporter and chemoresistance mediator, was coexpressed with
CD133 in distinct tumor subpopulations in both cultured melanoma cells and
clinical melanoma tumors (Frank et al., 2005). Monzani et al., 2007 also
demonstrated the presence of stem/initiating subsets in melanoma expressing
CD133 marker both in biopsy and in an established melanoma cell line.
Melanoma stem-like cells in CD271+ enriched population were reported from
primary tumours (Boiko et al., 2010) and melanoma cell lines (Cheli et al.,
2014). However, poor and inconsistent overlap between Melanoma cancer
stem cells was reported and there is still no single consensual universally
identifiable marker characterizing melanoma stem cells population (Cheli et
al., 2014).
We therefore sought to determine expression of CD133 and CD271 in both
our 2D and 3D nonadherent melanoma cell line cultures.
3.9.1 CD271 melanoma CSC marker is abundant in established
Melanoma Cell lines.
Replicating the same culturing and flow cytometry protocol as undertaken for
CD20 surface marker, we investigated our 6 sphere forming cells for the
expression of neural crest nerve growth factor receptor (CD271) in both 2D
and 3D cultures using Alexaflour 647-conjugated anti-CD271 antibody.
CD271 was expressed in all 2D (0.2 to 48.65±2.32%, figure 3.27) and 3D
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non-adherent (2.6 to 37.11±1.64%, figure 3.28) cultures. Although expressed
highly, consistent pattern of enrichment of CD271 in 3D cultures was however
not observed.

Also, unlike CD20, not all CD271 positive cells expressed

HMWA.
There was variable co-expression of the melanoma differentiation marker,
high molecular weight melanoma antigen (HMWA) with CD271 between
2.56% (Mewo) to 90%(M14) in the 3D non-adherent cultures.
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Figure 3.27: Illustrating positive expression of CD271 in 2D cultures of
various melanoma cell lines (at day 7). Flow cytometric plots illustrating
CD271 and HMWA expression in melanoma cell lines in 2D adherent culture.
Individual isotype controls were used when analysing each cell line but only
one is used in this illustration. CD271 was found to be as high as 48.65 ±
2.32% in Skmel-30 cell line (n=3).
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Figure 3.28: Illustrating positive expression of CD271 in 3D cultures of
various melanoma cell lines (at day 7). Flow cytometric plots illustrating
CD271 and HMWA expression in melanoma cell lines in 3D non-adherent
culture. Individual isotype controls were used when analysing each cell line
but only one is used in this illustration. CD271 was found to be as high as
37.1±1.64 % in Malme-3M cell line (n=3).

111

3.9.2 CD133 melanoma CSC marker is rare in established Melanoma Cell
lines
Employing similar experimental protocol undertaken for CD20 and CD271
expression, we sought to determine the level of expression of CD133 as a
putative melanoma CSC marker among our 6 sphere forming melanoma cell
lines grown in both 2D and 3D cultures.
CD133 was observed in both 2D and 3D cultures of only one cell, A375.
CD133 enrichment was only observed Malme-3M cell line (0.85±0.57 %) even
though not expressed in 2D adherent cultures. A summary of the expression
level of the various markers by the various melanoma cell lines under various
culture conditions is provided in table 3.1
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Figure 3.29: Illustrating positive expression of CD133 in 2D cultures of
various melanoma cell lines (at day 7). Flow cytometric plots illustrating
CD133 and HMWA expression in melanoma cell lines in 2D adherent culture.
Individual isotype controls were used when analysing each cell line but only
one is used in this illustration. Only A375 expressed this marker (26.41±1.8%)
among the various melanoma cell lines analysed (n=3)
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SKMEL-30

A375

M14

WM3523

MALME-3M

MEWO

HMWA

Figure 3.30: Illustrating positive expression of CD133 in 3D cultures of
various melanoma cell lines (at day 7). Flow cytometric plots illustrating
CD133 and HMWA expression in melanoma cell lines in 3D non-adherent
culture. Individual isotype controls were used when analysing each cell line
but only one is used in this illustration. Among the various melanoma cell lines
analysed CD133 was enriched in only Malme-3M cell line (0.85±0.57%).
Although also expressed by A375, there was no enrichment compared to the
3D culture (n=3)
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Table 3.1. Summary of stem cell markers expressed in various cultures of
melanoma cell lines
Melanoma
Cell lines

Driver
mutation

WM3523

BRAF

Mewo

NF1

Malme-3M

BRAF

Skmel-30

NRAS

M14

BRAF

A375

BRAF

Colo-792

None
identified

Stem cell Marker expression %
CD20
CD271
CD133
2D
3D
2D
3D
2D
Culture Culture Culture Culture Culture
0.00
1.48
3.52
10.21
0.00
± 0.65
±1.78
±1.35
0.00
0.00
5.12
30.39
0.00
±1.24
±1.87
0.00
0.00
0.55
37.11
0.00
±0.24
±1.64
0.00
2.13
48.65 ± 21.23
0.00
± 0.36
2.32
±0.97
0.00
1.43
1.32
8.92
0.00
± 0.32
±0.83
±1.13
0.00
0.00
2.98
1.94
26.41
±1.21
±0.78
±1.82
0.00

0.00

Not assessed
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3D
Culture
0.00
0.00

0.85
±0.57
0.00
0.00
0.78

±0.91

Not assessed

3.10 Discussion
Due to general lack of unique universal cell surface marker and the absence
of a distinct and a discernible morphological phenotype, CSCs in
malignancies including melanoma are defined and studied on the basis of
functional criteria such as sphere forming assay (Pastrana et al, 2011). Most
cell lines do not adapt to the condition of serum-free medium, it is therefore
difficult to select and culture CSCs from established tumor cell lines
presumably because of the low percentage of the CSC subpopulation in
established cell lines and the different micro-environmental needs of each
type of cell depending on its origin (Na et al, 2009).
In this chapter, we reported six of seven human melanoma cell lines studied
(86% success rate) demonstrating sphere formation under non-adherent 3D
culture conditions, with reproducible sphere forming efficiency of 0.25 to 1.3
per cent with cells plated at low density (1 to 20 cells per microliter of growth
media). Spheres could be serially passaged with no loss of colony formation
and efficiency. The higher success rate of sphere formation observed in our
experiments compared to previous studies could be attributed to the
differences in the cell lines, which are of different origins and could therefore
have different micro-environmental need; as well as differences in the use of
culture conditions and constituents. While we used a company pre-formed
and “ready-to-use” ESCM, previous studies report the use of various ECSM
prepared locally in the laboratory, hence variation in the mitogen contents of
the media and their subsequent ability to stimulate stem cells growth.
Culturing our cell lines in 2D with ESCM did not produce spheres. We
therefore, concluded that, both non-adherent condition and appropriate media
are required to stimulate sphere formation in our melanoma cell lines.
All 3D cultures of the melanoma cell lines demonstrated expression of the
melanoma differentiation marker, high molecular weight melanoma antigen
(HMWA) of up to 99.3%, which is not normally expressed in 2D cultures.
HMWA is a reliable marker of melanoma, which was observed to be highly
expressed, at a proportion >85% in both primary and metastatic melanoma
lesions (Campoli et al, 2004). Also studies by Burns et al, 2010; reported >
90% expression of HMWA to be expressed in all primary surgical biopsies
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analysed. The dependence of expression of HMWA upon non-adherent
conditions further suggests the close similarity of melanospheres to in vivo
conditions and further justifies the use of melanospheres to study melanoma
characteristics.
The most important mutated driver oncogenes reported in melanoma are
those of BRAF, NRAS and C-KIT genes with BRAF V6OOE being the
commonest (Davies et al, 2002). Heterogeneity of BRAF mutation in a single
melanoma cell has been reported (Lin et al., 2011; Sakaizawa et al.,
2012).BRAF and NRAS mutations are said to be mutually exclusive(Tsao et
al., 2004; Lee et al., 2011; Goldinger et al., 2013) and multiple mutations
involving

hotspots of these oncogenes in the same cell line is rare.

Interestingly, we do observe in clinical practice dual mutations involving both
BRAF and NRAS genes in some patients who have never being previously
exposed to Kinase inhibitors (Data unpublished), the reason of which is
unclear. Furthermore, genetic stability of cell lines under long-term culture is
not well defined (Monzani et al., 2007). Our cell lines demonstrated only
single or no mutation and we did not observe multiple mutations involving the
mutational hotspots (exon 15 for BRAF; exons 1 and 2 for NRAS; exons 11,13
and17 for C-KIT) in any of our cell lines investigated. WM3523, M14, A375
and Malme-3M were BRAF V600E mutant, SKMEL-30 NRAS mutant while
Mewo and Colo-792 are wild type for the 3 oncogenes at the mutational
hotspots. The BRAF mutant cell lines have a higher Mean of sphere forming
efficiency (0.54 ± 0.37%) than the BRAF wild-type cohort (0.29 ± 0.34%), but
not statistically significant (p>0.05).
Three of our cell lines (WM3523, SKMEL-30 and M14) demonstrated CD20
enrichment (1-15%) in 3D melanospheres, which was not expressed in their
2D counterpart cultures. Our finding is consistent with reports from Fang et
al., (2005) and Song et al., (2015) which also showed CD20 enrichment in
melanospheres but contradicts that of Perego et al., (2010) who did not
observe CD20 enrichment in melanospheres of melanoma cell lines.
Consistent with Song et al., 2015, CD20 was further enriched in 2 cell lines
(WM3523 and M14) by longer 3D culture and passage using ESCM. This
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demonstrates that, sequential sub-cultivation could lead to selection of clones
expressing this marker. Normal human melanocyte FM291 neither forms
sphere nor expresses CD20 when investigated in both 2D and 3D cultures,
suggesting that sphere formation and CD20 expression may not be an
inherent features of melanocytes (cells of melanoma origin) and therefore
could be an acquired characteristics.
Of the previously identified putative melanoma CSC markers, CD133 was
observed in both 2D and 3D cultures of A375 cell line (26.41± 1.82 and
0.78±0.91% respectively), and was enriched in only Malme-3M cell line 3D
cultures (0.85±0.57%).

Barrantes-Freer et al., (2015) reported that,

CD133/AC133 expressed on the surface of glioma cells is poorly
immunoreactive for AC133. This antibody is frequently used (including our
experiment) to recognize glycosylated epitope of CD133. Furthermore, it was
shown that, the level of CD133 occupancy on the surface of glioma cells
fluctuates during the cell cycle (Kemper et al., 2010; Barrantes-Freer et al.,
2015). Our finding is consistent with reports from Monzani et al., (2007) where
melanospheres did not express CDD133 but contradicts that of Prerego et al.,
(2010) where melanospheres highly expressed CD133. This data should
therefore be interpreted with caution since lack of CD133/AC133 immunoreactivity does not exclude presence of CD133.
CD271 on the other hand was expressed in all 2D (0.2 to 49.5%) and 3D (2.6
to 39.2%) cultures. Unlike the generally held notion of CSC of being scanty in
tumours, this marker was previously reported of being abundant in primary
melanoma tissues (Boiko et al., 2010; Cheli et al., 2014). It appears that,
CD271 marker is preserved and expressed abundantly in both 2D and 3D
cultures of our established melanoma cell lines and enrichment was seen in
the melanospheres of all the cell lines except SKMEL-30.
Human melanoma cell lines studied demonstrated sphere formation under
non-adherent 3D culture conditions, with reproducible sphere forming
efficiency with cells plated at low density (1 to 20 cells per microliter of growth
media). Spheres could be serially passaged with no loss of colony formation
and efficiency. CD20 is enriched in 3D cultures of melanoma cell lines and
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melanospheres could be further enriched in cultures by sequential passaging.
BRAF V600E mutation was confirmed by PCR and sequencing in four of the
melanoma cell lines. These findings suggest that CD20 may well represent a
druggable target in a subset of melanomas; and may target CSC. However,
this is an in-vitro assay and requires further validation by sorting the CD20+
versus CD20- cells followed by mouse xeno-grafting to assess respective
subsequent tumour formation and response to drug treatment. As we have
BRAF mutant and wild type melanoma cells, we also hypothesised that CD20
targeting may enhance conventional BRAF targeted therapy.
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Chapter 4: Evaluating The Effects Of Targeting BRAF
Mutation And CD20 Melanoma Stem Cell Marker On Viability
And Killing Of Melanoma Cells.
4.1 Introduction
Essential for the maintenance of malignant properties is the dependence of
cancer cells on the continued expression of an oncogene, termed “oncogene
addiction” (Hartsough et al., 2014).

