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In Brief: MITF-High melanoma resists acidosis without requirement for specific solute
conditions, whereas acidotic survival in MITF-Low melanoma relies on the presence
of pyruvate, and may be curtailed upon the application of small molecule MCT1
inhibition.



ABSTRACT

The lineage addiction oncogene, Microphthalmia-Associated Transcription Factor
(MITF), mediates melanoma phenotypic plasticity — a pathophysiological process that
underlies intratumoural heterogeneity, where melanoma cells interchangeably alter
their phenotypes and transcriptomic gene signatures depending on the expression levels
of MITF. This thesis characterised the presence and nature of MITF-dependent
phenotypic plasticity in relation to melanoma resistance to acidotic stress. We show
that the acid-resistant phenotypes in MITF-High and MITF-Low cells consisted of
distinctly different mechanisms. Analysis of the melanoma proton transporter
transcriptome, with experimental verification, showed that while MITF-High
melanomas asymmetrically expressed ATP hydrolysis-coupled proton pumps, MITF-
Low melanomas favoured the expression of solute carrier proton transporters. This
molecular dichotomy was epitomised by the increased expression of Monocarboxylate
Transporter 1 (MCT1) in cells following experimental MITF knockdown, which was
associated with increased proton-coupled transport activities for monocarboxylic
pyruvate, L-lactate, and p-hydroxybutyrate. Interestingly, acidotic resistance following
stable MITF-knockdown could be selectively abrogated by reducing ambient pyruvate
concentration, or by treatment with the small molecule MCT1 inhibitor, AR-C155858,
leading to apoptosis in the acidotic cells with MITF-knockdown. Furthermore,
combining AR-C155858 treatment with the BRAFY®%E inhibitor, vemurafenib, showed
additive effects on the induction of apoptosis in acidotic MITF-knockdown cells. This
study thus identified a novel approach to achieve cytotoxicity in the subset of MITF-
Low melanoma cells by exploiting their dependency on monocarboxylate transport for
acidotic survival.
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CHAPTER 1

INTRODUCTION

The Scope of the Research Question: MITE-Dependent Phenotypic Plasticity in

Melanoma Acidotic Resistance

Melanoma is a malignant skin cancer that can arise either from mature pigmented

melanocytes in the basal stratum, or alternatively from melanocytic stem cells residing

in the hair follicles (Kohler et al., 2017, Moon et al., 2017, Soengas and Patton, 2017).

The world-wide estimated age-standardised incidence rates of melanoma is 2.8-3.1

cases per 100,000, and melanoma accounts for the most frequent cause of skin cancer-

related deaths (Rastrelli et al., 2014). The incidence of melanoma varies between

countries, where Australia reported the highest frequency (37 per 100,000) and the

South-Central Asia reports the lowest (0.2 per 100,000) (Ali et al., 2013). Racial skin

phenotypes and differences in sun exposure contributed to this trend — in the United

States (US), for example, 98.2% of cases are reported amongst light-skinned

individuals (Ali et al., 2013).

Similar to the treatment of other cancers, many patients with advanced melanoma

achieve clinical responses with the myriad therapeutics currently available, yet retain
1



minimal residual disease (MRD), ultimately resulting in acquired treatment resistance
and disease progression (Rambow et al., 2018). Therefore, understanding the biology
of the melanoma MRD is critical for improving the treatment outcome and prognosis
in advanced melanoma (Rambow et al., 2018). Several inroads have been made into
understanding the biology of melanoma MRD (Kozar et al., 2019). Malignant
melanomas that harbour a somatic missense mutation at the Valine 600 position in the
Rapidly Accelerated Fibrosarcoma, Homologue B (BRAF) gene constitute 45-50% of
total cases (Davies et al., 2002). Small molecule inhibitors have been developed to
target BRAFY®E and its downstream phosphorylation target, Mitogen-Activated
Protein Kinase Kinase (MEK), and currently these agents constitute first-line
therapeutic treatments in advanced melanoma (Eroglu and Ribas, 2016). Currently, the
five-year overall survival in advanced melanoma under combined BRAFV6%E and MEK
inhibition stands at 36% (Robert et al., 2019), which implies that after a finite period of
responsive treatment, melanoma MRD frequently acquires resistance to small molecule
BRAFY®%E inhibition. Acquired drug resistance in melanoma occurs via the acquisition
of gene mutations within the mitogen-activated protein kinase (MAPK) cascade —
thereby reducing the sensitivity to BRAF inhibitors (BRAFi) — or alternatively via the
activation of parallel molecular signal transduction pathways to bypass the blockade on

MAPK signalling (Kozar et al., 2019). Among the mutations in the genes encoding the



different MAPK proteins are missense mutations in NRAS and MEK (Nazarian et al.,
2010), and a truncation of the BRAF""E gene leading to autonomous activation
(Poulikakos et al., 2011). Alternative signalling pathways activated to compensate for
the blockade of the MAPK cascade include the PI3K second messenger system (Marsh
Durban et al., 2013), and the AXL receptor tyrosine kinase (Miiller et al., 2014).

More recently, functional genomics had enabled another approach to
understanding melanoma MRD, via the mapping of transcriptomic gene signatures in
therapeutically resistant melanoma cells (Bittner et al., 2000). Single-cell RNA
sequencing of malignant cells isolated from patient-derived BRAFi-resistant melanoma
tissues identified significant intratumoural heterogeneity, with disease progression and
drug resistance emerging from cells expressing a variety of gene signatures (Tirosh et
al., 2016). Some studies have shown that melanoma cells with increased expression of
the melanoma lineage survival oncogene, Microphthalmia-Associated Transcription
Factor (MITF), represent a sizeable subset of the total number of tumour cells that
acquire phenotypic drug resistance in melanoma MRD. Others have shown that
nelfinavir-induced SMAD?2 activity, which resulted in reduced PAX3 and MITF
expression, re-sensitised these melanoma cells to MAPK pathway inhibition (Smith et
al., 2016). The MITF-High gene signature has thus been well-documented to promote

therapeutic resistance to BRAFVSE inhibition in melanoma (Hertzman Johansson et



al., 2013, Johannessen et al., 2013, Kozar et al., 2019).

On the other hand, tumour gene signatures with low levels of MITF expression
have also been implicated in melanoma therapeutic resistance (Kozar et al., 2019). One
of the best characterised BRAFi-resistant gene signatures in advanced melanoma is
characterised by the expression of low levels of MITF, and high expression of AXL
(Konieczkowski et al., 2014). Intratumoural regions of melanoma tissue that possess
the MITF-Low signature tend to exhibit a slow-cycling phenotype (Ahn et al., 2017).
Others have documented the existence of MITF-Low melanoma subpopulations that
express high levels of Nerve Growth Factor Receptor (NGFR) (Shaffer et al., 2017), or
high levels of the nuclear receptor, Retinoid X Receptor (RXR) (Rambow et al., 2018).
It thus appears that flexibility and redundancy in the expression of drug resistance genes
may be built into the system such that tumour cells with contrasting gene signatures
may survive BRAFVSF inhibition, giving rise to the transcriptomic heterogeneity on
display in BRAFi-resistant melanoma (Konieczkowski et al., 2014).

Although the resistant melanoma cells express different genes and fall into
different phenotypic classes, they are still drug-resistant (Arozarena and Wellbrock,
2019). For example, the metabolism of MITF"#" melanomas was shown to be driven
by mitochondrial oxidative phosphorylation and the formation of monounsaturated

fatty acids (Haq et al., 2013, Vivas-Garcia et al., 2020), whilst MITF'®" melanomas



favour aerobic glycolysis and the formation of saturated fatty acids (Vivas-Garcia et al.,
2020, Kumar et al., 2007). MITF"&" melanomas tend to proliferate due to direct effects
of MITF on CDK2 regulation (Du et al., 2004), and via T-Box Transcription Factor 2
(TBX2)-mediated transrepression of cell cycle checkpoint inhibitors, p21<P!' and
pl4*RF (Pan et al, 2015), whereas MITF'Y melanomas demonstrate invasive
phenotypes via downregulation of the diaphanous-related formin, Dial, the
reorganisation of the actin cytoskeleton, and subsequently increased ROCK-dependent
cell migration (Carreira et al., 2006). It was therefore apparent that the intratumoural
heterogeneity in drug resistant melanoma entailed tumour subpopulations that were
phenotypically distinct, such that drug resistance itself may be mediated via different
mechanisms in these tumour subpopulations, as reviewed in Arozarena and Wellbrock,
2019 (Arozarena and Wellbrock, 2019).

In addition to tumour heterogeneity, melanomas also show phenotypic plasticity
(Arozarena and Wellbrock, 2019). Plasticity implies that the phenotypes on display in
melanoma cells are not permanently fixed, but may be dynamic and changeable
depending on circumstances such as the molecular pathway being targeted by drug
treatment, or dosage of drug therapy (Bai et al., 2019). That is, mechanistically,
melanoma drug resistance and intratumoural heterogeneity do not necessitate the

acquisition of driver gene mutations, or the inheritance of such drug resistant gene



mutations from mother to daughter cancer cells (Shaffer et al., 2017). Instead, drug

resistance and intratumoural heterogeneity in melanoma may be regulated

epigenetically, through the reversible transcriptional regulation of gene expression,

such that drug resistance may be a product of transient upregulation of drug resistant

genes during periods of therapeutic stress (Shaffer et al., 2017). The transient and

dynamic nature of drug resistance emphasises the plasticity of intratumoural phenotypic

heterogeneity, and places transcription factors and their responsive transcriptomes at

the forefront of research into melanoma drug resistance (Boumahdi and de Sauvage,

2020). As such, intratumoural heterogeneity in melanoma involves the plastic

expression of contrasting gene signatures, which makes therapeutic responses highly

unpredictable, and often short-lived (Zeng et al., 2020).

The basic hypothesis of this thesis was premised on the existence of intratumoural

heterogeneity and phenotypic plasticity in advanced melanoma, as outlined above. It

was hypothesised that phenotypic plasticity was a pathophysiologic feature not only

affected therapeutic resistance, but may in suitable instances be applicable to resistance

to microenvironmental stressors as well. Well-recognised pathophysiological stressors

imposed by the dysplastic stroma include hypoxia, acidosis, oxidative stress, and

nutrient deprivation (Pavlova and Thompson, 2016). Of the myriad

microenvironmental resistance mechanisms, we reasoned that acidotic resistance may



be the trait most likely to exhibit phenotypic plasticity in melanoma. Intracellular pH

homeostasis is mediated by a complex system of membrane proton transporters,

encoded by more than 100 gene loci within the human genome, as reviewed in Bohme

and Bosserhoff, 2016 (Bohme and Bosserhoff, 2016). Proton transport mechanisms

utilised by these transporters are also highly diverse, broadly classifiable as proton

pumps, carriers, and channels (Alexander et al., 2019). Given the mechanistic

complexity involved in intracellular pH regulation, it was plausible that these proton

transporters may be heterogeneously regulated within the melanoma tissue, in a manner

consistent with intratumoural heterogeneity and phenotypic plasticity. We therefore set

out in this thesis to investigate the presence and nature of phenotypic plasticity in

melanoma acidotic resistance. We also tested therapeutic strategies deduced from the

working experimental knowledge.

Clinical Aspects of Malignant Melanoma

Cell of Origin Currently there are different views of the cellular origin of

malignant melanoma, with pigmented melanocytes of the basal epidermis and

melanocytic stem cells within the hair follicles both shown to be capable of facilitating

melanomagenesis (Kohler et al., 2017, Moon et al., 2017). Melanocytes themselves are

neural crest derivates found predominantly in skin and eyes (Cichorek et al., 2013). In



the skin, melanocytes are present in the basal epidermis, attached to the basement

membrane (Cichorek et al., 2013). In the eyes, melanocytes are located in the uveal

tract and the retinal pigmented epithelium (Cichorek et al., 2013). The main

physiological function of melanocytes is to produce melanin, a brown and non-

refractile granular pigment that protects the skin from ultraviolet (UV) radiation, and

determines skin and hair colour (MacKie, 2000). Melanoma arises when normal

melanocytes undergo dysplasia and malignant transformation, as reviewed in Shain and

Bastian, 2016 (Shain and Bastian, 2016). Clinically, melanoma hallmarks upon

inspection include an irregularly shaped and coloured papule or plaque (Tsao et al.,

2015). Four types of melanoma are clinically recognised: (1) Superficial spreading

melanoma; (2) Lentigo maligna melanoma; (3) Nodular melanoma; and (4) Acral

lentiginous melanoma (Table 1.1), as reviewed in Rabbie et al, 2019 (Rabbie et al.,

2019).

Incidence and Epidemiology of Malignant Melanoma The annual European

incidence of malignant melanoma varies between 3—5 cases per 100,000 population in

Mediterranean countries and 12-35/100,000 in Nordic countries, whereas cases can

exceed 50 per 100,000 population in Australia or New Zealand (Hollestein et al., 2012).

Melanoma incidence peaks at 65 years-old of age, and any age can be affected (Forsea



et al., 2014). More than 55,000 new cases of melanoma are diagnosed yearly in the

USA, with the majority occurring in the 15-50 years old group (Glazer et al., 2017).

The current estimated lifetime risk of developing malignant melanoma in the US

approaches 1 in 50 (Glazer et al., 2017).

Ultraviolet (UV) irradiation was identified as a major carcinogen involved in

melanomagenesis, as reviewed in Lo and Fisher, 2014 (Lo and Fisher, 2014). UV

irradiation is associated with a distinct DNA damage signature in melanocytes and a

high rate of mutations per megabase (Mb) (Alexandrov et al., 2013). The best primary

prevention for melanoma is thus physical protection using at least 1 sun protection

behaviour, defined as specifically using sunscreen, wearing a hat, or staying mostly in

the shade when outdoors during peak UV radiation hours (Tabbakh et al., 2019). In a

randomised trial, prevention of UV exposure with measures including the regular use

of sunscreen has been shown to diminish the incidence of primary cutaneous

melanomas in an Australian population (Green et al., 2011).

Pathogenesis of Malignant Melanoma  The pathogenesis of malignant

melanoma remains largely undefined, as reviewed in Shain and Bastian, 2016 (Shain

and Bastian, 2016). Energy from solar UVB radiation (280-320nm wavelength) is

absorbed through the skin by cellular proteins and DNA, and UVB can cause extensive



mutagenic DNA lesions within melanocytes (von Thaler et al., 2010). Genetically,
approximately 50% of melanomas exhibit an activating mutation in the gene encoding
the BRAF protein (Flaherty et al., 2010, Davies et al., 2002). BRAF is a proto-oncogene
that encodes a serine/threonine protein kinase as part of Mitogen-Activated Protein
kinase (MAPK) signalling cascade, which in turn promotes cell growth and
proliferation (Kumar et al., 2003). In the physiological setting, BRAF homo- or
heterodimerises with another RAF kinase in response to growth signals (Matallanas et
al., 2011). However, an activating missense mutation such as valine to glutamic acid at
position 600 in the BRAF protein causes BRAF to act as a self-sufficient and
continuously activated monomer (Solit and Sawyers, 2010). The result is uncontrolled
cell proliferation, which drives tumourigenesis in melanocytes (Shain and Bastian,
2016). This BRAFY®%°E muytation is the most common BRAF alteration, and constitutes
about 90% of the BRAF' activating mutations, occurring in approximately 50% of all
metastatic melanomas in the European population (Chapman et al., 2011). The V600K
mutation is the second most common BRAF mutation (McCubrey et al., 2006).
Another critical genetic driver of melanomagenesis is the expression of the master
lineage-specific transcription factor, Microphthalmia-Associated Transcription Factor
(MITF) in melanoma (Hartman and Czyz, 2015b). MITF is a lineage-specific master

transcription factor present in melanocytes, osteoclasts, and mast cells, whose
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Table 1.1: The Clinical Features of Melanoma Subtypes. The clinical features of

melanoma subtypes are described, including typical location, median age of onset,

duration of pre-metastatic phase, frequency of occurrence, and ethnicity.

Table 1: Clinical Features of Melanoma Subtypes

Type Location Median Age (Years) Pre-Metastatic  |Frequency (%)* |Ethnicity
Lentigo Maligna Sun-Exposed Surfaces (Head, Neck) |70 5-15 years 10 Caucasian
Superficial Spreading | All Surfaces (Back, Legs) 47 1-7 years 27 Caucasian
Nodular All Surfaces 50 Months-2 years 9 Caucasian
Acral Lentiginous Palms, Soles, Nail Beds 61 Months-8 years 1 Asian, Black

253% of melanomas are unclassified.

Wolff K et al. (2011). Fitzpatricks Dermatology in
General Medicine 8th Edition. New York: McGraw-Hill.
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transcriptional activity governs vital cellular functions such as differentiation,
pigmentation, proliferation, survival, mitochondrial metabolism, and apoptosis
(Kawakami and Fisher, 2017). High-density single nucleotide polymorphism arrays
revealed MITF to be amplified in up to 20% of melanomas, and ectopic expression of
MITF in conjunction with the BRAFY®%E mutation transformed primary human
melanocytes, demonstrating that MITF could function as a melanoma oncogene
(Garraway et al., 2005). Transcriptionally, MITF can bind to the Bcl2 promoter, and
transactivation of anti-apoptotic effectors by MITF enables lineage survival and
treatment resistance (McGill et al., 2002). A germline MITFE38 mutation has also been
identified in melanoma as a causal factor in familial melanoma syndromes (Y okoyama
et al., 2011, Bertolotto et al., 2011). These data suggest that MITF represents a key
molecular driver of melanomagenesis (Hartman and Czyz, 2015a). Other selected
somatic genetic alterations in melanomagenesis are listed in Table 1.2.

Germline mutations in melanoma can give rise to familial melanoma, which
accounts for 5-10% of total cases, as reviewed in Rossi et al, 2019 (Rossi et al., 2019).
CDKN24, located in the 9p21 chromosomal region, is the major high-penetrance
susceptibility gene in familial melnaoma, with germline mutations identified in up to
40% of melanoma families (Monzon et al., 1998). Mutations in the other melanoma

predisposition genes are relatively rare — MITF, CDK4, VAPI, TERT, POT1, ACD, and
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TERF2IP — contributing together to explain a further 10% of familial clustering of

melanoma (Goldstein et al., 2006). The underlying germline genetic susceptibility

remains unexplained in approximately half of melanoma families, as reviewed in

Palmieri et al, 2015 (Palmieri et al., 2015).