A classical example is in melanoma

wherein BRAF mutation, which occurs in about 50% of this malignancy, is
identified as a driver oncogene for its growth and progression (Davies et al.,
2002). The discovery of BRAF inhibitors such as Vemurafenib, which targets
the most frequent BRAF mutation (Valine to glutamate substitution at codon
600-V600E) in this tumour, has therefore been a major breakthrough in
melanoma therapies (Flaherty et al., 2009; Chapman et al., 2011 and Sosman
et al., 2012). This particular mutation has been a major predictive factor of
response to BRAF inhibitors among melanoma patients either as single agent
or in combination with other therapies (Long et al., 2015). However, it was
soon discovered that response to BRAF inhibitors is heterogeneous
(Hartsough et al., 2014) and some patients treated with BRAF inhibitors
exhibit only partial response. Majority of those with initial complete response
are faced with the development of secondary resistance (Flaherty et al., 2010;
Smalley et al., 2010, Chapman et al; 2011 and Sosman et al; 2012). Despite
efforts to combine this targeted therapy with MEK inhibitors with additional
successes, the issue of resistance to BRAF inhibitor remains a problem.
Furthermore, BRAF inhibitors in pre-clinical assays typically do not always
demonstrate cytotoxic effects but only cytostatic effects (Hingorani et al.,
2003; Wellbrock, et al., 2004; Tsai et al., 2008). Taking these perspectives
into view and in order to achieve prolonged remission and sustained tumour
regression, it is pertinent to explore and promote means of achieving cytotoxic
effect in melanoma cancer therapies and to identify potential therapies that
can overcome this resistance.
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Metastatic melanoma is a highly aggressive form of cancer with limited
therapeutic options due to its relapse, chemo-resistance and radio-resistance,
attributed to its CSC; and patients with the disease have poor prognosis
(Miller and Mihm jr, 2006; Greger et al., 2012; Hartsough et al., 2014). The
identification and experimental validation of CSCs markers in melanoma such
as CD20 (Fang et al., 2005), CD271 (Boiko et al., 2010), CD133 (Monzani et
al., 2007) and ABCB5 (Schatton et al., 2008) raised additional hope for the
development of additional targeted therapy in melanoma.
Rituximab is an anti-CD20 chimeric mouse/human monoclonal antibody, with
human IgG1 constant region and murine light/heavy chain variable region
(Mitchell, 2003). It is licenced for the treatment for chemotherapy-resistant or
relapsed follicular or large B-cell non-Hodgkin’s lymphoma (NHL), and for
previously untreated or relapsed chronic lymphocytic leukaemia. Rituximab is
also licensed in combination with methotrexate for the treatment of severe
active rheumatoid arthritis and is increasingly used off-label for difficult to treat
other autoimmune diseases such as pemphigus.
As we have further developed a melanosphere assay that may be dependent
on CSC in 6 melanoma cell lines, 3 of which display CD20 expression, we
hypothesised that targeting CD20+ cells with rituximab could elucidate
whether these cells are CSC. Moreover, since two of the CD20+ melanoma
cell lines identified are BRAF mutant, we hypothesised vemurafenib [BRAF
inhibitor] only treatment may fail to kill CD20+ CSCs.
4.2 Results
4.2.1 Vemurafenib treatment Does not eliminate CD20+ Cells
The effects of vemurafenib on melanoma cell as a BRAF V600E mutation
inhibitor is heterogenic and both in vivo and in vitro assays have been
employed to assess this. Different studies reported use of different doses and
culture conditions and there are no reports combining it with anti-CD20. The
IC50 of vemurafenib is reported to be between 30-44 nmol/L (Yang et al.,
2010; Yang et al., 2011, PLX-4032 data sheet, Sala et al., 2008) but a
biochemical IC50 of as low as 13 nmol/L has been reported (Sondergaard et
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al, 2010). Depending on the experimental methodology such as culture
conditions and duration of treatment, use of higher concentrations of 1 µM
(Shi et al., 2011), 0.3-10 µM ( Sala et al.,2008), 1-10 µM (Shao and Aplin,
2012) and 5 µM (Niehr et al., 2011; Leicht et al., 2013) have all been reported.
However, Tsai et al, (2008), Joseph et al., (2010) and Haferkamp et al.,
(2013) demonstrated the effectiveness of 0.5 µM/ml concentration on
melanoma cells and this was used in our project.
In order to have additional insight in to the resistance associated with
Vemurafenib treatment commonly seen in melanoma and to determine what
happens to CD20+ cells following Vemurafenib treatment, we treated 3D nonadherent cultures of our BRAF mutant CD20 expressing cell lines (WM3523
and M14) with 0.5 µM/ml vemurafenib daily for 72 hours starting from day 5 of
3D cultures. At the end of day 7, cells were stained and incubated with
Alexaflour 647-conjugated CD20 antibody and DsRed-conjugated-HMWA
using our FACS established protocol described in the methods chapter
(section 2,2). DAPI was used as a marker of dead cells and data was
acquired using BD-fortessa machine. Our population of interest was gated by
first selecting the cell population using FSC-area/SSC-area, and then
obtaining a single cell population by removing doublets using FSC-area/FSCheight. This is followed by gating DAPI negative cells by using DAPI-A/FSCArea before finally gating this live population based on the intensity of the
Alexaflour 647-conjugated CD20 antibody to DsRed-conjugated HMWA. Data
was processed using FlowJo analysis software.
In WM3523 cell line, the proportion of CD20+ cells persisted following the 3day vemurafenib treatment at an average value of 4.29 ± 0.10% (n=2) (figure
4.1)
Similarly, CD20+ cells persisted in the M14 melanoma cell line following
vemurafenib treatment. As shown in the representative dot plots (Figure 4.2),
the proportion of these CD20+ cells was found to be 5.21 ± 0.75% (n=2)
following 72hr vemurafenib treatment.
In summary, we have shown that, despite the presence of BRAF mutation in
our 2 melanoma cell lines, treatment with BRAF inhibitor does not eliminate
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CD20 expressing cells and these could constitute the basis of tumour
resistance and/or relapse.

WM3523(
Isotype(

CD20%

An+body(label(

HMWA%

Figure 4.1: Representative dot plot to show the effect of vemurafenib
treatment on CD20+ cells of WM3523 BRAF mutant melanoma cell line.
Treating 3D cultures of Wm3523 with 0.5 µM/ml of vemurafenib daily for 3
days did not eliminate CD20+ cells. CD20 expression using Alexaflour647conjugated antibody was found to be 4.29 ± 0.1% (n=2). Most of the cells
(>97%) expressed the HWMA.
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Figure 4.2: Representative dot plot to show the effect of vemurafenib
treatment on CD20+ cells of M14 BRAF mutant melanoma cell line.
Treating 3D cultures of M14 with 0.5 µM of vemurafenib daily for 3 days did
not eliminate CD20+ cells. CD20 expression using Alexaflour647-conjugated
antibody was found to be 5.21 ± 0.75% (n=2). Most of the cells (>99%)
expressed the HMWA.
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4.2.2 Determining the effects of anti-CD20 antibody (Rituximab) on
Melanospheres
As we have shown in the preceding chapter that CD20 expressing melanoma
CSCs are enriched in our melanospheres, we sought to explore the effect of
Rituximab on our melanospheres. This antibody induces direct signalling of
apoptosis,

complement

dependent

cellular

cytotoxicity

and

antibody

dependent cellular cytotoxicity; although complement dependent cellular
cytotoxicity appears to be the main mechanism (Zhou et al., 2008; Weigner,
2010). We used WM3523 as a prototype of our CD20+ melanoma cell line
and cultured in our ESCM using 6-well non-adherent plates at a low seeding
density of 5 cells/ul of media. Cultures were treated with 2 different doses of
40µg per 106 cells (low) and 100µg per 106 cells (high) of Rituximab for 4
hours each. Treatment was given consecutively on days 3 and 5 without
serum. This is to deprive our treatment condition of complement factors.
Photographs were taken on each day of treatment and phenotypic
characteristics of melanospheres observed. Rituximab treatment using both
low and high doses with out FCS did not appear to have effect on
melanosphere formation capacity and quantity in our CD20+ melanoma cell
line with counts of 82 ± 5.66 and 88 ± 4.24 before treatment increasing to 90 ±
7.78 and 89 ± 6.36 after treatment with 40µg and 100µg rituximab
respectively (figures 4.3, 4.4 and table 4.1).
Again using this CD20+ cell line (WM3523), the same experiment described
above was repeated but with the addition of 7% FCS to provide the needed
complements to effect complement-mediated cellular cytotoxicity. It was
observed that, rituximab was able to disrupt melanospheres in this CD20+ cell
line in a dose-dependent manner with greatest impact observed on day 5 at
100µg dose (see figures 4.5, 4.6 below). Although the melanospheres counts
in the untreated decreased only slightly from 88 ± 2.82 to 82 ± 1.41,the
number of discernible spheres significantly decreased following the FCSsupplemented rituximab treatment from 89 ± 6.36 to 51 ± 2.41 and 90 ± 12.02
to 44 ± 2.83 at 40µg and 100µg per 106 cells concentrations respectively
(p<0.05) (Table 4.2).
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D3#A/er#Treatment#

D5#A/er#treatment#

100#μg#

40#μg##

Untreated#

D3#Before#Treatment#

Figure 4.3: Effects of low and high doses Rituximab without serum on
the melanospheres of CD20+ WM3523 melanoma cell line. Experiment
was undertaken independently twice each with duplicate internal replicates.
Melanospheres began to form by day 3 following low seeding of WM3523 cell
line in ESCM using non-adherent plates. Rituximab at Doses of 40 µg and
100 µg per 106 cells was given without serum at days 3 and 5 for 4 hours
each. No effect on melanosphere formation and progression was observed in
all the wells.
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Table 4.1: Average melanosphere counts in WM3523 CD20+ melanoma cell
line before and after treatment with anti-CD20 (Rituximab) without FCS
S/no Rituximab Dose

Number

of

spheres Number

before treatment

after treatment

1

40µg well 1

78

84

2

40µg well 2

86

95

3

100µg well 1

91

93

4

100µg well 2

85

84

5

Untreated well 1

82

90

6

Untreated well 2

87

89

Number of Melanosheres

of

100

spheres

Spheres before treatment

80

Spheres after treatment

60
40
20
0
40µg

100µg

0µg
Untreated

Rituximab per 106 cells

Figure 4.4: Average melanosphere counts in WM3523 CD20+ melanoma
cell before and after treatment with anti-CD20 (Rituximab) without FCS.
Rituximab treatment at both low (40µg) and high (100µg) per 106 cells without
FCS has no significant effect on melanosphere counts compared to the
untreated (n=2)
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D3#a-er#treatment#

D5#a-er#treatment#

Untreated#
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100#μg#

40#μg##
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Figure 4.5: Effects of low and high doses Rituximab treatment with
serum on the melanospheres of CD20+ WM3523 melanoma cell line.
Experiment done independently twice each with duplicate internal replicates.
Melanospheres begin to form by day 3 following low seeding of WM3523 cell
line in ESCM using non-adherent plates. Rituximab at Doses of 40µg and 100
µg per 106 cells was given without serum at days 3 and 5 for 4 hours each.
Rituximab treatments in the presence of serum disrupt melanosphere
formation and progression in a dose-dependent manner.
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Table 4.2: Average Melanosphere counts in WM3523 CD20+ melanoma cell
line before and after treatment with anti-CD20 (Rituximab) supplemented with
7% FCS
S/no Description

Number

of

spheres Number of spheres after

before treatment

treatment

40µg well 1

84

50

2

40µg well 2

93

52

3

100µg well 1

98

46

4

100µg well 2

81

42

5

Untreated well 1

86

81

6

Untreated well 2

90

83

Number of Melanospheres

1

120

✱

✱✱
Spheres before treatment

100

Spheres after treatment

80
60
40
20
0
40µg

100µg

0µg
Untreated

Rituximab per 106 cells

Figure 4.6: Average melanosphere counts in WM3523 CD20+ melanoma
cell before and after treatment with anti-CD20 (Rituximab) with 7% FCS.
Rituximab treatment at both low (40µg) and high (100µg) per 106 cells with
FCS showed significant decrease in melanosphere counts compared to the
untreated (n=2)* ** Denote p<0.05, significant using two-tail paired t-test).
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4.2.3 Optimizing the duration of treatment required for rituximab to
effect killing
Although we have previously observed that 4 hour treatment of 3D cultures of
CD20+ melanoma cell line with rituximab+FCS is enough to disrupt
melanospheres, we next determined the level of apoptosis at this 4 hour time
point on B cells (CD20 expressing cells) using our Annexin-V/DAPI apoptosis
assay protocol as described in the methods chapter (section 2.2). The 4-hour
treatment demonstrated low level of cell death (Figure 4.8). We then used 8hour time points, which demonstrated effective killing of melanoma cells
(Figure 4.8). Etoposide (a chemo-cytotoxic agent) was used as a positive
control. By first selecting the cell population using FSC-area/SSC-area, and
then obtaining a single cell population by removing doublets using FSCarea/FSC-height, we then gated this population based on the intensity of the
Alexaflour 647-conjugated Annexin-V (apoptosis marker) to Cell counts. Data
was processed using FlowJo analysis software. As shown below, four-hour
treatment with etoposide could induce apoptosis in over 70% of CD20
expressing B cells (figure 4.7).
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B"Cells"'Etoposide"4hrs"
Untreated"

Etoposide"
treated"

ANNEXIN&V&
Figure 4.7: Showing the ability of Etoposide to induce apoptosis in B
cells. Treatment of B cells with 10 µM/ml of etoposide for 4 hours showed
73% of the cells stained positive for Alexaflour-647 (apoptotic) compared to
34.6% in the untreated cells. Representative FACS plots are shown.
Interestingly, both 40µg and 100µg per 106 cells of rituximab could not
produce high level of killing by 4 hours with only modest apoptosis of 31.9 ±
0.57% and 34.8 ± 1.70% seen respectively. However, longer treatment for 8
hours using 40µg and 100µg of rituximab per 106 cells, demonstrated more
effective killing with higher apoptosis level of 73.85 ± 4.31% and 90.35 ±
9.97% respectively (Figure 4.8). Eight-hour treatment appeared to be the
preferred time-point of our treatment and was therefore subsequently used in
our apoptosis assay.

131

KILLING&OF&B&CELLS&BY&RITUXIMAB&IS&DEPENDENT&ON&DURATION&OF&TREATMENT&
&

&40ug&

100ug&

CD20&

4hrs&

8hrs&

ANNEXIN&V&
Figure 4.8: Showing the level of apoptosis induced on B cells by
different doses of rituximab at different time points: Both 40µg and 100µg
of rituximab could not produce high level of killing by 4 hours with only a
modest apoptosis of 31.9 ± 0.57% and 34.8 ± 1.70% seen respectively.
However, treating longer for 8 hours demonstrated more effective killing with
higher apoptosis level of 73.85 ± 4.31% and 90.35 ± 9.97% for 40µg and
100µg of rituximab per 106 cells respectively. Representative FACS plots are
shown.
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4.2.4 Determining the effects of anti-CD20 antibody (Rituximab) in
combination with BRAF inhibitor (Vemurafenib) on Melanospheres.
Using WM3523 cell line as our prototype of BRAF-mutant and CD20+ cell line
and Mewo as a BRAF-wild and CD20 negative melanoma cell line, we sought
to investigate the effects of monotherapy and combination of these agents on
melanospheres. We generated our melanospheres using the same protocol
described to day 3 followed by treating them with 0.5 µM/ml vemurafenib
(Shao and Aplin, 2010) daily for 72 hours as monotherapy. The combination
treatment was supplemented with 7% FCS to provide the needed
complements and treated with 40 µg per 106 cells rituximab for 4 hours.
Photographs

were

taken

for

the

phenotypic

characteristics

of

our

melanospheres. As shown in figure 4.9, Vemurafenib monotherapy resulted in
a smaller melanospheres in the vemurafenib monotherapy treated wells.
However, disruption of our melanospheres was observed in the wells treated
with the combination of the drugs. Sizes and shapes of our melanospheres
remain fairly unaffected in both the untreated and Vehicle (DMSO +FCS)control wells. Similarly, melanospheres were not disrupted in Mewo BRAF
wild-type and CD20 negative melanoma cell line (Figure 3.10). Hence,
melanosphere disruption was not observed with control vemurafenib
treatment alone. Only BRAF mutant CD20-expressing melanoma cells appear
to respond to combined treatment with vemurafenib and rituximab.
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Vemurafenib(0.5(μM+(Rituximab(40μg(

Figure 4.9: The effects of vemurafenib as a single agent and in
combination with rituximab on melanospheres of BRAF mutant and
CD20+ WM3523 Cell line: Treatment with daily 0.5 µM/ml Vemurafenib for
72 hours as monotherapy resulted in smaller melanospheres. Disruption of
our melanospheres was however observed in our combination-treatment with
40µg rituximab per 106 cells. The sizes and shapes of our melanospheres
remain fairly unaffected in both the untreated and Vehicle (DMSO +FCS)treated wells. Experiment done independently twice each with duplicate
internal replicates. Scale bar= 100µm
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Figure 4.10: The effects of vemurafenib as a single agent and in
combination with rituximab on Melanospheres of BRAF wild-type and
CD20- Mewo Cell line: Treatment of melanospheres with daily 0.5 µM/ml
Vemurafenib

for 72 hours as monotherapy and combination therapy with

40µg rituximab per 106 cells. Melanospheres formation remains fairly
unaffected in both the untreated and Vehicle (DMSO +FCS)-treated wells, as
well as the vemurafenib only, and combination treated wells. Experiment
undertaken independently twice each with duplicate internal replicates. Scale
bar= 100µm
135

4.2.5 Determining the effects of inhibiting BRAF singly and in
combination with CD20 blockade on viability of 3D ‘Spheroids’ cell
cultures of melanoma cell lines.
Building on our preceding data in this project on how anti-CD20 antibody
(rituximab) could disrupt melanospheres formation and development, which
was not observed in BRAF wild and/or CD20 negative cell line; we sought to
assess the effects of inhibiting BRAF singly and in combination with CD20
blockade on viability of 3D ‘Spheroids’ cultures of our melanoma cell lines.
Moreover, since CD20 expression is not observed in our 2D cultures, this
experiment was only undertaken on 3D non-adherent cultures. Comparing
Mewo (CD20 negative, BRAF wild-type), Malme-3M (CD20 negative, BRAF
mutant) and M14 (CD20 positive, BRAF mutant), we were able to assess cell
viability after treatment. Treatment was initiated on day 4 of our
melanospheres 3D

non-adherent cultures grown at a seeding density of

10,000 cells per well with a daily dose of 0.5 µM/ml of vemurafenib for 72
hours. This was followed by addition of 40µg per 106 cells of rituximab
supplemented with 7% FCS for 8 hours on day 7. Cells were then plated into
corresponding wells of 96-well flat-bottomed plate and cell viability evaluated
with Cell Titre Glo assay using a CLARIOstar plate reader. Values were
converted to percentages relative to the vehicle control-treated. Experiments
were conducted in triplicate in three separate experiments.
In the Mewo cell line, we observed no significant reduction in relative viability,
neither in the vemurafenib monotherapy (82.7 ± 8.9%) nor in the combination
treatment (83.4 ± 16.8%) when compared to the vehicle treated (77.5 ±
10.6%, Figure 4.11)
Significant loss of cell viability was observed in Malme-3M cell line when with
vemurafenib single treatment (43.7 ± 4.0%), compared with vehicle treatedDMSO (95.2 ± 5.3%, p<0.05). However, there was no significant difference
between the monotherapy and the combination with rituximab (41.9 ± 3.6%,
p>0.05) ( Figure 4.12)
In the M14 cell line, we also observed a decrease in relative cell viability in the
vemurafenib monotherapy (56.1 ± 2.7%) compared to vehicle control-DMSO
(90.9 ± 10.4%), this was however not statistically significant (p=0.08). There
was statistically significant reduction in viability with combination treatment
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(p<0.01). Similar significant differences were observed when the combination
was compared to the monotheray and vehicles-treated wells (p<0.05), the
viabilities of both vemurafenib only and vemurafenib+FCS were however
comparable (Figure 4.13).
In summary, differential effects on viability were observed on 3D cultures of
melanoma cell lines. Expectedly, the presence of BRAF mutation and CD20
surface expression are vital determinants of susceptibility when melanoma
cells are treated with BRAF inhibitors singly or in combination with anti-CD20
antibody.
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Figure 4.11: The effects of BRAF inhibition singly and in combination
with CD20 blockade on the viability of Mewo (BRAF wild-type) melanoma
cell line. Mewo cell line (BRAF wild, CD20 negative) was cultured in 3D using
ESCM and treated for 72 hours with daily 0.5 µM/ml vemurafenib followed by
8 hour treatment with 40µg per 106 cells rituximab supplemented with 7%
FCS. Graphs represent relative cell viability of averages of three independent
experiments, with each experiment having three internal replicates.
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Figure 4.12: The effects of BRAF inhibition singly and in combination
with CD20 blockade on the viability of Malme-3M melanoma cell line.
Malme-3M cell line (BRAF mutant, CD20 negative) was cultured in 3D using
ESCM and treated for 72 hours with daily 0.5 µM/ml vemurafenib followed by
8 hour treatment with 40µg per 106 cells rituximab supplemented with 7%
FCS. Graphs represent relative cell viability of averages of three independent
experiments, with each experiment having three internal replicates. *Denotes
p<0.05, significant using two-tail paired t-test)
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Figure 4.13: The effects of BRAF inhibition singly and in combination
with CD20 blockade on the viability of M14 melanoma cell line. M14 cell
line (BRAF mutant, CD20 positive) was cultured in 3D using ESCM and
treated for 72 hours with daily 0.5 µM/ml vemurafenib followed by 8 hour
treatment with 40µg rituximab per 106 cells supplemented with 7% FCS.
Graphs represent relative cell viability of averages of two independent
experiments, with each experiment having three internal replicates. *Denotes
p<0.05, significant using two-tail paired t-test)
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4.2.6 Effects of Vemurafenib monotherapy and its combination with
Rituximab on Killing of Melanoma cell lines.
To assess killing, both previously reported 30 nM/ml and 0.5 µM/ml of
vemurafenib concentrations were used in this experiment to determine effects
with/without rituximab in both 2D and 3D cultures of our melanoma cell lines.
Mewo, M14 and Malme-3M melanoma cell lines used in viability assay were
tested again. M14 used as prototype of CD20 positive BRAF mutant, Malme3M as CD20 negative BRAF mutant, while Mewo is BRAF wild-type and does
not express CD20.
Using 6 well plates, cultures of the cell lines were treated with either 30 nm or
0.5 µM of vemurafenib daily for 72 hours. Cultures for combination therapies
were then treated additionally with rituximab 40µg supplemented with 7%
FCS. Untreated wells and vehicle (DMSO+FCS)-treated wells were also used
for comparison. Following our annexin v/DAPI apoptosis protocol, cells were
stained and analysed for Annexin V (apoptosis marker) and DAPI (dead cell
marker) and displayed on the Y- and X-axis respectively. Experiments were
performed in triplicate (n=3). Cells were gated into quadrants to represents
early apoptosis, late apoptosis, necrosis and viable cells. It is important here
to note that, CD20 is not expressed in our 2D cultures as previously shown.
4.2.6.1 Melanoma cell lines. demonstrated differential sensitivity to
Vemurafenib monotherapy and its combination with Rituximab in 2D
cultures.
In 2D cultures, the mewo cell line showed no significant increase in apoptosis
with vemurafenib treatment using smaller concentration of 30nM alone or in
combination with rituximab (figures 4.14, 4.15 and table 4.3). Early apoptotic
cells were 6.4 ± 0.27% and 6.1 ± 0.55% in the vehicle and single vemurafenib
treated, while late apoptosis was 11.9 ± 0.31% and 10.74 ± 0.69% in the
vehicle and single vemurafenib treated respectively. The difference between
our treated and vehicle control was not statistically significant for both early
and late apoptosis (p-values 0.55 and 0.06 respectively), using paired t-test.
The Mewo cell line again did not show any significant sensitivity to the higher
concentration of 0.5 µM/ml vemurafenib evidenced by only 0.92 ± 0.10% and
0.83 ± 0.08% early apoptotic; and 2.12 ± 0.12% and 2.26 ± 0.15% late
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apoptotic cells in the single and vehicle treatments respectively with no
statistically significant difference (p> 0.05 paired t-test; Figures 4.16, 4.17 and
table 4.4).
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Figure 4.14: Representative dot plot FACS analysis of Mewo (BRAF wildtype, CD20 negative) cells treated with 30 nM/ml vemurafenib and
rituximab. Each quadrant represents as follows: Q1) early apoptosis, Q2) late
apoptosis, Q3) necrosis, Q4) viable cells. Annexin V (apoptosis marker) and
DAPI (dead cell marker) are on the Y- and X-axis respectively. Etoposide and
DMSO+ FCS were used as positive and vehicle control respectively.
Experiments were performed in triplicate (n=3),

142

Apoptotic cells fraction (%)

Mewo 2D culture
Untreated
15

Vehicle treated
Vemurafenib only

10

Vemurafenib + Rituximab

5

0
Early apoptosis

Late Apoptosis

Figure 4.15: Effect of single and combinational treatment OF 30 nM
vemurafenib with rituximab on 2D cultures of Mewo (BRAF wild-type,
CD20 negative) cell line. After 72 hour treatment with daily dose of 30 nM/ml
vemurafenib single treatment followed by addition of 40ug rituximab per 106
cells for 8 hours in the combo treatment, apoptosis(early and late) in Mewo
cell line was analysed. DMSO + FCS were the vehicle control used. Values
are averages of independent triplicate experiments
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Table 4.3: Killing Effects of 30nM of vemurafenib monotherapy and its
combination with Rituximab on 2D cultures of Mewo melanoma cell line.
Cell

Drug Treatment

Average

Average

Average

Average

lines/Culture

Live

Early

Late

Necrosis

type/dose

Cells %

Apoptosis

Apoptosis

%

%

%

MEWO -2D

Untreated

87.88

3.12

5.16

3.85

30 nM

DMSO +FCS

79.3

6.4

11.88

2.41

Vemurafenib

81.07

6.10

10.74

2.09

79.6

7.36

9.07

3.96

30nm
Vemurafenib
30nm+Rituximab
40 µg
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Figure 4.16: Representative dot plot FACS analysis of Mewo (BRAF wildtype, CD20 negative) cells treated with 0.5 µM/ml vemurafenib and
rituximab. Each quadrant represents as follows: Q1) early apoptosis, Q2) late
apoptosis, Q3) necrosis, Q4) viable cells. Annexin V (apoptosis marker) and
DAPI (dead cell marker) are on the Y- and X-axis respectively. Etoposide and
DMSO+ FCS were used as positive and vehicle control respectively.
Experiments were performed in triplicate (n=3)
This finding is not unexpected in view of the fact that Mewo cell line does not
show BRAF mutation. This also showed the non-toxic effect of this seemingly
higher dose (0.5 µM/ml) of Vemurafenib on this BRAF wild-type cell line.
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Figure 4.17: Effect of single and combinational treatment of 0.5µM/ml
vemurafenib with rituximab on 2D cultures of Mewo (BRAF wild-type,
CD20 negative) cell line. After 72 hour treatment with daily dose of 0.5
µM/ml vemurafenib single treatment followed by addition of 40µg rituximab
per 106 cells for 8 hours in the combination treatment, apoptosis(early and
late) in Mewo cell line was analysed. DMSO + FCS were the vehicle control
used. Values are averages of independent triplicate experiments
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Table 4.4: Killing Effects of 0.5 uM of vemurafenib monotherapy and its
combination with Rituximab on 2D cultures of Mewo melanoma cell line.
Cell