In terms of molecular pathology, melanomas can also be classified genomically

depending on the identified genomic alterations, through DNA, RNA, and protein-

based analyses (Akbani et al., 2015). In this system, malignant melanomas were

classified into one of four subtypes based on the pattern of the most prevalent

significantly mutated genes: Mutant BRAF, mutant RAS, mutant NF/, and triple-wild

type (which was enriched in KIT mutations and focal amplifications) (Akbani et al.,

2015). MITF amplification in this context was observed at significant frequencies in

the BRAF mutant subtype (Akbani et al., 2015). In addition, consensus hierarchical

clustering analysis of the melanoma transcriptome in 329 samples identified three

robust stable clusters, namely the “Immune”, “Keratin”, and the “MITF-Low” clusters

(Akbani et al., 2015). The MITF-Low transcriptomic cluster was characterised by low

expression of genes associated with pigmentation and epithelial expression, including

several MITF target genes (Akbani et al., 2015). This MITF-Low cluster was

significantly enriched with genes preferentially expressed within the nervous system

and/or associated with neuronal development or other organ-specific embryologic

13



development (Akbani et al., 2015). Taken together, MITF features prominently in the

pathogenesis of malignant melanaoma, displaying both somatic and germline mutations

and gene amplifications that contribute to melanomagenesis, as well as being one of the

main drivers of melanoma transcriptomic clustering, as reviewed in Goding and

Arnheiter, 2019 (Goding and Arnheiter, 2019).

Clinical Features of Malignant Melanoma Clinically, there are four major

subtypes of invasive cutaneous melanoma: Superficial spreading melanoma, nodular

melanoma, lentigo maligna, and acral lentiginous melanoma (Table 1.1) (Hawryluk and

Tsao, 2014). Most melanomas arise as superficial lesions that are limited to the confines

of the epidermis, where they may remain comparatively nascent for several to many

years (Knackstedt et al., 2018). During this stage, known as the horizontal or radial

growth phase, the melanoma is in principle curable by surgical excision (Knackstedt et

al., 2018). Melanomas that infiltrate into the dermis are considered to be in the vertical

growth phase, and acquire invasive or metastatic potential (McDermott et al., 1998).

Lentigo maligna melanoma, superficial spreading melanoma, and acral lentiginous

melanoma are characterised by the presence of a horizontal growth phase that does not

involve a breach in the dermal barrier (Clark et al., 1969). This radial growth allows for

clinical detection before deeper invasion and metastasis develop (Tannous et al., 2000).
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In contrast, nodular melanomas do not possess an identifiable radial growth or in situ

phase, and appear to directly enter the wvertical growth phase at neoplastic

transformation, resulting in thicker tumour bulk at diagnosis (Erkurt et al., 2009).

The probability of metastases with an invasive, vertical growth-phase melanoma

is predicted histologically by measuring tumour thickness, in millimetres, from the

granular cell layer of the epidermis (or overlying area of ulceration) to the deepest

malignant cell in the dermis or subcutaneous fat (Breslow, 1970). This thickness value

is termed the Breslow depth (Breslow, 1970). Other histologic factors, including

ulceration of the tumour, mitotic rate, presence of lymphovascular invasion,

microsatellites, perineural invasion, and the presence of lymphocytes infiltrating the

tumour, can also affect the risk of local recurrence and/or metastatic potential of the

tumour (Levene, 1980).

Superficial spreading melanoma is the most prevalent histological melanoma

subtype, accounting for approximately 70% of all melanomas (Lasithiotakis et al.,

2006). Most superficial spreading melanomas are diagnosed as thin, highly curable

tumours that are less than or equal to 1mm in thickness (Lasithiotakis et al., 2006).

Approximately two-thirds of all melanomas arise de novo without a preceding naevus,

though superficial spreading melanoma represents the clinical subtype most likely to

be preceded by a pre-existing naevus (Pampena et al., 2017). Superficial spreading
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Table 1.2: Selected Genetic Alterations in Malignant Melanomas, Adapted from
Gray-Schopher and Colleagues (Gray-Schopfer et al., 2007). Common driver gene

mutations found in malignant melanoma, and their frequency of occurrence.

Gene type Gene Alteration frequency/type(s)
in melanoma (%)

Oncogenes BRAF 50-70% mutated

NRAS 15-30% mutated

AKT3 Overexpressed
Tumour CDKNZA 30-70% deleted, mutated or
SUppressors silenced

PTEN 5-20% deleted or mutated

APAF-1 40% silenced

p53 10% lost or mutated
Others Cyclin D1 6-44% amplified

MITF 10-16% amplified
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melanoma can occur in any anatomic region of the body, but there is a tendency to grow

on the back in men and women, and on the lower appendages in women (Pampena et

al., 2017). Superficial spreading melanoma classically presents as a heterogeneously

pigmented macule or thin plaque with an irregular border, ranging from a few

millimetres to several centimetres in diameter (Clark et al., 1969). Lesions may be

coloured with multiple shades of brown, blue, black, grey, and white (Clark et al., 1969).

Nodular melanomas are the second most prevalent type of malignant melanoma,

accounting for 15 to 30 percent of all cases (Clark et al., 1986). Nodular melanomas

may appear as distinct darkly pigmented, polypoid, or pedunculated papules or nodules,

but they may also present insidiously as lesions with uniform colour or be amelanotic,

with symmetric borders, and relatively small diameter in size, making early detection

more challenging (Geller et al., 2009). Most nodular melanomas are greater than 2mm

in thickness at the time of the diagnosis, and they are typically larger than the superficial

spreading melanoma counterparts (Warycha et al., 2008). Consistent with this

observation, over 50 percent of melanomas greater than 2 mm in thickness will go on

to be histologically shown as the nodular subtype (Demierre et al., 2005).

Lentigo maligna melanoma accounts for 10 to 15 percent of all melanomas,

although the incidence is rising in the United States, particularly in older individuals

(Swetter et al., 2005). Lentigo maligna melanoma frequently arises in chronically sun-
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damaged skin areas in older individuals, and the lesions begin as tan or brown macules

(Clark and Mihm, 1969). The lesion gradually increase in size over a period of years,

and appearance-wise may develop darker, asymmetric foci of pigmentation, colour

variegation, and raised areas that signify vertical growth within the precursor in situ

melanoma (Kasprzak and Xu, 2015).

The acral lentiginous subtype accounts for <5% of all melanomas (Lee et al.,

2015b). However, ethnically it is the most common type of melanoma among

individuals with darker skin phototypes, who are inherently at lower risk for more UV-

related melanoma subtypes (Kato et al., 1999). Acral lentiginous melanomas arise

frequently on non-exposed areas of skin, including palmar, plantar, and subungual

surfaces (beneath the nail plate) (Kato et al., 1999). Acral lentiginous melanomas first

appear as dark brown to black, irregularly pigmented macules or patches, with raised

areas, ulceration, bleeding, and/or larger diameter generally signifying deeper invasion

in the dermis (Coleman et al., 1980). Occasionally, acral melanoma can present as

amelanotic or hypomelanotic lesions mimicking benign diseases, such as warts,

calluses, tinea pedis, nonhealing ulcers, or ingrown toenails (Buka et al., 2001).

Clinical Diagnosis of Melanoma. Diagnosis of melanoma relies first on clinical

recognition, followed by subsequent histopathological confirmation (Davis et al., 2019).
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Clinical diagnosis of melanoma may be challenging, even for the most experienced

dermatologist, especially in the case of early melanoma (Davis et al., 2019). The

estimated sensitivity of clinical diagnosis for experienced dermatologists is measured

at approximately 70% (Gachon et al., 2005). Clinical diagnosis of melanoma may be

greatly improved with the use of diagnostic aids such as dermoscopy (Jones et al., 2019).

In order to improve the clinical recognition of melanoma, the acronym ABCD

(asymmetry, border irregularity, colour variegation, diameter >6mm) was devised by

New York University in 1981 to educate primary care physicians on the identification

of early melanoma (Abbasi et al., 2004). In terms of identifying the different clinical

subtypes of melanoma, the ABCD criteria apply mostly to diagnosing superficial

spreading melanoma, such that the criteria are less generalisable to the nodular and

desmoplastic melanoma subtypes (Friedman et al., 1985). In 2004, the criteria were

enhanced with the addition of “E” (evolution) to incorporate the fundamental concept

of change, in terms of size, shape, or colour, or a new lesion (Abbasi et al., 2004). Thus,

taken together, the ABCDE criteria for clinical diagnosis of melanoma currently stands

as (Abbasi et al., 2004):

A: Asymmetry (if a lesion is bisected, one half is not identical to the other).

B: Border irregularities.

C: Colour variegation (presence of multiple shades of red/blue/black/grey).
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D: Diameters >6mm.

E: Evolution (a lesion that is changing in size, shape, or colour).

Histopathologic Diagnosis of Melanoma. A complete full thickness excisional

biopsy of suspicious lesions, with a defined margin of normal skin and part of the

subcutaneous fat of 1-3mm, should be performed to achieve histopathologic diagnosis

with curative intent (Marsden et al., 2010). No single pathologic feature of melanoma

is histologically diagnostic, so tissue diagnosis of melanoma relies on a combination of

architectural, cytologic, and host response features (Elmore et al., 2017). The presence

of atypical melanocytes (i.e., melanocytes that are larger than normal and have large

hyperchromatic nuclei, irregular nuclear shape and nuclear polymorphism, abnormal

chromatin pattern, and prominent nucleoli), plus architectural disorder (i.e., asymmetry,

poor circumscription, nests of melanocytes of various sizes and shapes in the lower

epidermis and dermis) are required for the diagnosis (Price et al., 1976).

Immunohistochemistry can be helpful in the evaluation of difficult melanocytic lesions

(Ohsie et al., 2008). The most widely used markers are S-100, MART-1, and HMB-45

(Viray et al., 2013). Newer molecular techniques may also aid in melanoma diagnosis,

including comparative genomic hybridisation, fluorescence in situ hybridisation (FISH),

gene expression profiling, and adhesive patch genomic analysis (Ji et al., 2016).
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Differential Diagnosis of Melanoma. Multiple melanocytic or non-melanocytic

lesions resemble melanoma clinically, and sometimes histologically (Urso et al., 2005).

They include: Common melanocytic naevus; atypical melanocytic naevus; traumatised

naevus; blue naevus; lentigo (ink spot); Spitz naevus; pigmented actinic keratosis;

seborrheic keratosis; pyogenic granuloma; cherry haemangioma; and dermatofibroma

(Perez et al., 1993).

Systemic Treatment of Unresectable Advanced Melanoma The therapeutic

options for unresectable advanced melanomas have been revolutionised by the advent

of immunotherapies and targeted therapies (Michielin et al., 2019). Both strategies have

shown markedly improved survival rates compared to the use of conventional

chemotherapy regimens, such as dacarbazine (Chapman et al., 2011). However, despite

the progress made in the treatment of advanced melanoma, a major barrier to therapy

in advanced disease remains the onset of acquired therapeutic resistance following a

period of clinical response (Winder and Virds, 2018). Treatment resistance is a key

factor that negatively impacts on disease prognosis in the majority of melanoma

patients (Winder and Viros, 2018).
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Immunotherapy for advanced  melanoma. Currently  utilised

immunotherapeutic agents for advanced melanoma include monoclonal antibodies

against Cytotoxic T-Lymphocyte-Associated Antigen 4 (CTLA-4), and programmed

cell death protein-1 (PD-1), collectively known as the immune checkpoint inhibitors

(June et al., 2017). Some of the evidence for the use of these immunotherapy agents in

advanced melanoma was derived from clinical trials using anti-CTLA-4 and anti-PD-1

antibodies for the management of locoregional melanoma disease in the adjuvant

setting (Michielin et al., 2019).

Mechanistically, the complete activation of T-cells following antigen-T-cell

receptor (TCR) activation requires further co-stimulation via the T-cell surface protein

CD28 (Esensten et al., 2016). T-cell CD28 can be activated by binding to its ligands on

the surface of antigen presenting cells — namely CD80 (B7-1) and CD86 (B7-2)

(Esensten et al., 2016). Without the co-stimulation from CD28, isolated TCR activation

leads to T cell anergy and the development of immune tolerance (Esensten et al., 2016).

Cytotoxic T-Lymphocyte-Associated Protein 4 (CTLA-4) is a T cell surface protein

homologue of CD28, and both CTLA-4 and CD28 compete antagonistically for CD80

and CD86 binding (Wei et al., 2018). Therefore, the presence of CTLA-4-ligand

binding competes for the co-stimulatory signal transduced by CD28-ligand binding,

and represents an endogenous mechanism to limit aberrant autoimmune activation
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following inadvertent self-antigen-TCR binding (Wei et al., 2018). In contrast, the

clinical use of a monoclonal antibody that binds to and disables T-Cell CTLA-4 permits

sustained CD28 and T-cell activation and proliferation in response to tumour antigens

in cancer (Boutros et al., 2016). In the EORTC 18071 trial that tested the use of the anti-

CTLA-4 antibody ipilimumab in the treatment of advanced stage III melanoma

following surgical resection, the rate of overall survival was 65.4% in the ipilimumab

group, compared with 54.4% in the placebo group (HR for death, 0.72; 95% CI 0.58-

0.88; P=0.001) (Eggermont et al., 2016). However, the treatment regimen involving

ipilimumab, consisting of 10mg/kg every 3 weeks for four cycles, followed by

treatment every three months for up to 3 years, was associated with a number of immune

related adverse events (irAEs), including autoimmune colitis and endocrinopathies

(Eggermont et al., 2016).

Due to the toxicity profile of anti-CTLA-4, anti-PD-1 immunotherapy represents

the preferred treatment option in advanced melanoma (Michielin et al., 2019). Anti-

PD1 therapy (nivolumab, pembrolizumab), or anti-PD-1 blockade combined with anti-

CTLA-4 blockade (ipilimumab) are currently recommended as the first-line standard-

of-care immunotherapy treatments for unresectable stage II1I/IV melanoma (Michielin

et al., 2019). PD-1’s role in mediating T cell activation occurs at a later mechanistic

stage than CTLA-4 (Sharpe and Pauken, 2018). In the presence of the PD-1 ligand
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(PDL-1) — PDL-1 being a member of the B7 family of CD28 ligands — PD-1-PDL-1

binding induces a form of terminal T cell differentiation termed T-cell exhaustion, and

diminishes the immune response in order to limit collateral tissue damage

(Salmaninejad et al., 2019). PD-1 knockout mice have been shown to develop lupus-

like glomerulonephritis and dilated cardiomyopathy (Nishimura et al., 1999). In

contrast, the expression of PD-L1 on the surface of tumour cells suppresses the anti-

tumour activity of CD4 T- cells, by binding to T-cell PD-1 and inducing T-cell

exhaustion (Iwai et al., 2002). Therefore, treatment of melanoma patients with anti-PD-

1 enables sustained activation of the immune response against tumour antigens

(Mahoney et al., 2015). The superiority of nivolumab compared with dacarbazine

(DTIC) chemotherapy was demonstrated for BRAF-WT melanoma patients in the

CheckMate066 trial, a prospective randomised, first-line trial, with an HR for death of

0.42; 99.79% CI 0.25-0.73; P<0.001, and a HR for death or progression of disease of

0.43; 95% CI 0.34-0.56; P<0.001 (Robert et al., 2015a). Superiority of anti-PD-1

antibodies (Nivolumab, Pembrolizumab) compared with ipilimumab has been further

shown in two prospective randomised trials, CheckMate 067 and KEYNOTE-006

(Wolchok et al., 2017, Robert et al., 2015b). Based on these results, anti-PD-1 blockade

has been propelled to the status of standard of care for all patients, regardless of their

BRAF mutation status, in the first line setting for advanced melanoma (Michielin et al.,
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2019).

Targeted Therapy in Advanced Melanoma. In the case of BRAF-Mutated
Melanoma, additional first-line therapeutic options include small molecule BRAF and
MEK inhibition. The BRIM-3 trial for use of single-agent BRAFVS%E inhibitor,
vemurafenib, in metastatic melanoma showed an improvement in overall survival at 6
months, with 84% overall survival in the vemurafenib arm, compared with 64% in the
dacarbazine arm (Chapman et al., 2011). BRAF&MEK combinational therapy has
subsequently been shown to achieve superior outcomes than single-agent BRAF
inhibition, in terms of clinical response rates, progression-free survival, and overall
survival (Robert et al., 2014). In addition to improved efficacy, dermatological side
effects were reduced with combinational therapy, though the addition of MEK
inhibition added specific toxicities (e.g. Muscle, heart, eye) (Long et al., 2015).
Currently, single agent BRAFi is recommended for use in only cases where there is
absolute contraindication to MEK inhibitors (Michielin et al., 2019).

Vemurafenib, the targeted therapeutic agent against BRAF"%"E causes apoptosis
in melanoma cell lines via disruption of the mitogen-activated kinase signalling
pathway, which transduces second messenger signals through sequential BRAF-MEK-
ERK phosphorylation events (Biechele et al., 2012). Vemurafenib only acts in
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melanomas in which there is a BRAFV6%E mutation (Fisher and Larkin, 2012). It also
possesses efficacy against the rarer BRAFY®% muytation (McArthur et al., 2014).
Against BRAF-wild type melanoma, vemurafenib paradoxically stimulates BRAF-wt
activity and promotes tumour proliferation, and therefore is not indicated for

therapeutic use (Halaban et al., 2010).

Treatment Resistance to Targeted Therapies in Advanced Melanoma.
Although BRAFi and MEK:i efficiently inhibit the MAPK pathway by reducing ERK

activation and stalling cell proliferation in cells harbouring the BRAF Y600E

mutation,
MAPK reactivation subsequently occurs in up to 80% of melanomas that acquire
BRAFi1 resistance (Kozar et al., 2019). The consistent reactivation of MAPK cascade
signalling in advanced melanoma indicates that melanoma cells are highly dependent
on the MAPK pathway and rapidly adapt to its inhibition (Arozarena and Wellbrock,
2019). The main mechanisms leading to MAPK reactivation and sustained ERK
signalling involve genetic alterations to the components within the cascade, such as
mutations to BRAF, NRAS, MEK, and NF1 (Nazarian et al., 2010). Additionally, the
expression of the RAF isoform, CRAF (RAF1), can reduce the effectiveness of BRAF

inhibitors and promote drug resistance via substitutive MEK activation (Kozar et al.,

2019). Furthermore, the kinase COT, also known as MAP3K8, which directly activates
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MEK/ERK signalling in a RAF-independent manner, can often be elevated in BRAFi-
resistant melanomas to replace the function of RAF kinase (Kozar et al., 2019).
Alternatively, BRAF gene amplification or splice variants, which can be identified in
up to 30% of patients with BRAFi-resistant melanomas (Corcoran et al., 2010), have
also been shown to lead to enhanced BRAF S729 phosphorylation, BRAF
homo/heterodimerisation, and downstream MEK activation (Vido et al., 2018).

In addition to mechanistic reactivation of MAPK signalling, the PI3K-mTOR
pathway is also frequently activated in drug-resistant melanomas to bypass the
therapeutic BRAFY®%E blockade (Atefi et al., 2011). Accentuated PI3K signalling can
be induced via deletion or loss-of-function mutation to the tumour suppressor gene —
PTEN — which occurs in approximately 10% of treatment-resistant melanomas (Yajima
et al., 2012), or via activation of upstream receptor tyrosine kinases (RTKSs) that
phosphorylate PI3K (Haluska et al., 2007). The resultant increase in the flux through
the PKB/AKT survival signalling cascade negates the effect of small-molecule
inhibition of BRAFY®’E and MAPK signalling in advanced melanoma (Davies, 2012).

As previously mentioned, an increasingly recognised aspect of therapeutic
tolerance in melanoma is the concept of phenotypic plasticity in treatment resistance
(Arozarena and Wellbrock, 2019). To elaborate on this mechanistic model, any given

melanoma cell can exist in different and interchangeable phenotypic states, most of
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which share the convergent trait of therapeutic resistance to BRAFi (Bai et al., 2019).

A melanoma cell can enter and exit a given drug resistant cell state by altering its

transcriptional program (Kozar et al., 2019). In effect, treatment resistance in melanoma

need not be permanently acquired through defined gene mutations, but may

alternatively constitute transient phenotypes reversibly expressed through differential

regulation of key transcription factors (Shaffer et al., 2017). Shaffer and colleagues

demonstrated the transient and non-heritable nature of melanoma cellular drug

resistance by applying Luria and Delbruck’s fluctuation analysis to model drug

resistance (Luria and Delbruck, 1943). In this experiment, a fractional killing dose of

1uM vemurafenib selected out single resistant melanoma cells from a cell culture dish

(Shaffer et al., 2017). These single cells were then expanded out for 7-8 divisions,

before the cells were re-challenged with vemurafenib (Shaffer et al., 2017). The lack of

large numbers of resistant colonies following re-challenge suggested that drug

resistance was sporadic and transient, rather than an inheritable trait permanently

acquired through defined genetic mutations in the parental cell (Shaffer et al., 2017). In

this study, targeted DNA sequencing of 119 cancer related genes revealed no new

mutations in the treatment resistant subclones (Shaffer et al., 2017). On the other hand,

pre-selecting single cells with high transcriptional expression of resistance genes via

single-cell RNA-Seq — for example, that of EGFR, NGFR, and AXL — followed by drug
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treatment with vemurafenib in the selected cell population, resulted in increased
number of drug resistant subclones, suggesting that drug resistance may be an
epigenetic phenomenon governed by the reversible upregulation of resistance genes —
an event that may also be partially dependent on the pre-existent gene expression
signatures (Shaffer et al., 2017). Taken together, melanoma cells are not only capable
of adapting to cytotoxic therapies via acquiring fixed genetic mutations, but also tend
to transiently and reversibly alter their transcriptional phenotypes in order to survive
therapeutic challenges (Shaffer et al., 2017).

The current paradigm for modelling phenotypic plasticity in melanoma’s
resistance to BRAFY®F inhibition involves the heterogeneous expression and
regulation of the master transcription factor, MITF (Arozarena and Wellbrock, 2019).
MITF is the melanocyte lineage-specific transcription factor that governs melanocytic
survival, and MITF regulates the reversible transitioning between different cellular
phenotypes including proliferation, cell migration, differentiation, pigmentation, and
mitochondrial metabolism, as reviewed in Goding and Arnheiter, 2019 (Goding and
Arnheiter, 2019). High MITF expression in melanoma promotes a proliferative and
pigmented phenotype in melanoma, whereas low melanoma MITF expression permits
the onset of epithelial-mesenchymal transition and metastatic invasion, as reviewed in

Bai et al, 2019 (Bai et al., 2019). Low MITF expression in melanoma occurs in
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conjunction with the upregulation of alternative transcription factors such as TEA
Domain (TEAD) transcription factors (Verfaillie et al., 2015), Activator Protein 1 (AP-
1) (Verfaillie et al., 2015), NF-xB (Konieczkowski et al., 2014), as well as the
upregulation of receptor tyrosine kinases including Anexelekto (AXL) (Miiller et al.,
2014), Epidermal Growth Factor Receptor (EGFR) (Ji et al., 2015), Platelet-Derived
Growth Factor Receptor (PDGFR) (Miiller et al., 2014), Nerve Growth Factor Receptor
(NGFR) (Shaffer et al., 2017), and the nuclear receptor, Retinoid X Receptor (RXR)
(Rambow et al., 2018). BRAFi resistance is a phenotype observed in both MITF-high
and low cells (Kozar et al.,, 2019). High MITF expression increases the direct
transcription of the anti-apoptotic effector, B-cell lymphoma 2 (Bcl2) protein to prevent
mitochondrial permeabilization (McGill et al., 2002), and high MITF expression
augments Peroxisome Proliferator-Activated Receptor Gamma Coactivator la
(PGCla)-mediated mitochondrial biogenesis and oxidative phosphorylation to offset
the inhibitory effects of blocking BRAFV¢%°E_mediated aerobic glycolysis (Vazquez et
al., 2013). In contrast, low MITF expression permits the expression of RTKs such as
EGFR and AXL to redirect growth factor signals through the PI3K/AKT survival
pathway (Konieczkowski et al., 2014), and disinhibits ROCK-dependent cell migration
to evade cytotoxic concentrations of BRAFi (Carreira et al., 2006). Accordingly, MITF-

High drug-resistant cells have been coined the “Proliferative” melanoma cell state,
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whilst the MITF-Low and AP-1-High drug resistant melanoma cells have been coined
the “Invasive” cell state (Rambow et al., 2018).

Recently discovered treatment-resistant melanoma cell states with low expression
of MITF are still being actively characterised, examples of which include the MITF-
Low and RXR-High, “Neural Crest Stem Cell” (NCSC) cell state (Rambow et al., 2018),
and the MITF-Low and NGFR-High, “Slow-Cycling Neural Crest” cell state (Su et al.,
2017). It can therefore be seen that, depending at least in part on the expression or
activity level of MITF, melanoma cells switch between phenotypically different and
drug-resistant transcriptional cell states, most of which are proposed to be capable of
resisting BRAFV¢%E inhibition (Arozarena and Wellbrock, 2019). Future research that
enhances the understanding of these drug resistant melanoma cells may be key to re-
sensitising advanced melanoma to existing melanoma therapies (Arozarena and
Wellbrock, 2019). Below is an in-depth description of the molecular mechanics of

MITF regulation in melanoma.

Microphthalmia-Associated Transcription Factor (MITF) in Melanoma

MITF in Melanocytes and Malignant Melanoma Melanocytes are cutaneous

melanin pigment-producing cells that reside in the basal epidermis (Hartman and

Czyz, 2015a). Melanocytic differentiation, proliferation and survival are primarily
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regulated by MITF (microphthalmia-associated transcription factor), a melanocyte

lineage-specific transcription factor, as reviewed in Goding and Arnheiter, 2019

(Goding and Arnheiter, 2019). The Microphthalmia (m7) gene locus was first named in

1942 by Hertwig, after she discovered an offspring with abnormally small eyes, among

the progeny of an X-ray irradiated mouse (Hertwig, 1942). In 1993, Arnheiter’s group

discovered that the gene product of mi locus was a novel member of the basic-helix-

loop-helix leucine zipper (bHLH-ZIP) family of transcription factors (Hodgkinson et

al., 1993). MITF was found to be expressed in the developing eye, ear, and skin, the

anatomical sites affected by mi (Arnheiter, 2010). Since its first description, more than

10,000 genes have seen been shown to harbour ChIP-seq peaks that indicate MITF

binding (Strub et al, 2010), including target genes such as pigmentation enzymes

Tyrosinase, Tyrpl and DCT, and lineage proliferation and survival factors including

BCL2, CDK2, CDKNIA and CDKN2A4 (Hoek et al., 2008b). It is now clear that MITF,

by controlling the transcription of numerous genes, is the source of multiple and

complex molecular cascades that control melanocytic growth, survival, differentiation,

and it also plays a crucial role in melanomagenesis (Goding and Arnheiter, 2019).

Melanoma is a melanocytic tumour in which, for at least a subset of the tumour

cells, MITF dependence is retained (Kim et al., 2019). Thus, MITF represents a

lineage-restricted oncogenic regulator whose activity is utilised by malignant
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melanoma cells (Levy and Fisher, 2011). Through transactivating its target genes,

MITF can regulate multiple important biological processes in melanoma cells, the

most clinically relevant of which is treatment resistance to targeted BRAFi therapy

(Johannessen et al., 2013). Recent studies implicate MITF in fatty acid metabolism in

melanoma, where MITF is a lineage-restricted activator of the key lipogenic enzyme

Stearol-CoA Desaturase (SCD), and that SCD is required for proliferation in the

MITF-dependent melanoma cells (Vivas-Garcia et al., 2020). Therefore, MITF plays

key roles in both melanoma biology and pharmacotherapy.

Gene Structure and Transcriptional Function of MITF In humans, the MITF

locus spans 229kbp, and is mapped to chromosome 3 (Sun et al., 2017). MITF encodes

a transcription factor that belongs to the b-HLH-Zip (basic helix-loop-helix leucine

zipper) family of transcription factors, which can also be classified under the MYC

superfamily (Hallsson et al., 2007). MITF, together with Transcription Factor EB

(TFEB), Transcription Factor EC (TFEC), and Transcription Factor E3 (TFE3),

constitute the MiT (Microphthalmia) family of transcription factors (Hemesath et al.,

1994). The MIT transcription factors share a common b-HLH-leucine zipper

dimerisation motif used for DNA binding, and two N-terminal transactivation domains

(TAD) required for transactivation of target promoters (Hemesath et al., 1994). A single
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MITF gene produces several isoforms of MITF, including MITF-A, MITF-B, MITF-C,

MITF-D, MITF-E, MITF-H, MITF-J, MITF-Mc, and MITF-M, due to differential

usage of alternative promoters resulting in splice variants (Goding and Arnheiter, 2019).

These isoforms differ in their N-termini encoded by exon 1, and different MITF

isoforms show unique tissue-specific patterns of expression (Kawakami and Fisher,

2017). The expression of the shortest isoform MITF-M, consisting of a 419-residue

protein, is limited to melanocyte lineage and melanoma cells (Selzer et al., 2002).

Subcellularly, MITF-M expression is restricted to the nucleus due to a lack of the

nuclear localisation sequence within exon 1 (Settembre et al., 2012). MITF-Mdel, a

splice variant of MITF-M harbouring two skipped exons within exons 2 and 6, had also

been identified as restrictedly expressed in melanoma cells (Wang et al., 2010).

MITF homoedimerises or heterodimerises with another member of the MIT

transcription factors in order to bind to DNA (Hemesath et al., 1994). MITF binds to

promoters of target genes by recognizing genetic sequences termed the E-Box

(CAYRTG, where Y stands for purines and R stands for pyrimidines), or the M-Box

(TCAYRTG and CAYRTGA) (Pogenberg et al., 2012). However, despite sharing the

common ability to bind to the palindromic E-box motifs, MITF does not form

heterodimers with other b-HLH-Zip transcription factors, such as MYC, MAX, or USF

(Hemesath et al., 1994). Structurally, the heptad repeat register of MITF’s leucine
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zipper domain is broken by a three-residue insertion that generates a kink in one of the
two zipper helices, and this kink limits the ability of MITF to form dimers with only
bHLHZip transcription factors within the MIT family that share the same type of

leucine zipper insertion (Pogenberg et al., 2012).

Genetic Alterations of MITF in Melanoma. Somatic mutations in the human
MITF gene have been found in patients with malignant melanoma (Cronin et al., 2009),
as well as the rare Type 2A Waardenburg (WS2A) and Tietz (TS) syndromes
characterised by hypopigmentation and deafness (Amiel et al., 1998, Tassabehji et al.,
1994). George and colleagues also described the coloboma, osteopetrosis,
microphthalmia, microcephaly, albinism, and deafness (COMMAD) syndrome,
associated with biallelic MITF mutations (George et al., 2016). A recent study listed
and analysed the MITF mutants known to date, which included the well-known MITF
mutants such as MITFE3!8K (Germline MITF mutation in familial melanoma syndrome),
MITFESR (MITF mutation in BRAFV®E melanoma), and MITF-13%V (MITF mutation
in metastatic melanoma) (Grill et al., 2013). Interestingly, MITF mutations associated
with melanoma were determined to be spatially and functionally distinct from that of
mutations leading to WS2A and TS syndromes. Whilst MITF mutations associated with

malignant melanoma were frequently located at the amino- and carboxyl ends, the
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mutations found in WS2A and TS patients are located in the basic region, the helix-
loop-helix and the leucine zipper domains (Grill et al., 2013). Functional analysis
showed that the WS2A and TS MITF mutants failed to bind DNA, and transcriptional
activation potential was reduced in these mutants; whereas the DNA binding ability of
MITF mutants associated with malignant melanoma was similar to wild-type MITF
(Grill et al., 2013). Additionally, MITF mutants associated with melanoma tend to exert
more subtle promoter-specific effects on transcription. For example, the E87R mutation
in MITF showed statistically significant reduction in TYR, TYRP1, and DCT
transactivation, whilst activating MET at normal levels (Grill et al., 2013). MITFE318K
the germline MITF mutant found in familial melanoma syndromes as previously
mentioned (Yokoyama et al., 2011, Bertolotto et al., 2011), showed significantly
increased activation potential from TYR, 4M-box, and MET promoters, whilst
activation of TYRP1 was reduced (Grill et al., 2013). Therefore, the subset of MITF
mutations occurring in melanoma appeared to modify the transcriptional activity of the
transcription factor, without inducing a significant loss of function as occurred with the
WS2A and TS mutants (Grill et al., 2013).

In addition to MITF mutation, gene amplification and alternative splicing are
additional means by which the mi allele may be modified in melanoma (Wang et al.,
2010, Ugurel et al., 2007). As previously discussed, MITF is amplified in up to 20% of
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malignant melanoma (Garraway et al., 2005). Analysing SNP array-based genetic maps

with mRNA expression signatures derived from melanoma cell lines, MITF was found

to be the target of gene amplification (Garraway et al., 2005). MITF amplification was

shown to be more prevalent in metastatic melanoma, and correlated with decreased

overall patient survival (Garraway et al., 2005). Alternative splicing of MITF-M is

another means of altering the MITF gene product in melanoma (Wang et al., 2010).

Two spliced variants of MITF-M — MITF(+) and MITF(-) — have been described, where

the MITF(+) splice variant contains an internal six-amino acid fragment encoded by

exon 6a, and possesses anti-proliferative transcriptional properties (Steingrimsson et al.,

1994). The MITF(-) splice variant lacks this fragment, and the expression of which has

been shown to be increased in metastatic melanoma (Bismuth et al., 2005). The

expression of these two different splice variants of MITF-M in melanoma appeared to

affect activation of the MAPK pathway, independently of the mutational status

of BRAF and NRAS (Anello et al., 2019).

Transcriptional Activators of MITF A number of transcription factors control

the expression of MITF, which associates MITF expression with signalling pathways

involved in diverse cellular processes (Wellbrock and Arozarena, 2015). For example,

a SOX10 (sex-determining region Y-box-10)-responsive element was identified in the
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MITF promoter between -264 and -266 (Bondurand et al., 2000). Activating frameshift
or non-sense mutations in SOX10 are present in melanoma, and MITF and SOX10
mutations occur in a mutually exclusive manner (Verfaillie et al., 2015). SOX10 also
cooperates with CREB (cAMP response element binding protein) to modulate MITF’s
responsiveness to a-MSH (a-Melanocyte stimulating hormone)-cAMP signalling
(Huber et al., 2003). Via diverse mechanisms such as UV-induced p38 and KIT signal

133 thus promoting its

transduction, CREB can be activated by phosphorylation at Ser
binding to the MITF promoter (Saha et al., 2006). P21°?! an important cell cycle
inhibitor, has also been shown to function as a CREB co-factor involved in cAMP-
depending MITF expression in melanoma (Sestakova et al., 2010).

Two key effectors in the Wnt (wingless-type) signalling pathway, LEF1 (lymphoid
enhancing binding factor 1) and PB-catenin, also transcriptionally regulate MITF
expression (Yasumoto et al., 2002). The MITF promoter contains a functional LEF-1
binding site, which enables LEF-1-dependent transactivation of MITF .(Saito et al.,
2002) Exogenously added Wnt3a protein induces MITF expression, but MITF
expression was abrogated by the co-expression of a dominant negative mutant of LEF-
1 (Takeda et al., 2000b). Wnt3a has thus been proposed to recruit B-catenin and LEF-1

to the MITF promoter site for transcriptional regulation (Takeda et al., 2000b). In

addition, MITF can cooperate with LEF1 as a non-DNA-binding coactivator to enhance
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its own expression (Yasumoto et al., 2002). In terms of B-catenin, it has been shown

that the mediators of the a-MSH/cAMP/PKA (protein kinase A) signalling pathway can

redirect B-catenin to the CREB-specific promoters, in order to promote transcription of

CREB target genes including MITF (Widlund et al., 2002).