Drug Treatment

Average

Average

Average

Average

lines/Culture

Live

Early

Late

Necrosis

type/dose

Cells %

Apoptosi

Apoptosi

%

s%

s%

MEWO -2D

Untreated

96.43

0.41

1.74

1.42

0.5 µM

DMSO +FCS

95.03

0.83

2.26

1.87

Vemurafenib

94.5

0.92

2.12

2.47

93.9

1.01

2.79

2.30

0.5µM
Vemurafenib
0.5µM+Rituximab
40µg
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In the Malme-3M cell line (BRAF mutant, CD20 negative), 30nM single
vemurafenib induced only a modest early and late apoptosis of 6.2 ± 0.18%
and 4.8 ± 0.69% respectively which was however found to be statistically
significant when compared to the vehicle treated values of 1.92 ± 0.17% and
1.89 ± 0.43% respectively (p<0.05, paired t-test). Surprisingly, we also
discovered significant increase (up to 16.79%) of apoptotic cells in the
combination treatment of 2D culture of this cell line (Figures 4.18, 4.19 and
table 4.5 )
However, the higher dose 0.5 µM single vemurafenib treatment in Malme-3M
induced significant increase in the proportion of late apoptotic cells
(15.18±0.75%) compared to 2.16±0.04% in the vehicle treated (p= 7.38E-06,
significant statistical level, paired t-test). Consistent to what was observed in
the 30 nM drugging, the proportion of apoptotic cells in the 0.5 µM
combination treatment remained high (17.05%) compared to the vehicle
treated but not significantly different to the vemurafenib only treated one. It is
interesting to however note that, these cells are late apoptotic as against early
apoptotic seen in the lower 30nM vemurafenib dose (Figures 4.20, 4.21 and
Table 4.6).
Although Malme-3M cell line is CD20 negative, we repeatedly saw significant
increase

in

apoptosis

using

the

combination

treatment

(Vemurafenib+Rituximab) using the low vemurafenib concentration of 30 nm.
This increase in early apoptosis was greater than vemurafenib alone.
Although we do not have an explanation, it may be related to non-specific
antibody effect in this cell line. At the higher vemurafenib concentration of 0.5
µM/ml, we did not observe any significant increase in apoptosis between the

vemurafenib only and the combination treatment, suggesting that vemurafenib
at this concentration is the only factor responsible for this effect (Figure 4.20,
4.21).

148

ANNEXIN V

UNTREATED-

TREATED-ETOPOSIDE

TREATED-VEM 30 nM

TREATED-DMSO+FCS

TREATED-VEM 30 nM +RITUX 40μg

DAPI

Figure 4.18: Representative dot plot FACS analysis of Malme-3M (BRAF
mutant, CD20 negative) cells treated with 30 nM/ml vemurafenib and
rituximab. Each quadrant represents as follows: Q1) early apoptosis, Q2) late
apoptosis, Q3) necrosis, Q4) viable cells. Annexin V (apoptosis marker) and
DAPI (dead cell marker) are on the Y- and X-axis respectively. Etoposide and
DMSO+ FCS were used as positive and vehicle control respectively.
Experiments were performed in triplicate (n=3),
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Figure 4.19: Effect of single and combinational treatment of 30 nM/ml
vemurafenib with rituximab on 2D cultures of Malme-3m (BRAF mutant,
CD20 negative) cell line. After 72 hour treatment with daily dose of 30 nM/ml
vemurafenib single treatment followed by addition of 40µg rituximab per 106
cells for 8 hours in the combo treatment, apoptosis (early and late) in malme3M cell line was analysed. DMSO + FCS were the vehicle control used.
Values are averages of independent triplicate experiments. * Denotes pvalues < 0.05 using paired t-test
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Table 4.5: Killing Effects of 30nM of vemurafenib monotherapy and its
combination with Rituximab on 2D cultures of Malme-3M melanoma cell line.
Cell

Average

Average

Average

Average

lines/Culture

Live

Early

Late

Necrosis

type/dose

Cells %

Apoptosi

Apoptosi

%

s%

s%

94.3

0.65

1.85

3.22

Dmso +Fcs

95.9

1.92

1.89

0.28

Vemurafenib 30nm

87.77

6.16

4.77

1.31

Vemurafenib

80.1

16.79

2.41

0.71

Malme-3M

Drug Treatment

- Untreated

2D
30 nM

30nm+Rituximab
40µg
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Figure 4.20: Representative dot plot FACS analysis of Malme-3M (BRAF
mutant, CD20 negative) 2D cells culture treated with 0.5 µM/ml
vemurafenib and rituximab. Each quadrant represents as follows: Q1) early
apoptosis, Q2) late apoptosis, Q3) necrosis, Q4) viable cells. Annexin V
(apoptosis marker) and DAPI (dead cell marker) are on the Y- and X-axis
respectively. Etoposide and DMSO+ FCS were used as positive and vehicle
control respectively. Experiments were performed in triplicate (n=3),
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Figure 4.21: Effect of single and combinational treatment of 0.5 µM /ml
vemurafenib with rituximab on 2D cultures of Malme-3M (BRAF mutant,
CD20 negative) cell line. After 72 hour treatment with daily dose of 0.5 µM/ml
vemurafenib single treatment followed by addition of 40ug rituximab per 106
cells for 8 hours in the combination treatment, apoptosis(early and late) in
malme-3M cell line was analysed using flow cytometry. DMSO + FCS were
the vehicle control used. Values are averages of independent triplicate
experiments. * Denotes p-values < 0.05 using paired t-test
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Table 4.6: Killing Effects of 0.5 µM of vemurafenib monotherapy and its
combination with Rituximab on 2D cultures of Malme-3M melanoma cell line.
Cell

Average

Average

Average

Average

lines/Culture

Live

Early

Late

Necrosis

type/dose

Cells %

Apoptosis

Apoptosis

%

%

%

95.3

1.35

2.33

1.03

DMSO+FCS

96

1.07

2.16

0.77

Vemurafenib 0.5

78.27

4.1

15.18

2.33

76.42

3.06

17.05

3.47

Malme-3M

Drug Treatment

- Untreated

2D
0.5 µM

µM
Vemurafenib
0.5µM+Rituxima
b 40µg
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On the M14 (BRAF mutant, CD20 positve) Cell line, our 30nm single
vemurafenib drugging experiment showed only a marginal induction of early
and late apoptosis of 1.47 ± 0.02% and 3.81 ± 0.15% respectively, when
compared with the vehicle-treated values of 1.38 ± 0.04% and 2.66 ± 0.12%
early and late apoptosis respectively. A slight increase in the early and late
apoptosis to 2.72 ± 0.24% and 4.37±0.34% respectively was also observed in
the combination treatment with rituximab which was not statistically significant
(Figures 4.22,4.23 and Table 4.7).
On this seemingly and consistently less sensitive BRAF mutant M14 cell line,
the higher 0.5 µM single vemurafenib drug treatment revealed slightly higher
but still modest early and late apoptosis of only 4.75 ± 0.12% and 7.33 ±
0.11% respectively when compared with the vehicle-treated values of 4.33 ±
0.25% and 6.04 ± 0.20% early and late apoptosis respectively. A marginal
increase in the early and late apoptosis to 6.39 ± 0.46% and 6.37 ± 0.44%
respectively was also observed in the combination treatment with rituximab
although not statistically significant (Figures 4.24,4.25 and Table 4.8).
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Figure 4.22: Representative dot plot FACS analysis of M14 (BRAF
mutant, CD20 positive) 2D cells culture treated with 30 nM/ml
vemurafenib and rituximab. Each quadrant represents as follows: Q1) early
apoptosis, Q2) late apoptosis, Q3) necrosis, Q4) viable cells. Annexin V
(apoptosis marker) and DAPI (dead cell marker) are on the Y- and X-axis
respectively. Etoposide and DMSO+ FCS were used as positive and vehicle
control respectively. Experiments were performed in triplicate (n=3)
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Figure 4.23: Effect of single and combinational treatment of 30 nM /ml
vemurafenib with rituximab on 2D cultures of M14 (BRAF mutant, CD20
positive) cell line. show the effect of 30 nM vemurafenib single and
combinational treatment with rituximab on 2D cultures of M14 (BRAF
mutant) cell line.
After 72 hour treatment with daily dose of 30 nM/ml vemurafenib

single

6

treatment followed by addition of 40µg rituximab per 10 cells for 8 hours in
the combo treatment, apoptosis(early and late) in M14 cell line was analysed.
DMSO + FCS were the vehicle control used. Values are averages of
independent triplicate experiments. * Denotes p-values < 0.05 using paired ttest
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Table 4.7: Killing Effects of 30nM of vemurafenib monotherapy and its
combination with Rituximab on 2D cultures of M14 melanoma cell line.
Cell

Drug Treatment

Average

Average

Average

Average

lines/Culture

Live

Early

Late

Necrosis

type/dose

Cells %

Apoptosis

Apoptosi

%

%

s%

M14-2D

Untreated

95.47

1.26

2.04

1.25

30 nM

DMSO +FCS

95.13

1.38

2.66

0.81

Vemurafenib

93.43

1.47

3.81

1.28

92.43

2.72

4.37

0.47

30nm
Vemurafenib
30nm+Rituximab
40ug
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Figure 4.24: Representative dot plot FACS analysis of M14 (BRAF
mutant, CD20 positive) 2D cells culture treated with 0.5 uM/ml
vemurafenib and rituximab. Each quadrant represents as follows: Q1) early
apoptosis, Q2) late apoptosis, Q3) necrosis, Q4) viable cells. Annexin V
(apoptosis marker) and DAPI (dead cell marker) are on the Y- and X-axis
respectively. Etoposide and DMSO+ Fcs were used as positive and vehicle
controls respectively. Experiments were performed in triplicate (n=3)
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Figure 4.25: Effect of single and combinational treatment of 0.5 µM /ml
vemurafenib with rituximab on 2D cultures of M14 (BRAF mutant, CD20
positive) cell line. After 72 hour treatment with daily dose of 0.5 µM/ml
vemurafenib single treatment followed by addition of 40 µg rituximab per 106
cells for 8 hours in the combination treatment, apoptosis(early and late) in
M14 cell line was analysed. DMSO + FCS were the vehicle control used.
Values are averages of independent triplicate experiments (n=3).
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Table 4.8: Killing Effects of 0.5 uM of vemurafenib monotherapy and its
combination with Rituximab on 2D cultures of M14 melanoma cell line.
Cell

Drug

Average

Average

Average

Average

lines/Culture

Treatment

Live

Early

Late

Necrosis

Cells %

Apoptosis

Apoptosis

%

%

%

type/dose
M14-2D

Untreated

95.67

0.94

2.28

1.12

0.5 µM

DMSO +FCS

86.7

4.33

6.04

2.92

Vemurafenib

84.83

4.75

7.33

3.11

83.37

6.39

6.68

3.56

0.5µM
Vemurafenib
0.5µM+Rituxim
ab 40µg
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4.2.6.2 Determining the killing effects of vemurafenib single and
combinational treatments with rituximab on 3D ‘Spheroids’ cultures of
melanoma cell lines
As previously shown in this project, melanoma cells when grown in 3D nonadherent culture conditions using ESCM behave differently in terms of
phenotypic and surface marker expression, compared to their 2D adherent
(monolayer) counterparts. HMWA and CD20 were enriched/expressed in the
3D non-adherent cultures. 3D cultures are therefore increasingly used for in
vitro assays due to its ability to closely reproduce in vivo conditions, hence
better potentials of translational medicine. We therefore sought to investigate
the effects of our vemurafenib single and combinational treatment with
rituximab on 3D non-adherent cultures of our melanoma cell lines. Cell lines
were seeded at low seeding densities of 10 cells/µl using our non-adherent 6well plates with ESCM. Melanospheres were generated as described in the
method chapter. Drug treatment was initiated on day 4 with daily 0.5 µM of
vemurafenib for 72 hours. This is followed by addition of 40µg of rituximab
supplemented with 7% FCS for 8 hours on day 7 immediately before
assessing killing using our annexin v/DAPI apoptosis protocol and cells gated
as previously described above for early apoptosis, late apoptosis, necrosis
and viable cells. Experiments were done independently in triplicates except
otherwise stated.
The Mewo cell line consistently did not show any significant sensitivity to
0.5µM/ml vemurafenib evidenced by only 1.34% and 1.18% early apoptotic
and 0.27% and 0.18% late apoptotic cells in the single and combination
treatments respectively. When these were individually compared with the
vehicle-treated early and late apoptosis of 1.43% and 0.75% respectively, the
difference was not statistically significant (p> 0.05, 2-tail, paired t-test, Figures
4.26, 4.27 and table 4.9).
Based on our previous assessment of 2D cultures, Malme-3m cell line proved
to be relatively more sensitive. It again expressed high late apoptotic cells
(11.53 ± 0.87%) in the 0.5 µM vemurafenib only treated, compared to the
vehicle treated (7.05 ± 0.10%). It is interesting to note that, the combination
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treatment also showed high early apoptotic cells (17.77 ± 0.57%) as against
the late apoptotic cells seen in the 2D treated with similar dose of 0.5 µM
(Figures 4.28, 4.29 and table 4.10). It is also pertinent to report that, a
significant increase in necrotic cells (up to 11.46%) in the vemurafenib single
treatment was observed which was not seen in the vehicle treated (3.08%).