Recently, a transcription factor involved in the epithelial-mesenchymal transition

mechanism, ZEB2 (zinc finger E-box binding protein 2), has been shown to activate

MITF expression (Denecker et al., 2014). ZEB2 is a zinc finger transcription factor that

contributes to TGFP signalling, and ZEB2 transcripts are expressed in tissues

differentiated from the neural crest, such as melanocytes and the sympathetic ganglions

(Caramel et al., 2013). ZEB2 loss results in a decreased MITF expression level and that

of several MITF target genes, and ZEB2 loss was associated with melanoma

progression (Caramel et al., 2013). In contrast, rather than activating the MITF promoter,

ZEBI, the mammalian paralog to ZEB2, has been found to directly repress MITF

expression in retinal pigment epithelium, leading to epithelial-mesenchymal transition

in cancers such as melanoma and breast cancer (Liu et al., 2009b). Last, at the level of

chromatin remodelling, it has been demonstrated that a SWI/SNF complex containing

BRM (Brahma) or BRG1 (Brahma-related gene 1) promoted MITF expression (Liu et

al., 2009b).
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Transcriptional Repressors of MITF Several transcription factors directly
repress the expression of MITF. In melanoma cells, inverse expression patterns of GLI2
(glioma-associated oncogene family member 2) and MITF-M have been observed,
relating to the mutually exclusive transcriptional programs (Javelaud et al., 2011). GLI2,
a Kruppel-like transcription factor activated by TGFf (Transforming Growth Factor f3),
is able to bind directly to the -334/-296 region of the MITF promoter, confirming the
direct inhibitory activity of GLI2 on MITF (Pierrat et al., 2012).

The PAX3 (Paired box 3) transcription factor’s transrepression of MITF represents
another lineage-specific mechanism for negative MITF regulation in melanoma (Yang
et al., 2008). Although positive regulation of MITF by PAX3 in melanocytes is well-
described (Yang et al., 2008), PAX3 has been shown to play a repressive role on MITF
expression in melanoma, through its cooperation with the neural-lineage transcription
factor BRN2 (Yang et al., 2008). siRNA knockdown of PAX3 leads to reduction in
BRN2 expression levels, and increased MITF expression in melanoma cell lines (Eccles
etal., 2013). In addition, BRN?2 itself directly represses MITF expression and enhances
invasion in melanoma cells (Goodall et al., 2008). Since BRN2 expression is
significantly curtailed in primary melanocytes, the BRN2-mediated repression of MITF
transcription additionally represents a distinguishing feature between melanoma cells
and melanocytes (Goodall et al., 2008). A role for melanoma-specific BRAFY6%E.
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mediated induction of BRN2 has been proposed (Goodall et al., 2004), as has a model

for non-overlapping expression of BRN2 and MITF in melanoma driven by the

microRNA, miR-211 (Boyle et al., 2011). In the miR-211 model, miR-211 activated the

MITF transcription program whilst suppressing the cellular program driven by PAX3

and BRN2 (Simmons et al., 2017). Thus, both BRN2 and PAX3 have been shown to

negatively regulate MITF in melanoma (Simmons et al., 2017).

HIF1 (hypoxia-inducible factor 1) has also been shown to mediate MITF

repression through the transcriptional repressor DECI1 (differentially expressed in

chondrocytes protein 1). DECI binds to the promoter of MITF-M under hypoxic

conditions, as well as during treatment with the small-molecule prolyl-hydroxylase

inhibitor, reducing MITF-M transactivation (Feige et al., 2011). This leads to a state of

melanoma growth arrest that could be rescued by ectopic MITF expression in vitro

(Feige et al., 2011).

Regulation of MITF Transcript Stability Melanoma cells express high

amounts of Coding Region Determinant-Binding Protein (CRD-BP), an mRNA-

chaperone protein that has been found to stabilise MITF transcripts in transit (Craig and

Spiegelman, 2012). MITF transcript stability is also under the control of several small

non-coding RNAs, microRNAs (miRs), whose roles are to either promote mRNA
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degradation or conversely, to suppress protein synthesis via binding to the 3’-
untranslated region of the target transcript (Bell and Levy, 2011). For example, miR-
182 is frequently amplified in melanomas, and MITF transcript has been shown to be
targeted for miR-182-mediated degradation in metastatic melanoma (Segura et al.,
2009). P53-dependent miR-182 expression has been also found to downregulate MITF
expression in uveal melanoma (Yan et al., 2012). In addition, the 3’-UTR of MITF
transcript is targeted for degradation by miR-148 (Haflidadottir et al., 2010), miR-101
(Luo et al., 2013), and miR-218, and as such, inverse correlation between MITF
expression and miR-218 has been observed in melanocytes and melanoma cell lines
(Luo et al., 2013). Some studies have shown that exosome-dependent miR exchange
between melanoma cells may also exert influence on MITF transcript stability (Gajos-

Michniewicz et al., 2014).

Regulation of MITF Protein Expression and Activity The transcriptional
activity of MITF depends at least in part on its post-translational modifications and
availability of co-operating partners, so an understanding of its post-translational
modifications is important for describing MITF function (Motzik et al., 2017). In terms
of phosphorylation, MITF can be regulated by phosphorylation by various
serine/threonine kinases such as ERK1/2 (at Ser’®) (Hemesath et al., 1998), p90RSX (at
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Ser*®) (Wu et al., 2000), GSK3p (at Ser**®) (Takeda et al., 2000a), and p38 (at Ser’?)
(Mansky et al., 2002). In general, phosphorylation of MITF contributes to its
transcriptional enhancement (Terragni et al., 2011). For example, the phosphorylation
at Ser’® promotes the interaction between MITF and its co-factor, the histone acetyl
transferase, p300/CBP, within its transactivation domain (TAD) (Wu et al., 2000).
However, the Ser”® phosphorylative modification also promotes the binding of MITF
with PIAS3 (protein inhibitor of activated STAT3), via the interaction between the N-
terminal fragment of PIAS3, and MITF’s leucine zipper (Levy et al., 2003). MITF’s
Interaction with PIAS3 leads to paradoxical transcriptional attenuation of MITF (Levy
et al., 2003), an inhibitory effect that is disrupted when MITF is further phosphorylated
at Ser*® in a p90RSK-dependent manner (Sonnenblick et al., 2004). Therefore, MITF’s
post-translational modifications encompass a complex set of interdependent reactions
(Levy et al., 2006). The phosphorylation of MITF at Ser”®, a residue located within a
degradation-promoting PEST sequence, is also a prerequisite for MITF’s proteasome-
dependent turnover (Xu et al., 2000).

MITF expression can be regulated by ubiquitination. Lys201 has bene identified
as a site of UBC9-mediated ubiquitylation of MITF, leading to proteasomal degradation
of the MITF protein (Xu et al., 2000). In contrast, the deubiquitinase, USP13 (ubiquitin-

specific protease 13) has been shown to protect MITF from proteasomal degradation in
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melanoma cells (Zhao et al., 2011). Proteasome-mediated MITF degradation can be
induced by double phosphorylation of MITF at Ser’® and Ser*”® via ERK kinase (Wu et
al., 2000). An MITF mutant that cannot be phosphorylated at Ser’*/Ser*®” has been
shown to be expressively stable, but transcriptionally incompetent, which indicates the
signals that promote transcriptional activity and degradation of the MITF protein are
tightly linked in melanoma cells (Wu et al., 2000). Both the Ser”® and Ser*”
phosphorylation events that promote MITF proteasomal degradation depend on
melanoma-specific BRAFY®%E activity, which phosphorylates ERK1/2 through the
activity of MEK within the MAPK cascade (Haq et al., 2013). BRAFV¢%E has therefore
been shown to be a negative regulator of MITF expression in melanoma (Haq et al.,
2013). Effector caspases can also cleave MITF for post-translational modification
(Larribere et al., 2005). It has been demonstrated in melanoma cells that caspase-
dependent cleavage of MITF derives a C-terminal peptide that has a pro-apoptotic
function (Larribere et al., 2005) .

MITF activity can be endogenously modulated by SUMOylation at two lysine
residues, Lys'®? and Lys*'® (Murakami and Arnheiter, 2005). SUMOylation of MITF
depends on the activity of an E1 SUMO-activating heterodimeric enzyme, SAEI/SAEII,
and the E2 SUMO-conjugating enzyme, UBC9 (Murakami and Arnheiter, 2005).
SUMOylation plays an essential role in the regulation of MITF activity, as non-
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SUMOylatable MITF mutants displayed increased transcriptional activity on distinct
sets of target genes (Murakami and Arnheiter, 2005). A study on melanoma patients
bear the MITFE3 8% mutant, in which a point mutation occurs at the consensus binding
site for SUMOylation, showed that this missense mutation near Lys’!® affected the
transcriptional activity of MITF — on target genes such as TYR, MET, and TYRPI — but
did not alter dimerization, DNA-binding, stability, or nuclear localization of MITF
(Grill et al., 2013). The study suggested a synergy control model in which the functional
consequences of MITF SUMOylation depended on the context of the target gene
promoters affected, and thereby providing a mechanism by which MITF activity can be
modified though differential activation of its target genes (Miller et al., 2005).
Another means by which MITF function can be modified is through protein-
protein interactions with the SWItch/Sucrose Non-Fermentable (SWI/SNF)
nucleosome remodelling complexes composed with either Brahma (BRM) or Brahma-
Related Gene 1 (BRGI) proteins (Keenen et al., 2010). SWI/SNF complexes are
transcriptional regulators that possess ATPase and DNA Helicase activities, and they
regulate gene transcription via altering the chromatin structure around the transcribed
genes (Roberts and Orkin, 2004). Studies have shown that depending on the type of
SWI/SNF complex interacting with MITF, different sets of MITF-dependent genes may
be activated (Mehta et al., 2015). Modification of chromatin by HINT1 (histidine triad
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nucleotide-binding protein 1) provides an additional route to inhibit the transcriptional

activity of MITF. HINT1 adherence to histidine residues at the MITF binding sites can

disrupt MITF function (Genovese et al., 2012). Interestingly, the loss of HINTI1

expression at the onset of primary melanoma indirectly supports a role for MITF

activity in melanomagenesis (Genovese et al., 2012).

MITF Target Genes Following the independent efforts of Hodgkinson and

Hughes to clone MITF from the Mi locus (Hodgkinson et al., 1993, Hughes et al., 1993),

MITF was shown to play a key role in melanocytic pigmentation through direct

transcriptional control of the genes including Tyrosinase, Tyrosinase-Related Protein 1

(Tyrpl), and Dopachrome Tautomerase (DCT), the key enzymes involved in melanin

synthesis (Yasumoto et al., 1994). Later, as MITF-deficient mice were also shown to be

devoid of melanocytes, the role for MITF was revised to include the regulation of

melanocytic developmental processes, such as growth and survival (Nakayama et al.,

1998). Target genes that regulate growth and survival, and contain M-boxes in their

respective promoters for MITF regulation have since been identified to include BCL?2,

CDK2, CDKNIA, and CDKN2A4, providing the molecular links between MITF and

melanocytic regulation (Hartman and Czyz, 2015b). It is now clear that MITF controls

the transcription of numerous genes, and represents the source of complex molecular
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cascades that control lineage-specific melanocytic function (Cheli et al., 2010).

MITF Target Genes involved in Melanocytic Pigmentation.  Melanin

synthesis occurs as an enzymatic reaction that converts the amino acid tyrosine to

melanin pigment (D'Mello et al., 2016). The first two steps in melanin synthesis — the

hydroxylation of tyrosine to dihydroxyphenylalanine (DOPA), and the oxidation of

DOPA to DOPA quinine — are catalysed by tyrosinase (TYR), the rate-limiting enzyme

in this reaction (Rios et al., 1999). Two other enzymes, dopachrome tautomerase (DCT)

and tyrosinase-related protein 1 (TYRP1), are also involved in eumelanin synthesis, as

demonstrated by the dramatic consequences of their mutations on melanin pigment

production (Rios et al., 1999). These enzymes, and specifically tyrosinase, play

additional key roles in melanocytic differentiation (Yaar and Gilchrest, 1991). MITF

has been shown to transactivate the promoters of TYR, TYRP1, and DCT, and CATGTG

E-Box motives have been identified in promoters of these genes (Bentley et al., 1994,

Bertolotto et al., 1998). Importantly, MITF requires the SWI/SNF complexes to control

the transcription of 7YR and TYRPI (de la Serna et al., 2006).

Melanin synthesis takes place in melanosomes, which are lysosome-related

organelles in melanocytes, where biogenesis and intracellular transport are key

determinants of melanin synthesis and skin pigmentation (Wasmeier et al., 2008).
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Among the genes responsible for melanin synthesis, Silver homologue and Melan-a

(MARTTI), encoded in human by SILV and MLANA, respectively, are involved in the

formation of melanosomal matrix and control melanosome maturation (Raposo and

Marks, 2007). SILV and MLANA are direct transcriptional targets of MITF, which links

MITF not only to melanin synthesis, but also to melanosomal biogenesis (Du et al.,

2003). Two E-box sequences, CACATG and CACGTG, were shown to mediate the

effects of MITF on MLANA promoter transcription (Du et al., 2003).

Other proteins important in melanosomal biology have also been identified as

downstream direct MITF targets (Hertzman Johansson et al., 2013). This is the case for

ocular albinism type 1 (formally known as OA1, or GPR143). OA1 encodes a G protein-

coupled receptor that is expressed on the melanosomal membrane, responsible for

regulating melanosome maturation and size (Chen et al., 2016). An E-box, CACATG,

has been identified in the proximal promoter region of OA1/ that binds to and mediates

MITF transcriptional activity (Vetrini et al., 2004). RAB27A is a small GTP-binding

protein that facilitates actin-mediated melanosome transport via its interaction with

melanophilin and myosin Va (Bahadoran et al., 2001). MITF has been shown to

transcribe RAB27A4 via binding two proximal E-boxes, CATATG (-52) and CAGCTG

(-40), thereby implicating MITF in the regulation of melanosome trafficking

(Chiaverini et al., 2008).
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Other effectors implicated in MITF-regulated pigmentation function in
melanocytes include SLC45A2 (also known as membrane-associated transport protein
or MATP) (Du and Fisher, 2002), MCIR (a plasma membrane G-protein-coupled

receptor that binds to aMSH) (Aoki and Moro, 2002), and PKCp (Park et al., 2006).

MITF Target Genes Involved in Melanocytic Proliferation. The role that
MITF plays in regulating cellular proliferation is complex, as it has been implicated to
both promote and restrict melanocytic proliferation in different contexts (Goding and
Arnheiter, 2019). Mechanistically, a role for MITF in the control of melanoblastic
proliferation can be ascribed to its transcriptional activation of TBX2 (Béjar et al.,
2003), a T-box family transcription factor that blocks melanocytic senescence through
transrepression of the cyclin-dependent kinase inhibitor p21°*! (Manu et al., 2019), and
the tumour suppressor p14*RF (Brown et al., 2004). The effect of MITF on the TBX2
promoter was demonstrated through a promoter mutational analysis that identified an
E-box CATGTG motif (-204) on the TBX2 promoter (Béjar et al., 2003). Cyclin-
Dependent Kinase 2 (CDK2) is another G1-S cell cycle checkpoint regulator
transcribed by MITF (Tadesse et al., 2019). CDK? is located on chromosome 12, in
close proximity to SILVER, and the CDK2 promoter overlaps with the regulatory
regions of SILVER, which contain a CATGTG motif for MITF binding (Du et al., 2004).
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MITF binding to this CATGTG motif regulates the transcriptional activity of the CDK?2
promoter, and through this mechanism MITF controls CDK?2 expression and melanoma
growth (Du et al., 2004).

MITF silencing has also been shown to induce growth arrest in melanoma through
the upregulation of p27%! — a cyclin-dependent kinase inhibitor that inhibits CDK2
and CDKA4, restricting cell cycle progression at the G1 phase (Lloyd et al., 1999)— by
reducing the levels of diaphanous-related formin (DIAPH) (Carreira et al., 2006). Three
potential MITF-binding sites (CATGTG) were identified in the DIAPH promoter (E-
box1: -509; E-box2: -677; E-box3: -794), with E-box2 and E-box3 elements being the
most critical for DIAPHI promoter activity (Carreira et al., 2006). MITF silencing-
dependent DIAPH reduction inhibited SKP2, a cell-cycle protein that complexes with
Cyclin-A-CDK2 to degrade p27%P! through ubiquitination and degradation (Carreira et
al., 2006). Therefore, several mechanisms had been proposed to describe MITF’s role

in regulating the melanocytic proliferation (Cheli et al., 2010).

MITF Target Genes Involved in Melanocytic Survival. MITF has been shown
to regulate cell survival through the transactivation of BCL2 gene expression (McGill
et al., 2002). ChIP, promoter, and gel supershift assays showed that BCL?2 is a direct

MITF target gene, and enforced BCL2 expression rescued apoptosis induced by a
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dominant negative MITF in melanocytes (McGill et al., 2002). MITF mediates its effect

on the BCL2 promoter via an E-box motif CATGTG (-220) (McGill et al., 2002). In

turn, Bcl2 knockout mice are born pigmented but then turn grey due to loss of

melanocyte stem cells (Veis et al., 1993). Consistent with a role for MITF in melanocyte

survival, MITF-silencing by siRNA caused decreased melanocytic viability, associated

with an elevated caspase activity and nuclear condensation, indicating induced

apoptosis (McGill et al., 2002).

Another mechanism for MITF-dependent cell survival has been proposed via the

alleviation of cellular oxidative stress (Liu and Meyskens, 2007). Oxidative stress is

relevant to pigment cell biology, since their cutaneous locality exposes them to

environmental stressors that promote free radical damage, such as UV radiation (Venza

et al., 2015). Reactive oxygen species (ROS) damages are repaired by DNA base-

excision repair mechanisms that prevent cell cycle arrest and apoptosis (Whitaker et al.,

2017). In this context, the apyrimidinic endonuclease 1 (APEX1) has been shown to be

MITF target (Liu et al., 2009a). MITF transactivates the APEX] promoter through three

identified E-boxes (E-box1: —10; E-box2: +52; E-box3: +73) (Liu et al., 2009a).

Phenotypically, MITF silencing in melanocytes leads to poor survival following ROS

induction, which can be rescued by forced APEX1 expression (Liu et al., 2009a).