Conversely, our M14 cell line again showed less sensitivity in the vemurafenib
single therapy with early and late apoptosis dropping to only 3.64 ± 0.43%
and 0.69 ± 0.04% respectively, comparable with the vehicle-treated values of
3.96 ± 0.34% and 0.67 ± 0.19% early and late apoptosis respectively.
However, a significant increase in necrotic cells (up to 11.33%) was observed
in the vemurafenib only treatment. Interestingly, the combination treatment
showed an increase in the early apoptotic cells (10.81 ± 0.10%), which was
statistically significant when compared to both vehicle treated (p=4.31E-06)
and vemurafenib monotherapy (9.05E-06)(Figures 4.30, 4.31 and table 4.11)
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Figure 4.26: Representative dot plot FACS analysis of Mewo (BRAF wildtype, CD20 negative) 3D cells culture treated with 0.5 µM/ml vemurafenib
and rituximab. Each quadrant represents as follows: Q1) early apoptosis,
Q2) late apoptosis, Q3) necrosis, Q4) viable cells. Annexin V (apoptosis
marker) and DAPI (dead cell marker) are on the Y- and X-axis respectively.
Etoposide and DMSO+ FCS were used as positive and vehicle control
respectively. Experiments were performed in triplicate (n=3)
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Figure 4.27: Effect of single and combinational treatment of 0.5 µM /ml
vemurafenib with rituximab on 3D cultures of Mewo (BRAF wild-type,
CD20 negative) cell line. After 72 hour treatment with daily dose of 0.5 uM
vemurafenib single treatment followed by addition of 40ug rituximab for 8
hours in the combo treatment, apoptosis(early and late) in mewo cell line was
analysed using flow cytometry. DMSO + FCS were the vehicle control used.
Using paired t-test, the difference between our treated and vehicle control was
not statistically significant for both early apoptosis and late apoptosis.. All
values are averages of independent triplicate experiments (n=3)
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Table 4.9: Killing Effects of 0.5 µM of vemurafenib monotherapy and its
combination with Rituximab on 3D cultures of Mewo melanoma cell line.
Cell

Drug Treatment

Average

Average

Average

Average

lines/Culture

Live

Early

Late

Necrosis

type/dose

Cells %

Apoptosi

Apoptosi

%

s%

s%

Mewo 3D

Untreated

96.5

1.44

0.63

1.416666

0.5 µM

Dmso +Fcs

95.87

1.43

0.75

1.94

97.5

1.34

0.27

0.9

96.7

1.18

0.18

2.01

Vemurafenib

0.5

µM
Vemurafenib
0.5µM+Rituximab
40µg

.
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ANNEXIN V

UNTREATED-

VEM 0.5 μM

TREATED-ETOPOSIDE

VEM 0.5 μM +Fcs
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VEM 0.5μM +Ritux 40μg+Fcs
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Figure 4.28: Representative dot plot FACS analysis of Malme-3M (BRAF
mutant, CD20 negative) 3D culture treated with 0.5 µM/ml vemurafenib
and rituximab. Each quadrant represents as follows: Q1) early apoptosis,
Q2) late apoptosis, Q3) necrosis, Q4) viable cells. Annexin V (apoptosis
marker) and DAPI (dead cell marker) are on the Y- and X-axis respectively.
Etoposide and DMSO+ Fcs were used as positive and vehicle control
respectively. Experiments were performed in triplicate (n=3)
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Figure 4.29: Effect of single and combinational treatment of 0.5 µM /ml
vemurafenib with rituximab on 3D cultures of Malme-3M (BRAF mutant,
CD20 negative) cell line. Following 72 hour treatment with daily dose of 0.5
µM/ml vemurafenib single treatment followed by addition of 40µg per 106 cells
rituximab for 8 hours in the combo treatment, apoptosis (early and late) in
malme-3M cell line was analysed using flow cytometry. DMSO + FCS were
the vehicle control used. The difference between our treated and vehicle
control was statistically significant for late apoptosis in the vemurafenib
monotherapy (p=5.8E-05). We also observed significant increase (up to
17.77%) of early apoptotic cells in the combo treatment of this cell line
compared to the vehicle treated. Values are averages of independent
triplicate experiments. * Denotes p-values < 0.05 using paired t-test
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Table 4.10: Killing Effects of 0.5 µM of vemurafenib monotherapy and its
combination with Rituximab on 3D cultures of Malme-3M melanoma cell line.
Cell

Average

Average

Average

Average

lines/Culture

Live

Early

Late

Necrosis

type/dose

Cells %

Apoptosis

Apoptosis

%

%

%

87.77

6.12

3.1

3.01

Dmso +FCS

80.93

8.95

7.05

3.08

Vemurafenib 0.5

73.93

3.09

11.53

11.46

69.43

17.77

7.18

5.75

Malme-3M

Drug Treatment

- Untreated

3D
0.5 uM

µM
Vemurafenib
0.5µM+Rituxima
b 40ug
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ANNEXIN V
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Figure 4.30: Representative dot plot FACS analysis of M14 (BRAF
mutant, CD20 positive) 3D culture treated with 0.5 µM/ml vemurafenib
and rituximab. Each quadrant represents as follows: Q1) early apoptosis,
Q2) late apoptosis, Q3) necrosis, Q4) viable cells. Annexin V (apoptosis
marker) and DAPI (dead cell marker) are on the Y- and X-axis respectively.
Etoposide and DMSO+ FCS were used as positive and vehicle controls
respectively. Experiments were performed in triplicate (n=3)
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Figure 4.31: Effect of single and combinational treatment of 0.5 µM /ml
vemurafenib with rituximab on 3D cultures of M14 (BRAF mutant, CD20
positive) cell line. Following 72-hour treatment with daily dose of 0.5 µM/ml
vemurafenib single treatment followed by addition of 40µg rituximab per 106
cells for 8 hours in the combination treatment, apoptosis (early and late) in
M14 cell line was analysed. DMSO + FCS were the vehicle control used. An
increase in the early apoptotic cells (10.81 ± 0.10%) was observed in the
combination treatment which was statistically significant when compared to
both vehicle and vemurafenib monotherapy (p<0.05). Values are averages of
3 independent replicate experiments (n=3)
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Table 4.11: Killing Effects of 0.5 µM of vemurafenib monotherapy and its
combination with Rituximab on 3D cultures of M14 melanoma cell line.
Cell

Drug Treatment

Average

Average

Average

Average

lines/Culture

Live

Early

Late

Necrosis

type/dose

Cells %

Apoptosis

Apoptosi

%

%

s%

M14-3D

Untreated

92.83

3.01

0.38

3.79

0.5 µM

DMSO +FCS

87.07

3.96

0.67

8.28

84.33

3.64

0.69

11.33

82.37

10.81

1.88

4.94

Vemurafenib

0.5

µM
Vemurafenib
0.5µM+Rituximab
40µg
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4.3 Discussion
The efficacy of vemurafenib on melanoma cells expressing BRAF (V600E)
oncogene driver-mutation is generally heterogenous and incomplete; and proapoptosis, cell cycle arrest and induction of senescences have all been
reported ( Tsai et al., 2008; Lee et al., 2010; Qin et al.,2012; Haferkamp et al.,
2013).
Although BRAF inhibitors such as vemurafenib have significant therapeutic
effects in melanoma patients harbouring BRAF mutations, some patients are
resistant to BRAF inhibitor treatment, so called intrinsic resistance. In addition,
the therapeutic effects of BRAF inhibitors are short in duration and patients
develop resistance to these inhibitors after 6-8 months of treatment and
several resistance mechanisms have been reported (Luke et al., 2013).
In this chapter, we demonstrated that, CD20 expressing cells are not
eliminated in vitro by 72-hour treatment with 0.5 µM/ml vemurafenib failed to
kill 3D cultures of CD20-expressing melanoma cells such as WM3523 and
M14(BRAF-mutant, CD20 positive). Remarkably, the CD20-positive cells were
not sensitive to the BRAF inhibitor despite the presence of BRAF mutation in
these cell lines and this could contribute to the therapy-resistance.
In WM3523 cell line (BRAF mutant, CD20-positive), it was discovered that
melanospheres formation and developments were significantly disrupted by
treatment with Rituximab in the presence of FCS. This effect was neither seen
in the BRAF wild-type Mewo cell line nor in the WM3523 cell line treated
without FCS, confirming that complement factors are required to effect
Rituximab activity even in this CD20-positive cell line. The colony forming
efficiency was also reduced significantly (p<0.05) in the WM3523 cell line
following treatment with rituximab+FCS which was not seen in the Mewo
BRAF-wild-type cell line.
Although our spheroids appeared smaller and fewer, we did not see complete
abolition of melanospheres in the WM3523 BRAF mutant cell line following
vemurafenib only treatment and there could be possibility of activation of other
signaling pathways in 3D (Boisvert-Adamo and Aplin., 2006). Reports have
shown that, Akt3 activation can be substrate-dependent in melanoma cells
(Boisvert-Adamo and Aplin., 2006; Shao and Aplin.,2010).
Viability assay showed differential sensitivity to vemurafenib by melanoma
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cells. BRAF mutation was a critical determinant of response to this BRAF
inhibitor in our in vitro 3D cultures. No effect on viability was seen in the Mewo
cell line which did not show BRAF mutation even at the seemingly high dose
of 0.5 µM/ml vemurafenib, adding further evidence to the specificity of this
molecule. On the BRAF-mutant Malme-3M and M14 cell lines, the former
appeared more sensitive than the latter and showed higher loss of viability in
the vemurafenib only treatment. Remarkably, combination of vemurafenib with
rituximab reverses this finding resulting in higher loss of viability in the M14,
which expresses CD20. We however went further by utilizing non-adherent3D in our research as an enhanced model for it being closer to what is
obtainable in vivo; taking in to consideration that our targetable CD20 for
combination treatment was only enriched in the 3D non-adherent cultures.
Consistent with data from the viability assay of BRAF mutant cells, Malme-3M
cell line demonstrated higher susceptibility to vemurafenib-induced apoptosis
in 2D cultures treated with both 0.5 µM/ml and 30 nM/ml concentrations, than
the M14 cell line. Proportion of apoptotic cells using vemurafenib only
treatment were shown to be 11% vs 5%; and 19% vs 12% in Malme-3M and
M14 at 0.5 µM/ml and 30 nm concentrations respectively. Yang et al.(2010)
have previously reported higher susceptibility of Malme-3M to vemurafenib
compared to other BRAF mutant melanoma cell lines. Our susceptibility data
is consistent with report from Haferkamp et al., (2013) which showed using 2D
colony forming assay, higher decrease in colony formation in Malme-3M than
M14 following treatment with 0.5 µM/ml vemurafenib and therefore more
susceptible. Our combination of Vemurafenib and Rituximab in Malme-3M
using both 0.5 µM/ml and 30 nM/ml concentrations surprisingly resulted in
higher apoptosis than the vemurafenib monotherapy. None of these cell lines
expresses CD20 in 2D cultures. Expectedly, apoptosis was not observed in
the Mewo BRAF-wild cell line following treatment with vemurafenib as single
agent or in combination.
In the 3D non-adherent cultures, both M14 and Malme-3M exhibited less
sensitivity to 0.5 µM/ml vemurafenib compared to their 2D counter-parts.
Malme-3M remained consistently more susceptible than M14. The M14
appears less sensitive. Furthermore, it has been reported that, the proportion
of apoptotic cells decreased after longer (7 days) vemurafenib exposure in
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M14 cell line (Haferkamp et al., 2013) when compared to earlier days.
The

increased

apoptosis

observed

in

Malme-3M

using

the

vemurafenib+rituximab combination was unexpected since it was not shown
to express CD20 and its viability assay did not reveal corresponding loss in
viability. The reason is unclear but has been consistently observed in our
replicate experiments of both 2D and 3D and could due to non-specific
antibody effect on this cell line since we did not observe significant difference
in the apoptotic cells between the vemurafenib only and combination
therapies at higher concentration. Remarkably, the less sensitive M14 cell line
became