Further studies also showed that MITF regulated the expression of the receptor

51



tyrosine kinase MET, via identification of E-box CACGTG motifs in the human MET

promoter (McGill et al., 2006). MITF transactivation is therefore linked to MET

activation by Hepatocyte Growth Factor (HGF), which facilitates melanoma migration

and apoptotic protection (Beuret et al., 2007). Other receptor tyrosine kinases shown to

be direct target genes of MITF include KIT and NGFR (Phung et al., 2011, Jippo et al.,

1997), and these targets also promote melanocytic cell survival through the activation

of downstream signal transduction effectors such as ERK and PI3K/AKT (Lemmon and

Schlessinger, 2010).

MITF Target Genes Involved in Melanocytic Differentiation. . Whilst the above

observations indicated that MITF plays important roles in melanocytic proliferation,

MITF overexpression has also been shown to independently trigger melanocytic

differentiation through arresting the cell cycle (Tachibana et al., 1996). That MITF-

heterozygous mice produced fewer melanoblasts from the neural crest than MITF-

homozygous mice, and proliferated faster during the migratory phase, suggested MITF

expression could also inhibit proliferation in the context of cellular differentiation

(Hornyak et al., 2001). It was thus proposed that MITF coordinated cell cycle regulation

with the differentiation programme in melanocytes (Loercher et al., 2005).

Mechanistically, MITF was shown to control the transcription and expression of
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CDKNIA and CDKN2A, genes that encoded the cyclin-dependent kinase inhibitors
(CKIs) p21€P! and p1 6™K4A respectively (Carreira et al., 2005, Loercher et al., 2005).
P21¢P! is a potent CKI that inhibits the activity of all CDKs, with the majority of effect
observed on the Cyclin E-CDK2 complex, leading to a S-G2 cell cycle block (Manu et
al., 2019); p16™X4A i5 a tumour suppressor that inhibits CDK4/6, thereby activating the
retinoblastoma protein to inhibit E2F and block the cell cycle between G1-S phases
(Ohtani et al., 2004). An E-box (—635) for MITF binding in the CDKNIA gene was
located by EMSA and mutagenesis, and MITF binding to the CDKN2A4 promoter was
demonstrated via Chromatin Immunoprecipitation (Loercher et al., 2005). The
regulation of CDKN1A4 and CDKN2A by MITF suggested that MITF may promote G1-
S arrest in melanocytes (Bennett, 2008). Indeed, forced expression of MITF increased
p21€P! and p16™K4A expressions and blocked growth in fibroblasts, whilst MITF
silencing decreased p16™<*A expression and induced uveal melanocyte proliferation

(Bennett, 2008). In melanoma cells, where p16™K44A

1s frequently mutated or inactivated,
growth arrest evoked by ectopic MITF overexpression was mediated by p21¢P!

(Bennett, 2008). Therefore, MITF expression arrested the cell cycle to promote terminal

differentiation in melanocyte lineage cells (Goding, 2011).

MITF and Metastatic Invasion in Melanoma  The control of genes
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associated with cell cycle and differentiation enables a role for MITF to facilitate
metastatic invasion in melanocytes (Goding, 2000). Differentiation in melanocytes is
associated with E-Cadherin-mediated adherence to the basal stratum of the epidermis
(Haass and Herlyn, 2005). In the case of melanoma, a loss of MITF has been shown to
promote a dedifferentiated phenotype in melanoma cells, concurrent with melanoma
invasion into the dermal blood supply (Fane et al., 2019). Indeed, Transgenic

FV6%E in normal human

overexpression of the frequently mutated oncogene BRA
melanocytes caused decreased expression of MITF via phosphor-ERK mediated
degradation (Haq et al., 2013), and upregulated the expression of Epithelial-
Mesenchymal Transition Transcription Factors (EMT-TFs), ZEB1 and TWIST1 via
ERK-mediated Activator Protein-1 (AP-1) transcriptional activity (Caramel et al 2013).
This BRAFY®"E_mediated switch from a MITF-dominant transcriptional program to
one driven by AP-1/ZEB1/TWIST1 was found to be associated with a gain in invasive
properties, loss of E-Cadherin, and onset of drug resistance to MAPK pathway
inhibitors (Verfaillie et al., 2015). Conversely, enforced expression of SNAIL2 and
ZEB2, EMT-TFs that reverts melanoma cells to a more differentiated phenotype, is
capable of restoring MITF expression, as well as its target genes Tyr, Tyrpl, and

MLANA (Caramel et al, 2013). This evidence suggests that melanoma cells can undergo

phenotypic switching in differentiation status via altering the expression level of MITF,
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and the differentiation status of the melanoma cells in turn influences their invasive

potential (Ahn et al., 2017).

MITF Target Genes Involved in Metabolism Recent studies have begun to
investigate the transcriptional capacity of MITF to regulate melanocytic metabolism
(Ratnikov et al., 2016). In 2013, it came to light that MITF drove the overexpression of
Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1-Alpha (PGCla) in
a subset of human melanomas and derived cell lines (Vazquez et al., 2013). PGCla is
the master regulator of mitochondrial biogenesis, whereby through its interaction with
the nuclear receptor, Peroxisome Proliferator-Activated Gamma (PPARY), the PGCla-
PPARY complex interacts with multiple transcription factors in the nucleus, such as the
Nuclear Respiratory Factor 1 (NRF1), to facilitate mitochondrial DNA transcription
(Tan et al., 2016). MITF- and PGCla-positive melanoma cells were shown to
upregulate mitochondrial energy metabolism and reactive oxygen species (ROS)
detoxification, metabolic activities that enabled survival under oxidative stress
(Vazquez et al., 2013). Conversely, MITF- and PGC1a-negative melanoma cells were
shown to be more glycolytic and susceptible to pharmacological ROS induction
(Vazquez et al., 2013).

Interestingly, BRAFY®%E mutant melanomas with constitutively activated MAPK
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signalling demonstrated suppressed levels of MITF and PGCla — an effect attributed
to ERK1/2-dependent phosphorylation of MITF at residue Ser’® (Haq et al., 2013) —
and increased rates of glycolysis via the upregulation of glycolytic effector components
including Glucose Transporter 1 (GLUT1), GLUT3, and Hexokinase 2 (Parmenter et
al., 2014). Treatment of BRAFVF mutant melanomas with BRAF inhibitors
disinhibited MITF and PGCla expression, and shifted the predominant cellular
metabolic flux from aerobic glycolysis to oxidative phosphorylation (Haq et al., 2013).
Metabolomically, '"H NMR metabolic flux analysis of vemurafenib-treated WM266.4

melanoma cells harbouring a BRAFY0%0E

mutation, revealed that de novo lactate
synthesis and glycolysis were reduced by BRAFV¢%E inhibition, whilst oxidative and
anaploretic pyruvate carboxylase mitochondrial activities were enhanced (Delgado-
Goni et al., 2016). The activation of MITF was thus proposed to represent an adaptive
metabolic program in melanoma cells to resist therapeutic BRAFY%F inhibition (Haq
etal., 2013). Indeed, a subset of BRAF- and NRAS-mutant human melanomas resistant
to the MEK inhibitor Selumetinib, was shown to display increased propensity for
oxidative phosphorylation, mediated by MITF and the transcriptional coactivator
PGCla (Gopal et al., 2014). Pharmacological mTORC1/2 inhibition by AZD8055

triggered cytoplasmic localisation of MITF, which decreased PGCla expression and

inhibited oxidative phosphorylation, an effect that enabled resensitisation of the BRAF-
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/NRAS-mutant melanoma cells to selumetinib (Gopal et al., 2014).

Consistent with the role of MITF in inducing mitochondrial oxidative

phosphorylation, the expression of both MITF and its transcriptional target, PGCla,

can be further suppressed via a Hypoxia Inducible Factor (HIF)-dependent mechanism

(Feige et al., 2011, LaGory et al., 2015). HIF1 transactivates the transcriptional

repressor, Differentially Expressed in Chondrocytes Protein 1 (DEC1), which

subsequently binds to and suppresses the promoters of both MITF and PGCla (Feige

et al., 2011, LaGory et al., 2015). At the transcriptional level, inhibition of MITF and

PGCla by HIF1 thus provides mechanistic insight as to how melanoma and

melanocyte-lineage cells are able to switch from oxidative phosphorylation to

glycolysis during periods of hypoxia (Widmer et al., 2013).

Recently, a role for MITF in the regulation of lipid metabolism has been further

proposed (Vivas-Garcia et al., 2020). MITF was shown to be a lineage-restricted

activator of the key long chain fatty acid desaturase enzyme, Stearoyl-CoA Desaturase

(SCD) (Vivas-Garcia et al., 2020). SCD is the canonical lipogenic enzyme that catalyses

the rate-limiting step in the formation of monounsaturated fatty acids — specifically,

they convert stearoyl-CoA and palmitoyl-CoA to oleate and palmitoleate, respectively

(Igal, 2016). Oleate and palmitoleate form the major components of membrane

phospholipids, cholesterol esters, and alkyl-diaceylglycerol (Igal, 2016). MITF
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expression was shown to upregulate SCD, and alter the cellular fatty acid composition

in melanoma cells in favour of monounsaturated fatty acids (Vivas-Garcia et al., 2020).

In contrast, MITF-Low cells with curtailed SCD activity retained higher concentrations

of saturated fatty acids (Vivas-Garcia et al., 2020). The melanoma MITF-SCD axis was

shown to suppress metastasis, inflammatory signalling, and inhibit an ATF4-mediated

feedback loop that maintained melanoma differentiation (Vivas-Garcia et al., 2020). On

the other hand, MITF-Low cells were insensitive to pharmacological SCD inhibition

(Vivas-Garcia 2020). Taken together, MITF exerts transcriptional control over multiple

metabolic checkpoints and regulates flux through key metabolic pathways within

melanoma cells (Ratnikov et al., 2016).

MITF Target Genes Involved in Solute and Proton Transport Solute

transport is an understudied, but pathophysiologically important component of

melanoma biology (Mongera and Dooley, 2013). An example of the importance of

solute carriers in melanoma was shown in a recent research article describing the global

transcriptomic profile of the SK-MEL-3 melanoma cell line — a BRAF mutant derived

from a lymph node melanoma metastasis (Mazzio and Soliman, 2018). The whole-

transcriptome profile showed a basic phenotype dominance in the SK-MEL-3 cell line

for phagosome acidification, ATP hydrolysis-coupled proton pumps, and iron transport,
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with the number of genes related to these biological processes enriched 13.91, 18.03,

and 14.27-fold, respectively (Mazzio and Soliman, 2018). Another study showed that

in the invasive melanomas, the expression of the long non-coding RNA, ZEB1-ASl1

negatively correlated with gene signatures involved in ion transport, pH reduction,

ATP-hydrolysis-coupled proton transport, and iron transport (Siena et al., 2019). These

studies suggested that solute and proton transport are highly associated with metastatic

invasion, and that transporter gene signatures may be transcriptionally regulated as part

of the phenotypic plasticity phenomenon found in melanomas (Bohme and Bosserhoff,

2016).

Mechanistically, Steingrimsson and colleagues had previously used a Two-Step

DNA Microarray Strategy to uncover novel MITF target genes, and certain solute and

proton transporters were determined to be regulated by MITF transcription (Hoek et al.,

2008b). These genes included the vacuolar ATPases (ATP1A1, ATP6VIB2, ATP6VICI)

and members of the Solute Carrier family (SLC1A44, SLC7A8, SLCI11A1, SLCI9A42,

SLC2445) (Hoek et al., 2008b). MITF was later shown to function as the master

regulator of V-Type ATPase in melanoma, demonstrating transcriptional activity for

multiple genes whose gene products assemble to form the V-Type ATPase proton pump

(Zhang et al., 2015). Vacuolar ATPase functions to regulate melanosomal pH and

melanin synthesis in melanocyte-lineage cells (Dooley et al., 2013); and more recently,
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plasma membrane V-Type ATPase has also been shown to mediate oncogenic RAS-

induced micropinocytosis in tumour cells (Ramirez et al., 2019).

In terms of SLC transporters, as discussed in the above paragraph, MITF has been

shown to transcribe SLC loci in melanoma (Hoek et al., 2008b), although the number

of studies delineating the regulation of SLC by MITF remains relatively sparse (Bohme

and Bosserhoff, 2016). Nevertheless, many of the SLC proteins play important roles in

the control of the ionic equilibrium in melanoma cells, a physiological prerequisite to

the more complex traits regulated by MITF, such as proliferation and differentiation as

outlined above. For example, SLC11A1 (Gelineau-van Waes et al., 2008), SLC7A11

(Shin et al., 2018), SLC24A5 (Gerstenblith et al., 2010),and SLC24A4 (Duffy et al.,

2010) have all been reported to be involved in melanocytic ionic equilibrium. SLC45A2

is an MITF target gene that not only regulates ionic fluxes but also is directly involved

in regulating melanocytic pigmentation (Wu et al., 2019). Therefore, proton and solute

transport represents an important aspect of melanoma biology, and more studies are

needed to delineate the relationship between MITF and SLC expression (Chen et al.,

2019). Below is an in-depth description of the proton transporters and the intracellular

pH environment they maintain.

Tumour Acidosis in Melanoma
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The Physiological Relevance of pH for Melanocytes pH is an important

physiological cue that regulates melanocytic biology, and pH plays a critical role in the

skin barrier and the skin micromilieu in which melanocytes reside (Yajima et al., 2011).

Surface acidity of the stratum corneum, often referred to as “acid mantle”, contributes

to the cutaneous permeability barrier, which prevents excessive water loss from the skin,

and acts as an antimicrobial defence mechanism (Koch and Schwab, 2019).

Physiological skin surface pH ranges around pH 5.0, and rises towards deeper parts of

the skin (Ohman and Vahlquist, 1994). Microenvironmental pH begins to neutralise as

deeper layers of the skin are approached (Ohman and Vahlquist, 1994). For example,

the superficial layers of the stratum granulosum have been shown to exhibit a

measurable pH of 6.9, and deeper layers of stratum granulosum exhibit pH values of

7.0-8.0 (Ohman and Vahlquist, 1994). However, the available evidence indicates that

melanocytes are affected by acidic pH values in their physiological environment, an

important observation taking into consideration that melanocytic dendrites extend from

the basal stratum towards the surface of the skin for melanin transport (Koch and

Schwab, 2019). A recent study reported intracellular pH differences of up to 0.3 pH

units between the cell body and dendrites of melanocytes (Koch and Schwab, 2019).

The pathophysiological relevance of the (epi)dermal pH landscape for melanoma

biology becomes further evident when considering large melanoma lesions, for
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example superficial spreading melanomas that progress from horizontal to vertical

growth phase, or nodular melanomas that grow towards the surface of the skin (Schmid-

Wendtner and Korting, 2006). Such vertical growth breaks through the epidermal

basement membrane, and exposes the melanoma tumour body to the entire range of pH

gradient that the skin entails (Matsui and Amagai, 2015) . Hence, it is pathologically

plausible to consider that pH acidity would mechanistically contribute to

melanomagenesis and intratumoural heterogeneity (Bohme and Bosserhoff, 2016).

Intracellular and Extracellular pH in Melanoma Biology For melanoma, both

intracellular and extracellular pH are tightly controlled parameters that influence

tumour behaviour (Bohme and Bosserhoff, 2016). Intracellular acidification from

cancer metabolic activity leads to the extracellular extrusion of lactate and protons via

cell membrane proton transporters, and in consequence hydrogen ions accumulate in

the extracellular matrix (ECM) (Webb et al., 2011). On the other hand, studies have

shown that extracellular acidosis leads to the development of a more aggressive

phenotype in melanoma cells (Corbet and Feron, 2017). Mice injected with melanoma

cell cultured in acidic media developed more xenograft metastases in vivo (Rofstad et

al., 2006a). Mechanistically, acidified melanoma cells released more matrix

metalloproteinases (MMPs) and cathepsins into the microenvironment, which
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promoted the enzymatic degradation of the extracellular matrix, and facilitated

enhanced tumour invasion ((Martinez-Zaguilan et al., 1996, Rothberg et al., 2013).

Intracellular pH (pH;) is an important determinant of melanoma metabolism and

signal transduction (Corbet and Feron, 2017). As pH; acidifies, nuclear histones are

globally deacetylated by histone deacetylases (HDACS) and Sirtuins, and the released

nuclear acetate anions are co-exported with protons out of the cell by monocarboxylate

transporters (MCTs) to maintain intracellular pH balance (McBrian et al., 2013).

Intracellular acidification thus directly impacts on the access of transcription factors to

euchromatin via its effect on nuclear histone deacetylation (Raja et al., 2020). Nuclear-

translocated Acetyl-CoA Synthetase Short Chain Family Member 2 (ACSS2) has been

shown to bind to the MiT family transcription factor EB (TFEB) during periods of

acidification and glucose starvation, which enabled localised production of acetyl-CoA

and acetate to support TFEB-related histone acetylation, TFEB transcriptional activity,

lysosomal biogenesis and autophagic activity (Li et al., 2017). Abnormal intracellular

acidity is also mutagenic and impairs DNA repair mechanisms, thereby promoting

genomic instability and sensitises cells to other mutagens such as UV irradiation and

hypoxia (Yuan et al., 2000). Thus, both intracellular and extracellular pH play important

roles in melanomagenesis (Corbet and Feron, 2017).
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Aetiologies of melanoma cell and melanoma microenvironmental

acidification The pHe of the melanoma microenvironment ranges between pH 5.5

and 7.4, whilst normal differentiated cells reside in an extracellular pH (pHe) of

approximately 7.4 (Tannock and Rotin, 1989). The relative acidification of the

melanoma microenvironment occurs due to several reasons: Vertical growth of the

melanoma towards the skin surface exposes melanoma to low pH; angiogenic

melanoma neovessels are structurally deficient and promote idiosyncratic tumour

hypoxia and acidosis; localised or systemic inflammation associated with tumour

growth lowers the ambient pH of the tumour tissue; and the increased metabolic rate

within the melanoma tissue drives increased proton export into the microenvironment

(Bohme and Bosserhoff, 2016). Of particular interest to this thesis is the main cellular

metabolic pathways that contribute to cellular and microenvironmental acidification by

generating intracellular metabolic acids (Chiche et al., 2010). These acid-generating

metabolic pathways will be discussed below.