more

susceptible

when

treated

with

vemurafenib+rituximab

combination leading to statistically significant increased killing, which was not
demonstrable in the vemurafenib monotherapy. Killing was consistently not
observed in the 3D spheroids cultures of Mewo BRAF-wild cell line.
In summary, we demonstrated in this chapter that, vemurafenib monotherapy
neither eliminates CD20 when expressed in melanoma cells nor disrupts
melanospheres formation. BRAF-mutant but not wild-type melanoma cell lines
respond to vemurafenib differentially and in a dose-dependent manner.
Melanoma cells are less susceptible in 3D spheroids cultures compared to
their 2D counterparts. When CD20 is expressed, anti-CD20 (rituximab) results
in the disruption of melanospheres with statistically significant decrease in
colony forming efficiency. Combination of vemurafenib with rituximab
demonstrated enhanced disruption of melanospheres. It also leads to
decreased cell viability and enhanced apoptosis even in the less susceptible
melanoma cell lines in vitro; providing opportunity for a novel targeted-therapy
of combining BRAF inhibitor with an agent targeting CSC-like marker to
overcome traetment resistance and improve clinical outcome. Our findings
also highlighted the resistance in the Mewo cell line. Recently, NF1 has been
described

as

the

third

most

common

driver

mutation

in

melanoma(Krauthammer et al, 2015). Mewo cell line is an archetypal NF1
driver mutation cell line, as it does not harbor BRAF, NRAS or C-kit mutations.
It is interesting to note that, although NF1 is a negative regulator of the MAPK
signaling pathway and resides upstream of BRAF, vemurafenib treatment did
not affect cell viability in 2D and 3D non-adherent cultures. Currently, there
exist no targeted therapy for NF1 driver melanomas. Furthermore, melanoma
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with NF1 driver mutations demonstrate a much more aggressive phenotype
and are associated with higher mortality. We therefore next sought to
understand the basis for NF1 mutation driver melanomas using our cell lines
and 3D non-adherent culture assay.
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Chapter 5: Elucidating the roles of Neurofibromin type 1 (NF1)
and

pigment

epithelium-derived

factor

(PEDF)

in

the

proliferation, migration and invasiveness of melanoma cells.
5.1 Introduction
A significant driver in melanoma development and progression is RAS-MAPK
signaling pathway (Davies et al., 2002; Yajima et al; 2012). It has an important
role in linking extracellular signals to the processes that control fundamental
cell events such as differentiation, growth, proliferation, migration, apoptosis
and senescence (Figure 5.1) MITF and PEDF are two important downstream
effectors of this RAS-MAPK pathway with NF1 exerting a negative regulatory
effect on their expression. Krauthammer et al (2015) reported a study
involving a whole-exome sequencing of over 200 melanomas, which revealed
a loss-of-function NF1 mutations as the third most common genetic event in
melanoma behind activating BRAF and NRAS mutations where over 90% of
melanomas are shown to express abnormality in these oncogenes (Yajima et
al., 2012). The NF1 gene is a typical tumour suppressor gene, its product
neurofibromin exerts an important tight negative regulation over the RASMAPK pathway through its GTPase-activity. A loss of neurofibromin function
due to mutations within the NF1 gene leads to hyper-activation of the pathway
and a loss of control over cell proliferation and growth, resulting in tumour
formation (Yap et al 2014).
PEDF has been shown to be a direct transcriptional target of MITF in
melanoma and melanocytes (Dadras et al., 2015).
.
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Figure 5.1: Shows Schematic MAPK pathway and its interaction with
NF1. MITF and PEDF are down-stream effectors of this pathway/interaction
(Adapted from Hocker et al, 2008)
Analysis of 102 melanoma tumours involving several stages showed a
consistent down-regulation of PEDF expression during tumour progression
with PEDF correlating inversely with tumour thickness (Dadras et al., 2015). A
positive MITF-PEDF transcription factor relationship showed high levels
present in weakly aggressive melanomas and lower levels detected as the
disease progresses.
Our Laboratory together with collaborators at University Hospital Wales have
demonstrated a down regulation with positive correlation between NF1, MITF
and PEDF in both lesional and non-lesional skins of NF1 patients harboring
mutations within the NF1 gene compared to the healthy subjects; leading to
deregulated expression of MITF and PEDF (unpublished data). NF1 mutant
melanomas were reported to be of poor prognosis associated with a
statistically significant increased risk of death from melanoma and poorer
overall survival when compared to BRAF/NRAS mutant cohorts (Cirenajwis et
al.,2017). This highlights the need for further characterization of NF1 mutant
melanoma. Therefore, exploring the roles of NF1 and MITF-PEDF in
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melanoma could therefore be of essence with a view to finding a novel
therapeutic target for NF1 mutation driver melanomas.
5.2 Results
5.2.1 Determining the correlation between NF1, MITF & PEDF in
melanoma cells
In order to determine whether the positive correlation between NF1, MITF and
PEDF is a phenomenon peculiar only to NF1 patients, we sought to determine
their level of expression in both 2D and 3D cultures of our melanoma cell lines
using qRT-PCR to define the molecular correlation.
Activating mutations within the RAS-MAPK pathway were validated in all our
melanoma cell lines. Four of the six lines harbored missense mutations within
the activation segment of the kinase domain at position 600 of BRAF
(BRAFV600E mutants) and M14 which was shown to be relatively less
sensitive to vemurafenib monotherapy in the preceding chapter was used as
prototype). MEWO possessed a nonsense mutation of NF1 (used as NF1
mutation prototype cell line) and SKMEL-30 showed an activating missense
mutation of NRAS. In line with their underlying driver mutations and consistent
with late stages of melanoma progression, these cell lines were deliberately
used. Our FM291 human melanocyte cell line was cultured and used as
control.
In comparison to the control melanocytes, NF1 expression was decreased in
all the 6 samples analysed. Largest down-regulation of expression with levels
-1.095-fold lower than in control was observed in 2D MEWO (Figure 5.2
below). MITF levels were also reduced in all the samples.
A decrease in PEDF expression was detected in all the samples with levels
over 3.5-fold lower in both MEWO samples. Irrespective of their underlying
driver mutation, the cell lines analyzed showed a decrease in NF1 expression,
with a positive correlation seen between NF1, MITF and PEDF in all samples.
These depict a deregulation in PEDF expression with levels low in all
melanoma lines despite a decrease in expression of NF1.
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Figure 5.2:Fold change in MITF, NF1 & PEDF gene expression of
Melanoma cell lines. 2D and 3D cultures melanoma cells lines were grown
and using qRT-PCR, MITF, NF1 and PEDF gene expression were analysed
with the ΔΔCT method (normalised to GAPDH expression). NF1, MITF and
PEDF expression were decreased in 2D and 3D cultures of M14 (BRAF
mutant), MEWO (NF1 mutant) and SKMEL-30 (NRAS mutant). Anti-tumour
protein (PEDF) expression was reduced between the ranges of -1.0 to -3.6
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5.2.2 Determining the effects of NF1 knockdown on expression of MITF
and PEDF in melanocyte.
We had previously discovered that melanoma cells with BRAF mutation had a
higher colony forming efficiency (CFE), compared to the wild-type BRAF cell
lines. NF1 is a negative regulator of MAPK pathway and activation of this
pathway in melanocytes due to NF1 mutation leads to increased cellular
growth and proliferation. The CFE of NF1 mutant cell line was lower than that
observed in BRAF mutant cell lines (eg M14, WM3523), yet the NF1 driver
mutation should signal directly through the MAPK pathways. Unlike the BRAF
mutant cell lines, Mewo cells also demonstrated no CD20 expression. As NF1
driver mutations are the third most common in melanoma, we sought to
determine why there are differences between mewo and BRAF mutant
melanoma cell lines.
To determine the effect of MITF and PEDF expression, we next sought to
determine the effect of NF1 knock down on normal melanocytes before
moving on to melanoma cells.We first knocked down NF1 in melanocytes
through transient transfection with siRNA before determining the effects this
would have on the MITF and PEDF. To validate our NF1 knockdown, cells
were treated with the siRNA; and RNA and protein lysates were taken at days
1,2 and 3 post-treatment. qRT-PCR of RNA taken at days one and two posttreatment was used to quantify NF1 and PEDF expression levels with RNA
taken from all three days used to analyse MITF expression. All expression
was quantified using untreated melanocytes as control.
We performed Western blot analysis to see if the knockdown had been
successful at protein level. There was no visible detection of NF1 in the
untreated melanocytes or in the first two days’ post-treatment (Figure 5.3).
However; levels of P-ERK1/2,a protein found downstream in the RAS-MAPK
pathway, did increase after the addition of NF1 siRNA. Protein yields from day
three were insufficient to analyze. Both western blot and qRT-PCR analysis of
NF1 expression levels suggests that the transient siRNA transfection was
successful with an increase in downstream effectors P-ERK1/2, MITF and
PEDF seen from days one to three albeit slight. We accept that these
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experiments need further optimization. In all but one sample, NF1 expression
was decreased compared to control, suggesting a successful knockdown. At
day one PEDF expression levels were still decreased but by day two had
started to rise.

Figure 5.3: NF1 knockdown and its effects on melanocytes expression
of NF1 and PEDF.

Left: Western blot analysis of NF1 and P-ERK1/2

expression in 1-2 days’ post-knockdown. HeLa cells were used as a positive
control for NF1 and P-ERK1/2.Right: Fold change in NF1 and PEDF
expression levels 1 and 2 days’ after knockdown compared to untreated
melanocytes. NF1 expression was decreased from -0.19 to -0.79-fold one day
after the addition of siRNA and in 2/3 wells at day two, the other well showed
a 1.12-fold increase in NF1 expression. Compared to untreated melanocytes,
expression of PEDF was decreased at day one by up to -0.27-fold but
increases at day two from 0.15 to 1.2-fold
Similar disparity between gene expressions was seen when analysing MITF
levels. A steady increase in expression levels from days one to three was
seen, resulting in increased levels of MITF observed at day three (Figure 5.4).
Expression was reduced, on average, -0.19-fold at day one compared to an
average decrease of-0.06-fold at day two. At day three MITF expression
increased 0.15 to 1.4-fold compared to untreated cells.
Although in need of repeating and further optimization, reduced NF1
expression by siRNA was associated with a reciprocal rise in MITF and PEDF
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expression.
In summary, all melanoma cell lines demonstrated a reduction in NF1 gene
expression, although as expected, the expression was lowest in NF1 mutant
Mewo cells in 2D. In contrast NF1 expression did not differ markedly in 3D
non-adherent culture. To our surprise, reduced NFI expression by RT-PCR
was not associated with an increase in MITF expression nor reciprocal PEDF
expression. Despite active MAPK signaling, PEDF expression remained
suppressed at levels lower than that obtained with normal melanocytes.

Figure 5.4: Effect of NF1 knockdown on melanocytes expression of
MITF. Fold change in MITF expression levels 1-3 days’ post-knockdown
revealed an initial reduction of an average of -0.19-fold at day one compared
to an average decrease of-0.06-fold at day two. However, At day three MITF
expression increased 0.15 to 1.4-fold compared to untreated cells.
5.2.3 NF1 knockdown caused an increase melanocyte migration.
To determine the functional consequences of NFI knockdown, melanocyte
migration was measured using a two-chamber culture insert wound healing
assay. Melanocytes were left to attach in each well before being treated with
either non-targeting or NF1 siRNA and migration across the 500µm gap was
measured for 21 hours effective immediately after the addition of the siRNA.
Knockdown of NF1 increased the migratory capacity of melanocytes
compared to non-target siRNA and untreated cells (n=3) (Figure 5.5). After 21
hours, an average of 54% of the wound area was covered by the NF1 siRNA
melanocytes compared to 20% covered by the untreated cells, hence loss of
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NF1 expression enhanced melanocyte migration.

Figure 5.5 : NF1 knockdown and its effects on migration of melanocytes.
Images taken from the inverted microscope at 0h (top left image) and 21h
(bottom left image) of NF1 siRNA treated melanocytes during a wound
healing assay. Right image shows Analysis of migratory capacity showing
increased migration using an average % of a wound area covered by NF1
siNRA (light blue) and non-target siRNA (dark blue) treated melanocytes
compared to untreated melanocytes (red).
5.2.4 Determining the effects of PEDF overexpression on migration and
proliferation of melanocytes and melanoma cells
To determine if normal melanocyte migration was dependent upon PEDF
expression, we next investigated the effects of PEDF rescue on cell migration
and proliferation in both melanocytes and melanoma cells through PEDF
overexpression. M14 (BRAFV600E) and MEWO (NF1 mutant) lines were
chosen and along with normal melanocytes were transfected with lentiviruses
containing PEDF or control vector. Both vectors contained GFP and
successfully transfected cells were sorted using flow cytometry and analysed
in FlowJo (Figure 5.6). Upon exclusion of doublets and dead cells (stained for
with DAPI) the GFP-positive population of each condition was plated and
grown in culture. Migration of the cells was measured as a whole using the
average (n=3) per cent of a wound area covered in a wound healing assay
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and at a single cell level using cell tracking to trace the distance travelled by
each cell over 47 hours. In the wound-healing assay, no more than 1 percent
of the wound area was covered by either the control or PEDF vector treated
normal melanocytes and Mewo cells over the 45-hour period (Figures 5.6b,c).
Unlike in MEWO, PEDF expression resulted in an increase in migration for
M14 cells. After 45 hours PEDF vector M14 cells covered, on average, 40.3%
of the wound area, over 40 times more than the control cells (Figure 5.6d).
Both normal melanocyte conditions showed little to no migration until hour 21
where a steady increase in migration was observed.
PEDF overexpression increased melanocytes migration by an average of
5µm and significantly increased migration by double the distance in M14 cells
(Figure 5.7).
Hence PEDF expression in Mewo cells failed to alter migration in the wound
healing assay but decreased single cell migration was observed in this cell
line with control cells moving an average of 8µm further than PEDF cells.
Importantly, PEDF expression was associated with increased migration in
M14
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Figure 5.6. The effects of PEDF overexpression on migration of
melanocytes and melanoma cells (A) Images taken from the FlowJo
software showing the sorting of GFP+ PEDF vector melanocytes using the
flow cytometer. (A1) shows the selection of single events identified as
melanocytes (78.6%), 95.1% of these were single cells and 52.6% of the
single cells were identified as live using DAPI stain. (A2) shows the selection
of GFP+ live single melanocyte cells expressing the PEDF vector (83.7%). (B)
Analysis of migratory capacity using an average percent of a wound area
covered by control/PEDF overexpression vector treated melanocytes,(C)
Analysis of migratory capacity using an average percent of a wound area
covered by control/PEDF overexpression vector treated Mewo cells,(D)
Analysis of migratory capacity using an average percent of a wound area
covered by control/PEDF overexpression vector treated M14 cells.
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Figure 5.7. The effects of PEDF overexpression on migration of
melanocytes and melanoma cells: Analysis of single cell migration by
tracking the average distance moved from origin over 47 hours of
control/PEDF overexpression vector treated melanocytes, MEWO and M14
cells. Red arrow shows that restoration of PEDF in only NF1 mutant cells
(Mewo) leads to reduced migration.
We then analysed the proliferation rates of the various conditions and see if
these reflected the migration results. Proliferation rates of all conditions were
measured and PEDF and untreated cell rates were calculated as a
percentage of the overall proliferation rate of the control cells. PEDF
increased proliferation rates of cell lines compared to control but M14 and
melanocytes saw an increase in proliferation compared to untreated cells.
M14 PEDF cells proliferation rates were 2.4 times greater than those of
control cells and over 3.5 times greater than untreated cells. There was less
difference in proliferation observed in melanocytes with a 1.27 increase seen
by PEDF cells compared to control. PEDF expression in MEWO cells resulted
in proliferation rates 1.29 greater than control but a 5% decrease compared to
untreated cells (Figure 5.7). Altogether we have shown that PEDF
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overexpression in melanocytes results in a decrease in overall migration
despite showing an increase in migration at a single cell level and a slight
increase in proliferation rates. The effects of PEDF overexpression on
melanoma cells varied. MEWO cells saw a decrease in single cell migration
and proliferation upon PEDF overexpression compared to M14 cells which
displayed an increase in overall migration, single cell migration and
proliferation rates.

Figure 5.8. Effects of PEDF over-expression on proliferation of
melanocytes and melanoma cells.

Proliferation rates of control/PEDF

overexpression and vector treated M14 cells, MEWO cells and melanocytes.
PEDF expression in MEWO cells resulted in proliferation rates 1.29 greater
than control but a 5% decrease compared to untreated cells. Red arrow
shows that PEDF in mewo did not affect proliferation. Conversely, M14 and
melanocytes saw an increase in proliferation compared to untreated cells

188

5.3 Discussion
Our findings revealed that, over-expression of PEDF in FM291 human
melanocyte increased single cell migration and proliferation but decreased
overall cell migration in the wound-healing assay. This would suggest a role
for PEDF in the regulation of melanocyte proliferation and migration.
However, PEDF’s role in melanocyte function may not be as simple as first
thought with a knockdown of PEDF by Orgaz et al (2009) producing cells with
increased migration, proliferation and invasion. These conflicting results
suggest a much more intricate relationship between PEDF and the biological
functions of melanocytes with further research required in this promising area
of unraveling novel therapies in metastatic melanoma.
Of recent, somatic NF1 mutations have been implicated in a range of
malignancies including breast cancer, leukaemia and gliomas. Inactivating
mutations of the NF1 gene have also been identified in melanoma, with over
13% of cases harbouring the mutation (Krauthammer et al 2015). NF1 is an
important tumour suppressor and to date no study has looked at the
relationship between mutations in the NF1 gene and their effect on MITF and
the anti-tumour protein PEDF. Here, it was shown that NF1 mutations in
melanoma cell lines were associated with diminished MITF and PEDF
expression (down-stream effectors of MAPK pathway). With low levels of
PEDF associated with an increase in malignant characteristics during tumour
progression, an understanding of the mechanisms by which MITF and PEDF
expression are deregulated is of potential clinical significance. Hence, it was
postulated that PEDF modulation could be of potential therapeutic benefit in
melanoma cancer therapy.
Our preliminary results revealed that NF1 knockdown in melanocytes cells
lead to enhanced cell migration which is consistent. We have previously
shown that, skin samples from Café-au-lait macules (CALMs) demonstrated
somatic mutation in NF1, suggesting that a loss of NF1 expression in normal
melanocytes does not accelerate their malignant transformation but rather
provides a growth stimulus.
We have also shown deregulation in expression of MITF and PEDF in our 2D
and 3D cultures of melanoma cell lines. Although the role of PEDF in the
189

transformation and malignant progression of melanoma has been illustrated;
the underlying mechanisms underpinning the processes of its expression are
presently unclear. All our melanoma cells lines were acquired from metastatic
sites and our findings are consistent with the attainment of invasive and
metastatic properties acquired through loss of MITF and PEDF expression.
Negative correlation between MITF and PEDF expression and the malignant
progression of melanoma has recently been confirmed by Dadras et al (2015).
Through the use of over 100 samples ranging from common melanocytic nevi
to metastatic melanoma they were able to demonstrate a consistent decrease
in MITF and PEDF expression as the disease progressed.
In view of the high prevalence of hyperpigmented lesions seen in NF1
patients, it has been suggested that neurofibromin may be necessary for the
development, function and differentiation of melanocytes (Abramowicz and
Gos 2014). We have confirmed NF1’s control over melanocyte function with
knockdown of NF1 in melanocytes enhancing the capacity of melanocytes to
migrate. Loss of NF1 and subsequent up-regulation of the RAS-MAPK
pathway is commonly reported in melanoma and is an important factor in
tumour cell proliferation and migration progression of the disease.
Our cell lines showed reduced PEDF expression compared to control and as
they were all from metastatic sites we hypothesized that overexpression of
PEDF could revert the melanoma cells back to a less aggressive phenotype
more indicative of the early stages of disease. Results from the NF1 mutant
melanoma cell lines tested looked promising. PEDF over-expression in
MEWO cells reduced the migratory capacity of single cells and decreased the
proliferation rates of the cells compared to untreated cells. This could suggest
that the cells had undergone some form of transformation with loss of invasive
and aggressive properties demonstrated by the decrease in proliferation and
migration capacities. This ability of PEDF overexpression to profoundly affect
the biological processes of melanoma cells has been demonstrated previously
in animal models. In a study by Garcia et al (2004), it was reported that
implanting PEDF-positive human melanoma tumours in mice led to significant
decrease in rates of cellular proliferation as well as tumour growth. Analysis of
the tumour revealed an increase in overall apoptosis of the cells and large
amounts of necrotic tissue. This group was also able to demonstrate that
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PEDF expression inhibited metastases through a reduction in the cells
migratory abilities.
Worthy of note here is that, our study shows that not all melanomas respond
in the same way to PEDF transfection, with PEDF over-expression increasing
the migratory and proliferative capacities of our M14 cells. The reasons why
these cells seemingly underwent an aggressive transformation after
transfection of PEDF are unclear.
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Chapter 6: General Discussion
6.1 3D non-adherent melanocyte cell culture
Primary skin derived melanocytes have historically proven difficult to culture,
due to the low percentage of melanocytes within the epidermal sheet and their
low mitotic activity when compared with the other skin cells. In the presence of
culture media serum, conventional melanocyte cultures become overgrown by
keratinocytes and fibroblasts (Pittelkow MR, and Shipley GD.,1989). A major
advance in melanocyte culture was the introduction of cholera toxin and 12-Otetradecanoyl phorbol-13-acetate (TPA) to the culture media, which promotes
melanocyte attachment and proliferation, while being toxic to keratinocytes
(Eisinger M and Marko O., 1982) resulting in selective proliferation of normal
human melanocytes in vitro. Subsequent advances in melanocyte culture
media include the addition of basic fibroblast growth factor, nerve growth
factor, and endothelin-1 (Akio M et al., 2004). Our normal melanocyte FM291
cell line, was similarly cultured with Medium 254 with human melanocyte
growth supplement containing: basic fibroblast growth factor (3ng/ml) and
phorbol 12-myristate 13-acetate (10ng/ml).
For many primary human tissues, most notably epithelial cell types,
conventional 2D culture does not adequately replicate the tissue 3D
microarchitecture

with

intricate

cell-cell

and

cell-matrix

interactions

(Pampaloni F et al., 2007; Griffith LG, Swartz MA., 2006; Fennema, Eelco, et
al., 2013; Dekkers JF et al., 2019). Notably, standard 2D monolayer culture is
an unreliable predictor of in vivo drug efficacy and toxicity (Prestwich GD.,
2007; Haycock JW., 2011). More recently the advent of organoid cultures
have allowed for reconstruction of complex structures, such as villous
protrusions as with normal colon cells allowing for stem cell dynamics to be
studied in tissue culture. Organoid protocols have now been developed for
many tissues including: the colon (Ootani A, et al., 2009; Sato T, et al.,
2011),small intestine (Sato T, et al., 2009; Ootani A, et al., 2009), mammary
gland (Simian M, et al., 2001; Fata JE, et al, 2007), kidney (Zhang X et al.,
2012), lung (Liu Y et al., 2004) , liver (Huch M et al., 2013), stomach (Barker
N et al., 2010), pancreas (Huch M, et al., 2013), prostate (Ghosh S, et al.,
2011) and salivary gland( Steinberg Z, et al., 2005). While many of these
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tissue organoids are developed from murine tissue, their appears to be direct
translation into human tissues. Typically explanted cells are cultured in
Matrigel, which facilitates sectioning and downstream optical imaging.
Unfortunately primary melanocytes do not grow in non-adherent culture, as
we observed with our approach. However, other investigators have developed
3D melanocyte cultures to study melanogenesis in more detail, using 3D
scaffold (Lin SJ et al., 2005). Thus for melanocytes as cell that are usually
singly spaced within the tissue, 3D cultures are yet to be established, and the
assay may still be relevant for melanoma wherein the cells form a tissue
mass.
6.2 Development of a 3D Non-Adherent Melanosphere Cell Culture
Assay
Non-adherent culture with serum-free medium and low-attachment plates
favours the growth of stem cells and cancer cells, which are able to sustain
anchorage independent growth (Reynolds and Weiss, 1992; Galli et al, 2004;
Yuan et al, 2004). Under these conditions, the bulk of cells that are on a
trajectory for terminal differentiation undergo anoikis (programmed cell death).
The remaining cells then establish colonies, which adopt a spheres or
‘spheroid’ morphology. The sphere-formation assay was originally established
as an in vitro culture system that enriched central nervous system stem cells
and cancer stem cells (Jensen JB and Parmar M., 2006). Researchers have
attempted to establish the sphere culture as a surrogate cancer stem cell
assay, including skin cancers: squamous cell carcinoma (Olivero C et al.,
2019), basal cell carcinoma (Morgan H et al., 2019) and melanoma (Perego M
et al., 2010). The characterisation of skin cancer by sphere formation by these
groups was also stringently evaluated by in vivo characterisation of cancer
stem cell activity as recommended by the American Association for Cancer
Research (Clarke MF et al., 2006).
The conditions for melanosphere non-adherent culture still differ, although all
use a formulation of embryonic stem cell media. Using an undefined “stem
cell media” Perego et al were able to successfully establish melanosphere
cultures directly from 8 of 18 lymph node and visceral melanoma metastases
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(Perego et al., 2010). Fang et al used in house formulated human embryonic
stem cell media to successfully culture melanospheres from 3 of 17 metastatic
melanoma samples (15 lymph nodes, one brain, and one parotid lesions)
(Fang et al., 2005). They also sought to establish melanospheres from cell
lines and were only able to achieve this for one cell line WM115. Yet we were
able to obtain reliable and reproducible melanosphere growth from 6 of 7
melanoma cell lines studied with reproducible sphere forming efficiency with
cells plated at low density (1 to 20 cells per microliter of growth media). The
only difference between the studies is the type of human embryonic stem cell
media for feeder free growth. We obtained a commercially available human
embryonic stem cell media from Stem Cell Technologies to maintain
consistency between experiments. This media contains two growth factors to
support feeder free growth of human embryonic stem cells FGF and
TGFβ1(Sun N, et al., 2009; Chen G, et al., 2011). Our ability to propagate
melanospheres was independent of the underlying driver mutation.
In addition to sensitivity to culture conditions, melanosphere assays are also
limited by the ability of cells to form spheres from cell aggregation. A critical
factor in sphere forming assays is the cell density, which should be low to
ensure that each sphere is clonal, being derived from a single cell. Low
seeding densities are used to ensure that cell clumping is avoided. To achieve
this, cell density between 0.2 to 20 cells per ul of media is agreed to be
appropriate for clonal growth condition without fusion of spheres (Pastrana et
al, 2011; Ferron et al, 2007; Coles-Tabake et al, 2008; Chojnacki and Weiss,
2008). Yet when successfully employed they generate a heterogenous
population of cells that have the potential to demonstrate differentiation.
Conventionally melanoma cells cultured in 2D do not express the
differentiation marker high molecular weight melanoma antigen (HWMA, 0%
n=7 cell lines). As 3D non-adherent melanosphere culture promoted
differentiation we observed consistent ubiquitous HMWA expression closely
resembling what is observed in primary tissues (n=5 of 6).
6.3 Identification of Cancer Stem Cell Characteristics in Melanospheres
It has previously been shown that melanospheres enrich for tumour initiating
cells, so that they more readily form melanoma when grafted into mouse skin
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(Sette G et al., 2013). Hence, In vitro melanosphere formation is tied to
melanoma cancer stem cells enrichment. Although we did not characterise
our melanospheres by grafting them into immunocomprmised mice to
determine tumour forming efficiency. Yet we did observe that for each
melanosphere-forming cell line, there was highly conserved cell line
dependent melanosphere formation efficiency between 1.3-0.3%. These
melanosphere forming efficiencies were maintained across a range of low
seeding densities. Perego et al had observed that conventional 2D adherent
culture had low selectivity for tumour initiating cells, when compared to nonadherent 3D culture, and this is consistent with the low melanosphere forming
efficiency in these cell lines (Perego M et al, 2010)
Six of the seven melanoma cell lines studied in this thesis, gave rise to
melanosphere

formation,

using

our

approach.