Upregulated Glycolysis in Melanoma In most physiological mammalian cells,

glycolytic conversion of pyruvate to lactate by lactate dehydrogenase is inhibited in the

presence of molecular oxygen, allowing the transport of pyruvate into the mitochondria

for oxidative phosphorylation to take place (Gatenby and Gillies, 2004). This inhibition
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is termed the Pasteur Effect, named after Louis Pasteur, the French biologist who first

demonstrated that glucose flux was reduced in the presence of oxygen in 1857 (Racker,

1974). Physiological mammalian cells preserve this oxygen-dependent glycolytic

flexibility to maintain adequate energy production throughout the entire range of

oxygen concentrations (Gatenby and Gillies, 2004). In contrast, increased conversion

of pyruvate to lactate even in the presence of abundant amounts of oxygen is known as

aerobic glycolysis, or the Warburg Effect, named after Otto Warburg, the German

physiologist who first observed this abnormal form of cancer cell energy metabolism

(Warburg, 1956a, Warburg, 1956b). Many cancer cells show increased glycolytic rate

even in the presence of oxygen, where the end product pyruvate is then converted to

lactate, and exported from the cells to facilitate ATP production (Liberti and Locasale,

2016). Measurably, the glycolytic flux of rapidly growing cancer cells may be increased

by up to 200 times compared with normal differentiated cells (Warburg, 1956a).

Stoichiometrically, glycolysis itself generates 2 net ATPs per cycle in the cytosol.

Thereafter, aerobic decarboxylation of pyruvate, tricarboxylic acid cycle, and aerobic

respiration catabolise pyruvate to CO> and H»O, yielding 36 additional ATPs per

glucose molecule (Yetkin-Arik et al., 2019). Hence, Warburg metabolism in melanoma

cells, which drives glycolysis and reduce mitochondrial flux in the presence of Oxygen,

is biochemically inefficient in nature (Vander Heiden et al., 2009). On the contrary, the

65



pathological advantage that aerobic glycolysis provides for melanoma cells over

cellular respiration is that glycolytic metabolism is faster, and shunting through the

pentose phosphate pathway for nucleotide synthesis is more robust (Bohme and

Bosserhoff, 2016). Microarray studies showed that a significant portion of the

upregulated genes in cancer is involved in glycolysis (Altenberg and Greulich, 2004).

Consequently, melanoma cells reprogram their metabolism to maintain constitutively

upregulated glycolytic flux, which results in increased glucose uptake as well as

increased lactic acid export, at the expense of interstitial and cellular acidification (Jiang,

2017).

Highly Active Pentose Phosphate Pathway in Melanoma The anabolic

Pentose Phosphate Pathway (PPP) is diverted from glycolysis and shunts glucose-6-

phosphate to generate NADPH, pentoses, and ribose-5-phosphate, the latter of which

represents precursor for nucleotide synthesis (Kowalik et al., 2017). PPP is highly

active within melanoma cells, and constitutes a major metabolic pathway for nucleotide

synthesis, as well as providing the reductive potential for anabolic metabolism and

melanoma growth (Jin and Zhou, 2019). PPP is a significant producer of CO; and

contributes one CO> molecule per glucose molecule shunted (Horecker, 2002). CO,

freely diffuses across the plasma membrane, and can be reversibly hydrated to carbonic
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acid, protons and bicarbonate by the catalytic activity of carbonic anhydrase II

intracellularly and carbonic anhydrase IX and XII extracellularly (Supuran, 2018). PPP

thus provides an alternative source of melanoma intracellular acidification, via the

generation of carbonic acid as metabolic byproduct (Jin and Zhou, 2019).

Glutaminolysis in Melanoma Glutaminolysis also contributes to acidification

of the melanoma cell and its microenvironment (Kallinowski et al., 1987).

Glutaminolysis occurs through a series of biochemical reactions, which converts the

amino acid glutamine to glutamate and a-ketoglutarate, intermediary metabolites that

can then be metabolised to cellular nutrients such as aspartate, alanine, pyruvate, lactate,

and citrate (Yang et al., 2017). Glutaminase catalyses the first step of glutaminolysis,

hydrolysing the amino group of glutamine to yield glutamate and ammonium (Peyton

et al., 2018). Glutamate can then be further metabolised to a-ketoglutarate (aKG) by

glutamate dehydrogenase (Plaitakis et al., 2017). Glutaminolysis is primarily used in

ammonium transport, and provides substrate for nucleotide and protein biosynthesis

(Wang et al., 2014b). Biochemically, the production of aKG by glutaminolysis refuels

the TCA cycle, and aKG can also be used as an intermediate in the malate-aspartate

shuttle to generate NADH, a metabolite used to sustain the electron transport chain

(Wang et al., 2014b). Keeping the malate-aspartate shuttle active via a steady supply of
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aKG enables the cytosolic NAD(P)-dependent malate decarboxylase (malic enzyme)

to convert Malate to pyruvate (Feron, 2009). The generation of pyruvate via

glutaminolysis thus provides an additional source of lactic acid production, and

promotes intracellular acidification in melanoma cells (Wang et al., 2014b).

Hypoxia-Regulated HIF Pathway Activity in Melanoma One of the best-

characterised microenvironmental factors that shapes melanoma behaviour is tumour

hypoxia (Wykoff et al., 2000). Low oxygen tension ensues within rapidly expanding

tumours that possess disorganised neovascularisation and angiogenesis (Harris, 2002).

Hence, the further the melanoma mass growths away from its primary blood supply —

and the poorer the quality of the microvasculature — the more hypoxic the melanoma

parenchyma becomes (Peers et al., 2007). Hypoxia activates the potent and well-known

signal transduction pathway involving the transcription factor hypoxia inducible factor

(HIF), where HIF becomes stabilised under hypoxic conditions for transcriptional

activity (Seagroves et al., 2001). Under normal oxygen tension, HIF is prolyl-

hydroxylated in an oxygen-sensitive manner, and degraded via the tumour suppressor

VHL-E3 Ubiquitin ligase pathway (Semenza, 2003). During hypoxia, prolyl

hydroxylation of HIF is absent, leading to HIF stabilisation and homodimerization

(Semenza, 2003). The stabilised and homodimerised HIF undergoes nuclear-
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translocation, and initiates gene transcription by recognising hypoxia response elements

on target gene promoters, thereby transactivating HIF-dependent pathways (Semenza,

2003).

HIF transcription augments anaerobic glycolysis and upregulates lactate

dehydrogenase, both biochemical reactions that lead to lactic acid production and

intracellular acidification (Semenza, 2003). HIF also upregulates pyruvate

dehydrogenase kinase 1 (PDK1), which through phosphorylation inhibits pyruvate

dehydrogenase, and prevents the decarboxylation of pyruvate into Acetyl-CoA,

inhibiting the entry point of mitochondrial Kreb’s cycle and cellular respiration (Kim

et al.,, 2006). To facilitate glucose transport into the melanoma cell, HIF directly

upregulates the expression of glucose transporters GLUT1 and GLUT3 (Kilic et al.,

2007). To promote export of waste lactic acid out of the tumour cell, HIF also

transcribes the monocarboxylate transporter MCT4 (Ullah et al., 2006). HIF thus

regulates not only the cellular entry of glycolytic substrates, but also the exit of

metabolic acids generated as byproducts of glycolytic metabolism, including that of

lactic acid (Shimoda et al., 2006). In addition, HIF transactivates Carbonic anhydrase

IT and XII, which directly acidifies the cellular cytosol and extracellular interstitium,

respectively, via catalysing the enzymatic interconversion of carbon dioxide and water,

to the dissociated ions of carbonic acid (Potter and Harris, 2004). Therefore, not only
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does HIF play the role of the molecular oxygen sensor in melanoma, but by nature of
its transcriptional activity, HIF also promotes metabolic acidosis within the melanoma
microenvironment, exerting a profound influence on melanoma pH (Balamurugan,
2016).

In malignant melanoma cells, HIF activity may be constitutively upregulated in
the absence of hypoxia, through activating mutations in the mediators of the MAPK
cascade, prominent examples of which include the BRAFV¢%°E mutation (Kumar et al.,
2007), and the NRAS?'K mutation (Papale et al., 2018). HIF can also be pathologically
upregulated by the loss of PTEN (Phosphatase and Tensin Homolog) tumour suppressor,
leading to unopposed PKB/AKT signal transduction (Zundel et al., 2000). Furthermore,
acidosis has been shown to induce HIF2a expression in glioma (Hjelmeland et al, 2011),
thus creating a feedback loop regulation where HIF signalling is increased in the
presence of acidic pH (Corbet and Feron, 2017). As such, HIF activity can be
pathologically upregulated by melanoma driver gene mutations, which subsequently

induces tumour acidosis in the setting of melanomagenesis (Corbet and Feron, 2017).

Proton Transporters in Melanoma

Presented with various metabolic sources of intracellular lactate, acetate, and

proton production, melanoma cells require molecular mechanisms to dispose of these
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acidic byproducts, in order to maintain cellular viability (Bohme and Bosserhoft, 2016).

A set of proton transporters embedded within the plasma membrane of the melanoma

cell are tasked with exporting metabolic acids from the cell in order to maintain

intracellular pH homeostasis (Hiremath et al., 2018). Acting via primary or secondary

active transport, these ionophores facilitate the movement of protons and

monocarboxylates in and out of the various subcellular compartments to maintain pH

and solute concentrations within the physiological range (Ives and Rector, 1984).

Several well-described classes of proton transporters exist — (1) Sodium Hydrogen

Exchangers (NHE); (2) Bicarbonate transporters, including the Sodium Bicarbonate

Cotransporters (NBC) and Anion exchangers (AE); (3) Monocarboxylate Transporters

(MCT); and (4) V-Type ATPase, as reviewed in Pugnini et al, 2015 (Spugnini et al.,

2015).

In total, more than 100 types of proton transporter genes are present in the

melanoma cell, and the proton transporter gene products can be functionally sub-

classified as proton pumps, carriers, and channels, depending on the mechanism of

proton transport (Alexander et al., 2019). Proton transporters that have been

functionally and molecularly characterised in melanoma cells to date are discussed

below.
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Functional and Molecular Characterisation of Proton Transporters in

Melanoma Sarangaranjan and Colleagues were the first to functionally and

molecularly characterize the sodium-hydrogen exchanger in cultured melanocytes and

melanoma cells (Sarangarajan et al., 2001). The presence of NHE isoforms 1-5 in

melanoma cell lines were detected wusing RT-PCR, western blotting,

Immunofluorescence, and Immunohistochemistry techniques (Sarangarajan et al.,

2001). Functional activity of NHE was measured in melanoma cells using BCECF

microspectrofluorometry (Sarangarajan et al., 2001). Similar to other cell types, NHE1

was shown to be the predominant NHE isoform functionally existent in melanoma cells

(Sarangarajan et al., 2001). Migratory functions including lamellipodia formation,

adhesion to and migration on collage matrix in human melanoma cells are also

dependent on NHE function (Stock et al., 2005).

Wahl and Colleagues showed that MCT1, MCT4, and NHE1 were all present and

functionally active in melanoma cell lines (Wahl et al., 2002). Proton extrusion

functions of these melanoma cells were tested in the presence of specific inhibitors,

including HOE642 (Cariporide, an NHEI inhibitor), 2-Cyano-3-(4-hydroxyphenyl)-2-

propenoic acid (CHC, a non-selective inhibitor of MCT1 and 4), and 4,4-di-

isothiocyanato-stilbene-2,2-disulfonate (DIDS, a non-selective inhibitor of AE and

NBC) (Wahl et al., 2002). The activity of MCT1 was potentiated by incubation in low
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pHe, but that of NHE1 was not (Wahl et al., 2002). Furthermore, MCT1, rather than

NHEL1, was shown to be the major determinant of pH; equilibrium in the xenograft-

derived melanoma cell line DB-1, suggesting that proton-coupled monocarboxylate

transport played an important role in melanoma biology (Wahl et al., 2002).

Smith and Colleagues identified the presence of V-Type ATPase, as well as NHE

isoforms in human melanocytes, and that the NHE inhibitor EIPA regulated

melanosomal pH and tyrosinase activity in melanocytes (Smith et al., 2004).

Cleistanthin A, a diphyllin glycoside that acts as a novel V-Type ATPase inhibitor,

directly inhibited V-Type ATPase activity, lysosomal pH, cell viability, wound-healing

and Transwell migration in A375 melanoma cells (Pan et al., 2017). Nishisho and

colleagues also demonstrated that the V-Type ATPase isoform a3 was highly expressed

in high-metastatic B16-F10 melanoma cells (Nishisho et al., 2011). They showed that

in B16-F10 murine melanoma cells, knocking down a3 V-ATPase reduced B16-F10

invasiveness, migration and MMP-2 and MMP-9 expression (Nishisho et al., 2011).

Thus, studies have documented the functional presence and importance of proton

transporters in melanoma cells (Bohme and Bosserhoft, 2016).

Some controversies exist currently in terms of showing the presence of bicarbonate

handling in melanoma cells (Koch and Schwab, 2019). In some studies, Carbonic

anhydrase II and XII were shown to be histochemically present in normal skin and a
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series of skin cancers, but absent in melanomas (Feichtinger et al., 2018, Syrjanen et

al., 2014). In other studies, the use of CA IX inhibitors FC9-399A and S4 were shown

to inhibit cell proliferation and induce apoptosis in melanoma cells ((Federici et al.,

2016, Andreucci et al., 2017). It remains unknown if other classes of bicarbonate

transporters including the CI/HCO" exchangers (CBEs), Na*/HCOs3" cotransporters

(NBC), the Na*-dependent CI/HCO3" exchanger (NDCBE), and anion exchangers

(AEs) play a role in human melanoma cells (Koch and Schwab, 2019).

Sodium Hydrogen Exchanger The sodium hydrogen exchanger is an integral

membrane proton transporter that mediates electroneutral exchange of proton with

sodium (Loo et al., 2012). Nine mammalian NHE isoforms (NHEI1-9) have been

identified thus far, and they display considerable variation in tissue expression,

subcellular localisation, ion transport characteristics, pharmacological properties, and

regulatory mechanisms (Ohgaki et al., 2011). In terms of subcellular localisation, NHEs

can be categorised into two types: plasma membrane NHEs (NHE 1-5), and organellar

NHEs (NHE 6-9) (Ohgaki et al., 2011). Plasma membrane NHEs largely localises to

the plasma membrane of cells, and mediate the classical functions attributed to NHE

transporters, including pH regulation, osmolarity and cell volume regulation, and cell

migration (Slepkov et al., 2007). On the other hand, organellar NHEs localise to various
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intracellular compartments along the secretory and endocytic pathways, and contribute

to the establishment and/or fine-tuning of organellar luminal pH (Schwede et al., 2014).

In terms of tissue expression, NHE1 is ubiquitously expressed, whilst NHE2 and 3 are

present abundantly in the stomach, intestinal tract, skeletal muscle and kidney, but also

in the brain, testes, and uterus (Orlowski and Grinstein, 2004). NHE4 is mainly found

in the stomach, and NHES is expressed significantly in the brain. NHE6-9 are expressed

broadly across most cell types — NHE6 and 9 found in sorting and recycling endosomes,

NHE?7 in the transgolgi network (TGN) and endosomes, and NHES in the mid/trans-

Golgi stacks (Ohgaki et al., 2011). Nevertheless, organellar NHEs are particularly

expressed in skeletal muscle (NHE6-8), brain (NHE6 and 7), and kidney (NHES)

(Ohgaki et al., 2011).

NHEI1 is the best characterised isoform of the sodium hydrogen exchanger family

to date (Amith and Fliegel, 2013). The human sodium hydrogen exchanger 1 (NHE1)

1s a membrane transporter that is 815 amino acids in length, with residues 1-500

comprising the membrane domain that contains 12 transmembrane helices, and residues

501-815 comprising the cytoplasmic tail (Amith and Fliegel, 2013). The

transmembrane domain functions as a secondary active transporter that extrudes one

intracellular proton in exchange for one extracellular sodium ion, thus regulating

intracellular pH (Ding et al., 2007). Ion flux is powered by the transmembrane sodium
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electrochemical gradient and requires no direct metabolic input from the cell (Ding et

al., 2007). The transmembrane domain also pockets a proton-binding allosteric

regulatory domain, which potentiates sodium-hydrogen exchange as pHi decreases,

resulting in auto-regulation of NHE activity in response to a decrease in pHi (Valles et

al., 2015).

NHEI1 is also allosterically regulated by post-translational modifications,

including phosphorylation of key residues in its C-terminal cytoplasmic tail, as well as

interactions of its C terminal with intracellular binding proteins and lipids (Amith and

Fliegel, 2013). The C-terminal regulators of NHEI activity may be activated by

autocrine, paracrine, and endocrine signalling via growth factors, hormones, and other

agonists such as serum, thrombin, EGF, insulin, angiotensin II (Stock and Pedersen,

2017). The effect of these allosteric regulators of NHE1 cytoplasmic tail is to alter the

affinity of the transmembrane domain for intracellular protons, thus setting its transport

activity to be potentiated at a more alkaline pH, and maintaining a more alkaline

intracellular pH overall (Putney et al., 2002).

Allosteric binding proteins of NHEI’s C-terminal tail include various signal

transduction intermediary proteins, such as Phosphatidylinositol 4,5-bisphosphate

(PIP2), which binds to residues 513-520, and 556-564 of NHE1, and subjects NHE]1 to

G Protein-Coupled Receptor signalling via Gq (Abu Jawdeh et al., 2011). Closely
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related calcium-based regulation of NHE1 also includes binding sites for calmodulin
(CaM) at residues 636-700 (Wakabayashi et al., 1994). Calmodulin also blocks an
autoinhibitory site, thereby activating NHE1 (Wakabayashi et al., 1997). In addition,
Calcineurin Homologous Proteins 1 and 2 (CHP1 and CHP2) bind to NHE1 at residues
518-537, thus enabling calcium signalling to exert multiple control mechanisms to
influence NHE1 activity (Ammar et al., 2006). PI3K signalling also controls NHEI,
with PKB/Akt binding to NHEI at residue 648, linking the Akt-mediated survival
pathways with NHE1-mediated intracellular alkalinisation (Meima et al., 2009).
Furthermore, Receptor tyrosine kinase signalling induces NHE1 C-terminal activity,
with HER2-phosphorylating NHE1 at Ser’®, which induces 14-3-3 proteins to interact
with NHE1 (Lehoux et al., 2001). Downstream MAP kinases influence NHEI activity,
with p38 MAPK phosphorylating NHE1 at residues 718, 723, 726, and 729 (Diaz et al.,
2019), whilst ERK1/2 phosphorylate NHE1 at residues 770 and 771 (Luo et al., 2007).
Carbonic Anhydrase II (CAIl) can bind to NHET1 at residues 790-802 (Li et al., 2002),
and Actin-binding ERM proteins also interact with NHE1 at residues 552 and 560
(Denker et al., 2000) , localising NHE1 to the microfilament-abundant regions of the
plasma membrane, and implicating NHEI activity in cell migration at the leading edge
(Clement et al., 2013). Taken together, NHE1 is a highly important functional regulator
of intracellular pH, not only driven by the sodium electrochemical gradient, and
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equipped with autoregulatory activity for pH maintenance, but also is allosterically

regulated by various key signal transduction pathways that govern cell proliferation,

survival, and cell shape (Orlowski and Grinstein, 2004).