The

formation

of

melanospheres arose independent of the underlying driver mutation, some of
which we validated during the study: BRAF mutation (M14, WM3523, Malme3M, and A375), NRAS mutation (Skmel-30), and NF1 mutation (Mewo). Only
the cell line COLO-792 did not form melanospheres, it is a cell line derived
from a brain melanoma metastasis of a 62-year old male and moreover, does
not harbour one of the key oncogenic mutations in melanoma either by testing
ourselves or review of published data sets (https://cansarblack.icr.ac.uk/cellline/COLO-792/mutations). Cirenajwis et al (2017) reported melanoma without
a defined mutation in BRAF, NRAS cKit and NF1 tend to have a better
prognosis. Our data suggest that BRaf mutation in 2 (M14 an WM352) of 4
cell lines was associated with slightly greater melanosphere forming
efficiency. The oncogenic activation of the RAS-MAPK pathway protects
melanoma cells from anoikis (Boisvert-Adamo and Aplin; 2006).
An important aspect of stem cell and therefore cancer stem cell biology, is the
ability of these cells to self-renew and simultaneously give rise to
differentiated progeny. In the context of cancer stem cells, the differentiated
progeny manifests as tumour heterogeneity. These aspects of stem cell
biology can be tested in vitro by serial passage. Consistent with our
hypothesis we were able to serially passage melanospheres for more that 3
passages. Taken together, our findings suggested that melanospheres may
indeed enrich cancer stem cells and could be utilised for additional research
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or in-vitro drug testing.
6.4.

Expression

of

established

cancer

stem

markers

in

our

Melanospheres
To further substantiate the idea that our melanospheres were in fact enriched
for cancer stem cells we first looked for enrichment of known cancer stem cell
makers CD133 and CD271. These markers had been previously shown to
enrich tumour initiating capacity using in vivo xenograft models. To our
surprise we observed no enrichment of these markers upon non-adherent 3D
melanosphere culture. CD133 was observed in both 2D adherent and 3D nonadherent cultures of the A375 cell line (27.8% and 1%, respectively). While
the Malme-3M cell was the only cell line to show CD133 enrichment, from no
expression in 2D culture to 1% positive cells in melanospheres. In contrast,
CD271 was expressed by all cell lines both in 2D adherent culture with no
greater expression in 3D non-adherent cultures. These findings were
inconsistent with our hypothesis and were rather disappointing at the time.
Although some studies had already brought into question the validity of the
cancer stem cell hypothesis and its use in melanoma (Morrison et al., 2008;
Boyle SE et al., 2016), furthermore, cells may alter their cell surface proteins
in relation to the extracellular environment ( Fukunaga-Kalabis

M et al.,

2011), including cell culture, which may mean that makers associated with
stem cells may no longer be relevant in cultured cells.
Using flow cytometry, enrichment of melanospheres with CD20 melanoma
CSC marker in 3 cell lines (WM3523, M14 and Skmel-30) was demonstrated.
CD20 was shown to be further enriched by longer sub-culturing using ECSM
in 3D non-adherent conditions. Consistent with transformation features,
normal human melanocytes FM291 did not express CD20 marker, neither in
2D nor 3D conditions when cultured with ESCM. Unlike previously described
melanoma cancer stem cell markers, CD271 and CD133 as highlighted
above, CD20 was not expressed in 2D culture but flow cytometry identified
distinct CD20+ populations from 3D cultures in M14 (1.43 +/- 0.32%), skmel30 (2.13 +/- 0.36%) and WM3523 (1.48 +/- 0.65%) cell lines. Even though
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only some cell lines expressed CD20 in 3D melanosphere, the enrichment
was clearly evident.
Among the putative CSC in melanoma so far described, CD20 is potentially
targetable for several reasons. CD20 is accessible as a surface cell molecule
which is neither shed nor secreted in to the blood circulation. It is also not
expressed in other normal tissues except B cells and B-cell derived
malignancies. It is limited to B cells that are not essential for survival, and
rapid and sustained depletion of B cells is not necessarily associated with
major toxicities. Whereas no other molecule against melanoma CSC marker
is currently licenced in clinical settings, rituximab ( anti-CD20) is already
licenced in clinical practice for the treatment of non-Hodgkin lymphoma.
Preclinical studies as well as few clinical case report/series reported CD20 as
potentially targetable (Schmidt et al., 2011; Schlaak et al., 2012; Pinc et al.,
2012; Song et al., 2015). Moreover, a separate previous study involving gene
expression profiling has identified CD20 as one of the top 22 genes that mark
aggressive melanoma (Bittner et al., 2000). Identification and targeting of
CD20 therefore presents an invaluable option of treating therapy resistant
form of this disease.
6.5 Using the Melanosphere Assay to Assess Melanoma Treatments
Differential sensitivities to vemurafenib by BRAF mutant melanoma cells in 2D
and adherent-3D cultures (Sala et al.,2008; Yang et al., 2010; Sondergaard et
al., 2010; Haferkamp et al., 2013) were previously reported. However in our
experiments 0.5µM vemurafenib showed both specificity and sensitivity in
both 2D and 3D non-adherent cultures. We observed a negligible increase in
apoptosis in the BRAF wild type cell line Mewo, whereas we observed a
similar increase in cell death in the two BRAF mutant cell lines Malme-3M and
M14. The only discernable difference, was the greater frequency of double
positive apoptotic cells (Annexin V and DAPI) in treated melanosphere. Hence
for the purpose of testing vemurafenib and therefore other drugs that may
only target mutant BRAF, our melanosphere assay provided no advantage.
In both WM3523 and M14 BRAF mutant cell lines, the proportion of CD20+
cells persisted following the 3-day vemurafenib treatment at an average value
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of 4.29 ± 0.10% (n=2) and 5.21 ± 0.75% (n=2) respectively. Hence we
investigated the potential benefit of combined treatment with vemurafenib and
rituximab. Alone rituximab at licensed dose was able to disrupt colony
formation, however after serial passage some colonies persisted (WM3523:
89 +/- 6.36% to 51 +/- 2.41% colonies). Combination therapy was associated
with significant loss of cell viability in CD20+ BRAF mutant cells (M14 36.7 +/1.6%), but was less in CD20 negative BRAF mutant (malme-3D 41.9 +/3.6%) and CD20 negative wild type BRAF (mewo 83.4 +/- 16.8%). The
increased apoptosis observed in Malme-3M cell line with the combination
treatment compared to the control is most likely due to non-specific antibody
effect since no significant difference was observed when the combination is
compared to the vemurafenib only treatment. No new CD20 expression was
observed after repeated interrogation of this cell line following vemurafenib
treatment and plasticity in CD20 expression unlikely to be the cause. Flow
cytometric analysis for apoptosis, showed that combination therapy was
associated with a 3-fold increase in early apoptosis of BRAF-mutant, CD20
expressing melanoma cell line. These finding support the utility of our
melanosphere assay in drug testing, leading to the potential identification of
the benefits of combined vemurafenib and rituximab therapy. However, to
substantiate the findings we would need additional cell lines to be validated
with the combination therapy, as well as patient derived cells. Finally, in vivo
studies would be required to further substantiate the data.
6.6 Using the Melanosphere Assay to Identify Oncogenic Signalling
Cascades
The development of melanospheres had proven beneficial in the targeting of
the cell surface antigen CD20 that is present in situ, lost in 2D adherent
culture, but is presented once more in melanosphere culture. We therefore
next sought to determine whether in fact intracellular signalling cascades
maybe similarly altered between 2D adherent and melanosphere culture. To
this end we hypothesized that differences in intracellular signalling may
account for the more aggressive phenotype of NF1 mutant melanomas. NF1,
known from its germline cause of rasopathy (Rauen et al., 2013), is a negative
regulator of RAS and therefore the MAPK pathway. As such, melanoma
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mutations in NF1 or BRaf or NRas should similarly lead to oncogenic
activation of the MAPK pathway, and yet there are biological and patient
prognostic differences (Cirenajwis et al., 2017).
Unfortunately there were no differences when comparing 2D adherent and
melanosphere cultures in NF1, MITF and PEDF expression. Certainly for the
pathway aspects we studied, the findings were cell autonomous and did not
appear to rely on cell-cell interactions that might arise in melanospheres. It is
entirely possible that there are differences that exist and manifest a biological
output, but our level of interrogation simply failed to uncover them. We of
course approached the question from a hypothesis driven standpoint by
addressing a biological relevant question. A more basic approach to look for
differences, may simply have been achieved by undertaking microarray
analysis of 2D versus melanosphere cultures wherein the potential to find a
difference would have been that much more likely.
Our experimental data, albeit preliminary, did uncover intriguing findings. NF1
knockdown of normal melanocytes increased the ability of these cells to
migrate. PEDF, a downstream gene that is regulated by the MAPK pathway
via the key melanocyte transcription factor MITF, has differential function.
Although across all the melanoma cell lines studied the transcript level of
PEDF was reduced. Transduced over-expression of PEDF in the NF1 mutant
melanoma cell line MEWO as expected reduced cell proliferation and
migration. Yet we observed the opposite effect with the BRAF mutant cell line
M14, wherein proliferation and migration were enhanced significantly. We
believe these findings warrant further study to understand this difference and
its true biological significance. Hence, even though we did not show that
melanospheres are fundamental to the study of melanoma cellular function
we nonetheless made some important observations.
6.7 Conclusions
The incidence of malignant melanoma has been increasing over decades.
When diagnosed at early stage, melanoma is curable by surgical excision.
The metastatic form of the disease is however associated with poor prognosis
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and

high

mortality

due

to

its

resistance

to

conventional/traditional

chemotherapeutic agents. The introduction of first targeted-therapy with BRAF
inhibitors and more recently immunotherapies, such as Ipilimumab (CTLA-4blocker) and antibodies to PD1 and PDL1 (such as Nivolumab and
Pembrolizumab), have led to a dramatic improvement in outcome. However,
with targeted therapy there remains the issues of eligibility, some toxicities
necessitating discontinuation and a high rate of eventual disease relapse.
We have developed a melanosphere cell culture assay, which is easily
reproducible and appears readily applicable to a variety of melanoma cell
lines. Using this approach we have identified expression of CD20, which
appears targetable in combination with vemurafenib. Not all aspects of
melanoma

cell

biology

require

melanosphere

culture,

for

example

vemurafenib alone had similar effects on cell viability in conventional culture.
Certain cell autonomous cellular signalling cascades remain conserved in
adherent culture. Yet the expression of CD20 and promotion of differentiation
(expression of HMWA) would suggest that melanospheres more closely
approximate in vivo melanoma than conventional 2D culture.
6.8 Future Directions
1) Further validation of the melanosphere assay
Many aspects of this assay require additional research. First we should know
that other melanoma cell lines can form melanospheres. Importantly, to
demonstrate cancer stem cell enrichment, in vivo experiments will be required
to substantiate this hypothesis, using limiting dilution to determine the tumour
initiating cell frequency. Finally, to more fully elucidate and understand the
biological

significance

of

melanospheres

a

direct

comparison

with

conventional culture using RNA sequencing would be ideal.
2) Further investigation of combination therapy with vemurafenib and
rituximab
This observation may have direct clinical significance. In addition to future
experiments 1 (above), additional BRAFmutant CD20+ melanoma cell lines
should be tested to confirm (i) the persistence of a CD20+ population after
vemurafenib treatment and (ii) susceptibility to targeting with combination
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therapy. Similarly, it remains to be determined if the drug combination
dabrafenib and trametanib similarly results in failure to kill CD20+ cells. If
these in vitro findings are substantiated then in vivo experiments of drug
treatment are warranted.
3) Further investigation of PEDF deregulation in melanoma
Additional NF1 mutant melanoma cell lines need to be studied to further
elucidate dysregulation of PEDF in melanoma and its potential application in
melanoma therapeutics.
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Appendix: Electropherogram to identify possible BRAF, NRAS or CKIT
‘hotspots’ mutation among various melanoma cell lines
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