Monocarboxylate Transporter The Monocarboxylate Transporter (MCT) is a

membrane-bound transporter, which mediates the bidirectional co-transport of protons

with monocarboxylates, a metabolically important class of molecules that includes

pyruvate, lactate, acetate, and ketone bodies — Acetoacetate and beta-hydroxybutyrate

(Halestrap and Meredith, 2004). The monocarboxylates are produced and utilized by

many important metabolic pathways, including, and not limited to, intracellular pH

regulation, glycolysis, tricarboxylic cycle, electron transport chain, fatty acid and

protein metabolism, and ketolysis (Poole and Halestrap, 1993). The co-transportation

of lactate with protons balances stoichiometrically because metabolic pathways such as

glycolysis tend to produce lactic acid, rather than the lactate anion in isolation

(Meredith and Christian, 2008). As such, cytosolic concentrations of both

monocarboxylates and protons need to be regulated to maintain cellular viability, and

MCTs functions to rapidly transport excesses of both substrates across the plasma

membrane and out of the cells to achieve pH; homeostasis (Halestrap and Price, 1999).

MCTs are part of a family of transporter proteins, known as the SLC16 solute carrier
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family, and they share common sequence motifs (Halestrap and Price, 1999). The MCT

family members possess 12 transmembrane helices (TMs), with cytoplasmic N- and C-

terminal ends (Poole et al., 1996), and a large cytosolic loop also exists between TM 6

and 7 (Halestrap and Meredith, 2004). The MCT family has a total of 14 members, but

only MCTs 1-4 have been confirmed to function as monocarboxylate-proton co-

transporters (Halestrap, 1975). MCT10 was identified as an aromatic amino acid

transporter named T-Type amino acid transporter 1 (TAT1) (Kim et al., 2001), whilst

MCTS had been shown to be an important thyroid hormone transporter (Friesema et al.,

2003). Neither MCT8 nor MCT10 is proton-linked (Friesema et al., 2003, Kim et al.,

2001). The function of the other 8 MCTs is currently undetermined (Halestrap, 2012).

A discrepancy in the MCT and SLC16 nomenclature systems for these

monocarboxylate transporters also exist, and the numbering of MCT and SLC16 family

members do not perfectly coincide (Halestrap, 2012). MCT1 is also termed SLC16A1,

but MCT?2 is termed SLC16A7, MCT3 named SLC16A8, and MCT4 SLC16A2 (Jones

and Morris, 2016). This difference arose because MCTs were named in order of their

characterisation at the functional level, while the SLC16 nomenclature were decided

after their cDNA sequences became available (Jones and Morris, 2016).

Major differences between the 4 isoforms of the proton-monocarboxylate co-

transporting MCTs exist in terms of their relative substrate and inhibitor affinities, the
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regulation of their expression, their tissue distribution, and subcellular localization

(Halestrap, 1975). MCT1 is expressed in almost all tissues, and has been shown to

transport a broad range of short-chain monocarboxylates across the plasma membrane,

adhering to Michaelis Menten kinetics (Jackson and Halestrap, 1996).

Monocarboxylates transported by MCT1 include monocarboxylates with side chain

substitutions at the 2- and 3- positions — for example, with halides, hydroxyl, and

carboxyl groups (Jackson and Halestrap, 1996). These monocarboxylates include L-

lactate, D-lactate, pyruvate, glyoxylate, oxamate, and formate (Jackson and Halestrap,

1996). In addition, the transport of unsubstituted short-chain fatty acids, such as acetate,

propionate, and butyrate, is also strongly facilitated by MCT 1, though these substrates

also freely diffuse across the plasma membrane without the need for any transporter

activity (Vijay and Morris, 2014). By far, the predominant role of MCTT1 is to facilitate

the unidirectional proton-linked transport of L-Lactate across the plasma membrane

(Ideno et al., 2018). This may represent either influx or efflux of lactic acid depending

on the prevailing intracellular and extracellular substrate concentrations and the pH

gradient across the plasma membrane (Ideno et al., 2018). In myocytes and neurons,

MCT]1 transports both lactate and ketone bodies into the cell to be used as respiratory

fuel (Kobayashi et al., 2005). In contrast, under conditions of hypoxia, anaerobic

glycolysis necessitates the export of lactic acid, which is also mediated by MCT1 as the
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predominant isoform expressed in most tissues (Doherty et al., 2014).

The ordered mechanism for MCT transport predicts that when transporting lactate

into cells, MCT1 has a substrate binding site open to the extracellular matrix that binds

a proton first, followed by the lactate anion (Deuticke, 1982). Lysine (K38) in MCT1’s

hydrophobic catalytic pocket is normally uncharged, but when accepting a proton, the

resultant positive charge provides the binding site for the subsequent monocarboxylate

anion (Manoharan et al., 2006). Following proton and monocarboxylate binding, the

protein undergoes conformational change to a new “Closed” conformation that exposes

both the proton and lactate to the opposite surface of the membrane where they are

released, lactate first and then the proton (Manoharan et al., 2006). Aspartate and

arginine (D302/R306) residues are likely to be critical for MCT1 conformational

change, allowing K38 to pass the proton to D302/R306, and returning MCT]1 to its basal

relaxed state (Manoharan et al., 2006).

MCT?2 is the second isoform of MCT and has a higher affinity for substrates than

MCT1 (Poole et al., 1989). MCT2 expression is thus predominantly confined to tissues

that take up lactic acid in significant quantities for metabolic fuel (eg. Neurons) or for

gluconeogenesis (eg. Liver parenchymal cells and kidney proximal convoluted tubules)

(Edlund and Halestrap, 1988). In Xenopus oocytes, K,, for pyruvate and L-Lactate were

0.1 and 0.74mM for MCT2, respectively, compared to values of 1 and 3.5mM for

81



MCT]1 (Broer et al., 1999). In the brain, MCT2 expression is largely confined to the

post-synaptic density of neurons, and this may reflect a unique functional role related

to its high substrate affinity, facilitating the uptake of lactate for oxidation as a

respiratory fuel (Bergersen et al., 2001). MCT3 on the other hand was identified as a

developmentally expressed protein in chick retinal pigment epithelium, with a Km for

L-Lactate of approximately 6mM (Grollman et al., 2000). Expression of MCT3 is

confined to the RPE and choroid plexus epithelia, and is thought to play an important

role in facilitating the transport of glycolytically derived lactic acid out of the retina

(Philp et al., 1995).

MCT4 is widely expressed in terms of tissue distribution and especially so in

glycolytic tissues such as white skeletal muscle fibres, astrocytes, white blood cells,

and chondrocytes (Price et al., 1998). Whilst MCT4 exhibits a lower affinity for most

substrates and inhibitors than MCT1 (Halestrap and Meredith, 2004), with Km and Ki

values some 5-10 times higher at 28 and 150mM, respectively (MCT4 also shows little

inhibition by DIDS or CHC at the concentrations above the IC50 of MCT1) (Halestrap

and Meredith, 2004), functionally MCT4 is well-suited for exporting lactic acid derived

from glycolysis, since its Km for pyruvate is significantly higher than that for lactate,

allowing cells to preserve pyruvate for maintaining cytosolic NADH/NAD+ ratio by

further reducing pyruvate to lactate (Fox et al., 2000). Tumour cells in particular are
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highly dependent on aerobic glycolysis for ATP synthesis (Fadaka et al., 2017). Though

some tumour cells use MCT1 to export the lactic acid produced from aerobic glycolysis,

more invasive tumours in particular are known to possess upregulated MCT4 activity,

which may be the result of induction by HIF1a activation during tumourigenesis (Kim

et al., 2018). MCT4 in this pathophysiological capacity may mediate the specialised

role of glycolytic lactic acid export in tumour pseudohypoxia (Kim et al., 2018).

Ancillary Proteins of the Monocarboxylate Transporter MCTs are physically

associated with their ancillary proteins, embigen (also known as gp-70) (Poole and

Halestrap, 1997) and basigin (also known as CD147, OX-47, EMMPRIN, or HT7)

(Tacono et al., 2007). Basigin in particular is widely expressed in many tissue types

(Tacono et al., 2007). Both basigin and embigin have a single transmembrane domain,

a short intracellular C-terminus, and a large glycosylated extracellular domain with two

or three immunoglobulin domains depending on the splice variant (Iacono et al., 2007).

Basigin enables MCT1 and MCT4 to be correctly targeted to the plasma membrane, as

such it is an essential chaperone for both MCTs (Kirk et al., 2000). Immunoprecipitation

and FRET studies suggest MCT1 and basigin may exist as a heterodimer (Wilson et al.,

2002). In contrast, embigin is the preferred binding partner for MCT2 (Ovens et al.,

2010b).
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The importance of these ancillary proteins for MCT can be demonstrated when
organomercurial agents are used to inhibit MCTs, where the resultant conformational
change and loss of association with basigin appears to inhibit MCT’s transporter
activity (Wilson et al., 2005). In addition, inhibition of MCT2 by AR-C155858 was
greatly reduced when MCT2 was co-expressed with embigin in Xenopus (Ovens et al.,
2010b). Therefore, basigin and embigin may be important components that enable MCT

function (Poole and Halestrap, 1997).

Regulatory Mechanisms of Monocarboxylate Transporter There are a limited
number of studies that address the allosteric regulation of MCT activity (Halestrap,
2012). The second messenger cAMP has been reported to stimulate MCTT1 activity in
rat brain endothelial cells, though the results have been inconsistent (Smith et al., 2012).
Both MCT1 and MCT4 have been shown to interact with the cytosolic carbonic
anhydrase 11 (CA-II), and this interaction induces MCT transporter activity (Halestrap,
2012). MCT2 on the other hand interacts with and is enhanced by the extracellular
CAIV (Klier et al., 2011). The binding of MCT and CAII is mediated by the His®
residue on CAII (Noor et al., 2018), whilst residues Glu® and Asp’? on CAII are
important for proton shuttling between the two proteins (Noor et al., 2018). Such

experiments show that MCTs cooperate with the carbonic anhydrases to ensure rapid
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shuttling of metabolites across the cell membrane (Halestrap, 1975).

Transcriptionally, in human and rat skeletal muscle, numerous studies have

demonstrated the upregulation of MCT1 in response to chronic stimulation or exercise

(Coles et al., 2004). In contrast, downregulation of MCT1 expression occurred in

denervation or spinal cord injuries (Kitaoka et al., 2014). In the context of exercise,

upregulation of MCT1 was thought to be consequent to activation of gene expression,

mediated by the calcium and AMP signal transduction pathways, involving calcineurin

and AMP kinase, respectively (Takimoto et al., 2013). Similarly, addition of 5-

aminoimidazole-4-carboxamide-1-b-D-ribonucleotide (AICAR), the analog of AMP

that is capable of stimulating AMPK activity, induced MCT1 promoter activity, as

shown by luciferase assays in L6 myoblasts and HepG2 hepatoma cells (Pierre and

Pellerin, 2005).

In T-lymphocytes, proliferation involves the concurrent upregulation of glycolysis

and lactic acid efflux, and thus T-lymphocytic activation is accompanied by a

significant increase in MCT1 expression (Wang and Green, 2012). The MCT'l promoter

contains several consensus binding sequences for Nuclear Factor of Activated T-Cells

(NFAT), and as such, Cyclosporine and FK506, the inhibitors of NFAT, have both

shown to be capable of inhibitor MCT1 expression in skeletal muscle (Pérez-Escuredo

et al., 2016). The association between Cyclosporin-mediated immunosuppression and

85



concurrent inhibition of MCT expression also points to a role for MCT in

immunomodulation (Murray et al., 2005).

The major regulatory mechanism governing MCT4 expression is hypoxia, and this

is consistent with the proposed role for MCT4 in exporting lactic acid derived from

glycolysis (Ullah et al., 2006). Hypoxia increases the expression of MCT4 mRNA and

protein in a variety of cells, and MCT4 transactivation can also be reproduced by cobalt

treatment (Pérez de Heredia et al., 2010). These experiments implicate HIFla in

transcriptional regulation of MCT4 (Ullah et al., 2006). Luciferase promoter construct

experiments showed that the MCT4 promoter is indeed transactivated in the hypoxic

environment, an effect that was not observed for MCTI and MCT2 promoters (Ullah et

al., 2006). Hypoxic MCT4 promoter luciferase luminescence was abolished in cells

with HIF1a silencing, consistent with the identification of hypoxic response elements

in the MCT4 promoter (Doran et al., 2011).

Monocarboxylate Transporter Inhibitors Numerous pharmacological

competitive inhibitors of MCT1 have been described (Payen et al., 2019). The classical

inhibitors of MCT were developed in the 1970s, including the a-Cyanocinnamate

derivatives such as a-Cyano-4hydroxycinnamate (CHC), and stilbene disulfonates such

as 4,4-di-isothiocyanato-stilbene-2,2-disulfonate (DIDS) and 4,4°-
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dibenzamidostilbene-2,2’-disulfonate (DBDS) (Curtis et al., 2017). CHC and DBDS

were shown to be relatively non-specific inhibitors of MCT (Halestrap, 1976). For

example, CHC inhibited the mitochondrial pyruvate transporter at 2 orders of

magnitude more potently than MCT1 itself, whilst DBDS inhibits the

chloride/bicarbonate exchanger AE1 more potently than MCT1 (Halestrap, 1975).

Second generation MCT inhibitors have since been developed to specifically target the

MCT class of transporters with greatly reduced IC50 (Murray et al., 2005).

In 1995, a novel structural class of immunomodulatory compounds, known as the

Pteridine Di/Triones, was discovered by AstraZeneca (Michne et al., 1995). These

pharmacological immunomodulators produced specific inhibition of human and rat T

lymphocyte proliferation in vitro with nanomolar potency (Michne et al., 1995). These

compounds were shown to bind specifically to MCT1 and MCT2, but not to MCT4

(Murray et al., 2005). As T-lymphocyte activation and proliferation were accompanied

by a significant (up to 14- fold) upregulation of glycolysis, it was reasoned that

inhibiting MCT1 induced the immunosuppression of T-Cells by curtailing the efflux of

the glycolytic waste, lactic acid from T cells, thus hampering proliferative metabolism

(Murray et al., 2005).

One of the best characterised compounds from the series of Pteridine Di/Trione

MCT1 inhibitors was AR-C155858 (Ovens et al.,, 2010a). AR-C155858’s
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pharmacological activity was attributed to its binding to an intracellular site within
MCTI1 and MCT2, located in the Transmembrane Helices 7-10 (Ovens et al., 2010a).
Key residues responsible for MCT1 binding to AR-C155858 included Phe*®® (TM10)
and Asp®® plus Arg®*® (TMS8) (Ovens et al., 2010a). Other potent MCT1 inhibitors
derived from the Pteridine Di/Trione series of MCT1 inhibitors included AR-C122982
(also known as SR13800) (Wang et al., 2014a), AR-C141990 (Pahlman et al., 2013),
and AZD3965 (Ekberg et al., 2007).

Whilst some preclinical studies continued to focus on the immunosuppressive
properties of the Pteridine Di/Trione MCT]1 inhibitors (Ekberg et al., 2007), others
began to test the anti-cancer effects of specific pharmacological MCT inhibition
(Doherty et al., 2014). Disrupting MCT1 function using AR-C155858 led to an
accumulation of intracellular lactate that rapidly disables tumour cell growth and
inhibited glycolysis in tumour cells (Doherty et al., 2014). MCT1 inhibition also
provoked marked alterations in intracellular concentrations of glycolytic intermediates,
as well as reducing GLUT-mediated glucose transport (Guan et al., 2019). AR-
C155858 treatment lowered the concentrations of glycolytic end-products ATP,
NADPH, and ultimately, glutathione (GSH) (Guan et al., 2019). In one report,
reductions in GSH from pharmacological MCT1 inhibition led to increases in hydrogen
peroxide, mitochondrial damage, and apoptosis in tested cancer cell lines, such as Raji
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Burkitt’s lymphoma cells and the breast cancer cell line MCF7 (Doherty et al., 2014).

These studies were supported by evidence that RNAI targeting MCT1 induced cell

death in glioma cell lines (Mathupala et al., 2004).

AZD3965 is the orally bioavailable MCTI1-specific inhibitor, derived from

ARC155858 (Ekberg et al., 2007). AZD3965 is undergoing phase I clinical trial

evaluation in the United Kingdom for targeted therapy in advanced solid tumours

(Halford et al., 2017) . In SCLC murine xenografts, AZD3965 reduced tumour growth

in vivo and increased intratumoural lactate (Polanski et al., 2014). A recent study using

AZD3965 in melanoma showed that inhibition of MCT]1 reduced lactate uptake, and

resulted in depletion of circulating melanoma cells, an outcome that lowered the

metastatic disease burden in patient-derived xenografts and murine melanomas

(Tasdogan et al., 2020). In addition, inhibition of MCT1 suppressed the oxidative

pentose phosphate pathway and increased levels of reactive oxygen species in murine

melanoma xenografts (Tasdogan et al., 2020). Therefore, Pteridine Di/Trione MCT1

inhibitors represent an emerging class of compounds with the potential for future use

as targeted therapy in malignant melanoma (Corbet and Feron, 2017).

Recently, a dedicated cell-based screen identified a novel MCT]1 inhibitor — the

potent and orally available MCT1 inhibitor BAY-8002. (Quanz et al., 2018). Diffuse

large B-cell lymphoma cell lines, and a subset of solid tumours were sensitive to MCT1

89



inhibition by BAY-8002 (Quanz et al., 2018). The study also showed that resistance to

single-target MCT1 inhibition can develop via upregulation of MCT4 even in the

presence of sufficient oxygen, as well as by shifting energy production towards

oxidative phosphorylation (Quanz et al., 2018). Therefore, future pan-MCT inhibitors

that also target the MCT4 isoform may prove to be superior to current generation

MCT1-specific inhibitors, such as AZD9365 and BAY-8002 (Benjamin et al., 2018).

Solute Carrier 4 Family of Sodium Bicarbonate Transporters and Anion

Exchangers The sodium bicarbonate transporters and anion exchangers belonging to

the Solute Carrier 4 (SLC4) family include the gene products of ten genes (SLC4A41-5,

SLC4A47-11) (Romero et al., 2013). The names of the SLC4 transporters reflect their

transport functions: (1) SLC4A1, SLC4A2, and SLC4A3 are chloride-bicarbonate (or

anion) exchangers (the AEs); (2) SLC4A4, SLC4AS, SLC4A7, and SLC4A10 are Na-

HCOs cotransporters (the NBCs); and (3) SLC4AS8 functions as a sodium-dependent

chloride-bicarbonate exchanger (NDCBE) (Alper, 2009). Because SLC4A9’s role as an

anion exchanger has not been conclusively established (ie. AE4), its name should be

considered provisional until it has been assigned permanently (Ko et al., 2002). SLC4A46

has been shown to be a pseudogene (Romero et al., 2013). Of the NBCs, SLC4A4 and

SLC4AS are known as electrogenic NBCs (NBCel and NBCe2, respectively), based
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on their ability to transport bicarbonate anions in an electrogenic manner (Romero,
2001) SLC4A7 and SLC4A10 are electroneutral NBCs (NBCnl and NBCn2,
respectively), as their transport activities do not alter the net membrane potential (Choi
et al., 2000).

As discussed above, eight SLC4 family members have well-established functions,
and represent key membrane proteins that transport bicarbonate, with at least one
monoatomic ion (typically sodium or chloride) across the plasma membrane (Romero
et al., 2013). The general structures of the SLC4 family members were modeled on
SLC4A1 (AE1) and SLC4A4 (NBCel) (Zhu et al., 2003). NBCel is composed of a
long N-terminal hydrophilic domain, and a much shorter C-terminal hydrophilic
domain, both of which are situated intracellularly (Zhang et al., 2000). The N-terminus
of AE1 is a dimer according to X-ray crystallographic analysis, and 10-14 alpha-helical
transmembrane segments separate the hydrophilic N and C termini (Zhang et al., 2000).
A pharmacological similarity shared amongst some SLC4 members is their collective
sensitivity to drug inhibition by the disulfonic stilbene derivative, 4.,4-
diisothiocyanatostilbene-2,2’-disulphonate (DIDS) (Romero et al., 2013). NBCnl is the
exception, as NBCnl transport activity is largely DIDS-insensitive (Park et al., 2002).
Another similarity the SLC4 family members share is their pattern of post-translational

glycosylation (Romero et al., 2013). AE1 is N-glycosylated on only its 4™ extracellular
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loop, whereas AE2, AE3, and NBCel are all N-glycosylated on their third extracellular

loops (Cheung et al., 2005).

Though SLC4 transporters share many common features as outlined above, the

most striking difference between the SLC4 group members is their divergent modes of

transport function (Parker and Boron, 2013). AE1, 2, and 3 transport bicarbonate anions

via an exchange mechanism using monovalent anions from the opposite side of the

membrane (Sekler et al., 1995). In contrast, the NBCs unidirectionally move

bicarbonate anion together with a sodium cation from one side of the membrane to the

other (Soleimani and Burnham, 2001). On the other hand, NDCBE functions as a hybrid

co-transporter/exchanger, which co-transports a sodium cation with two bicarbonate

anions into the cell, in exchange for the antiport of a single chloride anion (Virkki et al.,

2003). Understanding how such closely related proteins can mediate such

fundamentally different modes of bicarbonate transport represents one of the major

challenges in the field of SLC4 study (Romero et al., 2013).

The second distinguishing feature between the different NBCs is the respective

electrogenicity of their transport activities (Parker et al., 2008). NBCel and NBCe?2 are

electrogenic transporters: that is, one complete cycle of transporter activity results in

the movement of one or two net negative charges across the membrane (Romero, 2001).

Thus the bicarbonate transport activity of the electrogenic NBCs carries an
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accompanying electrical current, and induces a shift in the net membrane potential
(Romero, 2001). In contrast, electroneutral NBCs, as well as the other SLC4 family
members move bicarbonate without shifting the net membrane potential — that is, a
complete cycle of electroneutral transporter activity results in no net movement of
electrical charge across the membrane (Choi et al., 2000). As such, electrogenicity

represents a unique feature amongst a subset of the SL.C4 proteins (Romero et al., 2013).

Anion Exchanger Isoforms The three anion exchangers within the SLC4
family mediate the electroneutral exchange of one monovalent anion for another across
the plasma membrane (Jennings, 1976). The preferred substrates of the anion
exchangers are bicarbonate and chloride, although the AEs can also transport hydroxide;
and AE1 can co-transport SO4> and proton, in exchange for Cl" — albeit at a very low
rate compared to monovalent anion exchange (Jennings, 1976). The physiologically
relevant transport activity for the AEs is CI/HCOs™ exchange, and the transmembrane
chemical gradients for these two ions determine the net direction of solute transport
(Alper, 2009). In most cell types, it is the inward chloride gradient that dominates,
which drives the outward movement of intracellular bicarbonate (Alper, 2010). This
dominant reaction causes acidification of intracellular pH (Alper, 2010). For RBCs, in

which anion exchanger function is critical, erythrocytic circulation in the systemic or
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pulmonary bloodstream determines the net direction of anion transport (Boron et al.,

2009). All three members of the anion exchangers are sensitive to DIDS inhibition

(Barzilay et al., 1979).

AE] is the anion exchanger of the erythrocytes, and one of the first transporters of

any kind to be cloned and identified (Kopito and Lodish, 1985). AE1 is also known as

“Band 3”, named after its relative position among RBC membrane proteins, as stratified

by SDS-PAGE electrophoresis (Kopito and Lodish, 1985). It is the most abundant

membrane protein in RBCs, where it accounts for approximately 1/4 of all membrane

protein (Zhu et al., 2003). The cytoplasmic N-terminal domain of human AE1 is 404

amino acids-long, and provides anchorage sites for several proteins, including

components of the cytoskeleton, some glycolytic enzymes, and haemoglobin (Zhu et

al., 2003). The membrane spanning domain of AE1 consists of 467 amino acids and is

responsible for the anion-exchange function of the protein. The final 40AAs of human

AEL1, which is the cytoplasmic C-terminal of the protein, contains an anchorage site for

GAPDH, and is a proposed binding site for cytoplasmic CAII (Vince and Reithmeier,

1998). In RBCs, AEI plays a key role in CO; carriage, facilitating the pulmonary

transfer of CO; from the erythrocytes to the alveolar epithelium, in a process called the

Jacobs-Stewart Cycle (Jennings, 2013).

AE2 was cloned from the human kidney and lymphoma cells, and it is coined the
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non-erythroid band 3 protein (Demuth et al., 1986). AE2 is widely distributed across

the basolateral membranes of most epithelia (Alper et al., 1994, Stuart-Tilley et al.,

1994). In gastric parietal cells, AE2 presumably plays a key role in facilitating gastric

proton secretion, by exporting into the blood the excess bicarbonate that is generated

via carbonic anhydrase-mediated deprotonation of carbonic acid (Stuart-Tilley et al.,

1994). It can be reasonably deduced that in most cells in which AE2 is expressed, the

anion exchanger actively contributes to the regulation of intracellular pH, by exporting

bicarbonate in response to an intracellular alkali load. AE2 may also regulate cell

volume by its uptake of chloride anions (Stewart et al., 2002).

AE3 was first identified in 1989 (Kopito et al., 1989). Human AE3 has two

alternative promoters that yield two splice variants transcriptionally — the cardiac AE3

isoform (cAE3), and the brain AE3 isoform (bAE3) (Linn et al., 1992). The

nomenclature of the AE3 isoforms is of historical significance only, as both splice

variants have subsequently been found in the heart, brain, and elsewhere (Romero et

al., 2013). Recent evidence showed that AE3 is distributed mostly to excitable tissues:

the brain, retina, heart, and smooth muscles (Kobayashi et al., 1994). However, AE3

variants can also be expressed in epithelial cells, including those of the kidney and GI

tract (Romero et al., 2013). AE3 activity is induced by intracellular alkalinisation

(Salameh et al., 2017). Thus, it is hypothesised that AE3 contributes to the regulation
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of pH; by exporting HCOs3, in response to intracellular alkali loads (Salameh et al.,

2017).

The electrogenic Na-Coupled Bicarbonate Transporters The two identified

electrogenic sodium bicarbonate cotransporters, NBCel and NBCe2, mediate the co-

transport of one sodium cation with either two or three bicarbonate anions (Romero and

Boron, 1999). As a result, two negative charges cross the plasma membrane with each

sodium, resulting in a net change in membrane potential (Romero and Boron, 1999). In

most cases, the electrogenic NBC moves the equivalent of one sodium cation with two

bicarbonate ions in one complete cycle of transport activity (Kurtz et al., 2004). The

disulfonic stilbenes SITS and DIDS block the transport activity of both NBCel and

NBCe2 (Liu et al., 2007). However, these compounds also inhibit the activity of the

anion exchangers (Dix et al.,, 1979). Therefore, care in the interpretation of

experimental data must be taken when using these stilbenes except for when cellular

overexpression of a specific transporter is carried out (Romero et al., 2013).

NBCel was first described to be present in the renal proximal tubule, and it was

first cloned in 1997 (Romero et al., 1997). Protein localisation studies have shown that

NBCel is present in the basolateral membranes of renal proximal tubule, pancreatic

ducts, and epididymis, as well as in astrocytes and neurons in several regions of the
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brain, several tissues within the eye, as well as blood vessels and intercalated disks

within the heart (Bok et al., 2001, Jensen et al., 1999, Schmitt et al., 1999).

In the kidney, NBCel mediates the movement of bicarbonate equivalents from the

proximal tubule cells into the blood, thereby completing the resorption of bicarbonate

from the renal tubular lumen to blood (Romero et al., 1997). In the pancreas, NBCel

plays a major role in the accumulation and secretion of bicarbonate, from the exocrine

pancreatic gland into the lumen of the pancreatic duct (Ishiguro et al., 1996). In non-

epithelial cells, NBCel contributes to pHi regulation by moving alkali into cells in

response to intracellular acid loads (Sciortino and Romero, 1999).

NBCe2 is expressed most abundantly in the liver, testes, and spleen (Pushkin et

al., 2000). Lower levels are present in the heart, kidney, stomach, lung, and brain

(Pushkin et al., 2000). NBCe2 has been identified as a positional candidate for

hypertension, and polymorphisms of the NBCe2 gene are associated with changes in

baseline blood pressure in a 10yr follow-up study (Barkley et al., 2004). In mice,

disruption of NBCe2 has been shown to cause both arterial hypertension and metabolic

acidosis (Groger et al., 2012).

Electroneutral Na coupled Bicarbonate transporters. The NBCnl gene was

discovered in the year 2000 (Pushkin et al., 2000), and in contrast to the two original
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electrogenic NBCs discovered, NBCnl transport activity was demonstrated to be

electroneutral (Choi et al., 2000). This new family member was shown to be poorly

sensitive to DIDS, and completely insensitive to EIPA (Park et al., 2002). The molecular

basis for the poor sensitivity of NBCnl to DIDS is apparently the lack of an intact DIDS

motif at the extracellular end of the putative TMS5 (Park et al., 2002).

High levels of NBCnl mRNA is expressed in the spleen and testis, and low levels

in the heart, brain, lungs, liver, and kidneys (Choi et al., 2000). In the kidneys, NBCnl

is expressed in the basolateral membrane of the thick ascending loop of Henle (Kwon

et al., 2002), and in the inner medullary collecting ducts (Praetorius et al., 2004). The

protein expression of NBCnl can be induced by acidotic exposure, a cellular response

to increase net epithelial ammonium transport (Lee et al., 2010). An NBCn1 knockout

mouse model was recently created, and the mice developed blindness and auditory

impairment as the result of sensory receptors degeneration (Bok et al., 2003) In breast

cancer, multiple studies have also suggested a link between breast cancer susceptibility

and presence of an SNP in NBCnl (Ahmed et al., 2009) The breast cancer cell line

MCT-7, when overexpressing a truncated HER2 receptor, exhibited an enhanced acid-

extruding capability, at least in part by upregulating the plasma membrane expression

of the NBCn1 transporter (Gorbatenko et al., 2014).

The Na-dependent CI-HCO3 exchanger was the first acid-base transporter shown
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to play a role in pH; regulation (Boron and De Weer, 1976). This transporter normally

mediates the intracellular uptake of one sodium cation and two bicarbonate anion

equivalents, in exchange for the export of one chloride anion (Boron et al., 1988).

Northern blot analysis showed robust expression of the NDCBE transporter in the

human brain and testis, as well as weaker expression in the kidneys and ovaries

(Grichtchenko et al., 2001).

Vacuolar-Type Adenosine Triphosphatase V-Type ATPase is a primary active

proton pump coupled to ATP-hydrolysis (Breton and Brown, 2013). V-Type ATPase

transports protons out of the cytosol, either into the lumina of intracellular

compartments, or in the case of plasmalemmal V-Type ATPase, into the extracellular

space (Cotter et al., 2015b). V-Type ATPases are present in both the organellar

membranes of lysosomes, endosomes, and secretory vesicles, as well as in the plasma

membrane (Forgac, 2007). The role of endolysosomal V-Type ATPase is to acidify

lysosomal pH, a necessary event for the subsequent breakdown of biomolecules,

including peptides, nucleic acids, carbohydrates, and lipids (Kane, 2012).

Mechanistically, low pH within the lysosome — measured at approximately pH 5.0 — is

a prerequisite for the activation of approximately 50 different classes of lysosomal acid

hydrolases, including proteases such as cathepsins; acid phosphatases, lysosomal acid
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lipases, nucleases, glycosidases, sulfatases, and phospholipases (Marshansky et al.,

2014). These acid-potentiated lysosomal effectors are responsible for carrying out the

degradative functions that characterise lysosomal activity (Sun-Wada and Wada, 2013).

The pH gradient across the lysosomal membrane is also used to facilitate the proton-

coupled secondary active transport of many solutes in and out of the lysosome,

including that of the amino acids and calcium (Breton and Brown, 2013). Solutes can

thus be transported from the lysosome into the cytosol for re-use, with the aid of the V-

Type ATPase proton pump (Cotter et al., 2015b). As such, the proton pumping function

of V-Type ATPase is tightly linked to cellular processes that include autophagy,

endocytosis, phagocytosis, and micropinocytosis (Forgac, 2007). In the case of plasma

membrane V-Type ATPase, ATP hydrolysis-coupled proton pumping also contributes

to the proton export, and the resultant acidification of the extracellular matrix

(Marshansky et al., 2014).

Structurally, V-Type ATPases are large multisubunit protein complexes that are

organised into a peripheral Vi domain, which mediates ATP hydrolysis, and a

transmembrane Vo domain responsible for ATP hydrolysis-coupled proton transport

(Zhao et al., 2015). Vi is composed of 8 different subunits (ATP6V1A to ATP6VIH),

arranged into a complex of A3B3CDE3FG3H (Powell et al., 2000). The Vo subunit is

comprised of five subunits (ATP6V0Oa, ATP6VOc, ATP6VOc’, ATP6VO0Od, and
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ATP6VOe), arranged into a complex of acoc’de (Supek et al., 1994). Ancillary proteins

that may be bound to V-Type ATPases include Ac45 (Supek et al., 1994), and the

prorenin receptor (PRR) (Cruciat et al., 2010).

Mechanistically, ATP hydrolysis takes place at each of the three structural

interfaces between subunits ATP6VIA and ATP6V1B (MacLeod et al., 1998). V-Type

ATPase operates by a rotary mechanism whereby ATP hydrolysis in the A3B3 catalytic

head causes rotation of a central stalk composed of subunits ATP6V1D, ATP6V1F, and

ATP6V0d (Hirata et al., 2003). ATP6Vod on the VO complex is positioned at the centre,

connected to a 10-membered ring of VO subunits, c9¢’ (Zhao et al., 2015). Each

ATP6Vc/c’ subunit contains an essential glutamic acid residue that undergoes

reversible protonation during proton pumping (Hirata et al., 1997). ATP-driven rotation

of the central stalk causes rotation of the ATP6Vc/c’ ring relative to the ATP6Voa

domain (Wang et al., 2008). ATP6Voa is a 100kDa transmembrane protein that harbours

an N-terminal cytoplasmic domain and a C-terminal transmembrane domain (Wang et

al., 2008). The C-terminal domain contains two proton-conducting hemi-channels,

which lead from the cytoplasmic side of the membrane, through the plasmalemmal

interior, to the extracellular or luminal side of the membrane (Toei et al., 2011). Protons

enter the Vo complex from the cytosol through the first hemi-channel within the

ATP6VO0a subunit (Kawasaki-Nishi et al., 2001). Protons then proceed to protonate the
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essential glutamate residue present on each of the ATP6VOc/c’ subunits (Kawasaki-

Nishi et al., 2001). ATP-driven rotation of the c9¢’ ring then brings the c¢9¢’ subunits

into contact with ATP6Voa’s luminal hemi-channel (Kawasaki-Nishi et al., 2001). The

transported proton is then released into the luminal hemichannel via interaction with a

positive charged arginine residue within ATP6Voa, thus enabling the proton to

translocate to the luminal or extracellular compartment (Kawasaki-Nishi et al., 2001).

Hence, via ATP-hydrolysis and rotation of the V-ATPase motor, catalytic energy

potential is transduced to drive the unidirectional primary active transport of protons

across biological membranes (Zhang et al., 2008).

Regulatory Mechanisms of V-Type ATPase Two of the most important means

of regulating V-Type ATPase activity are the reversible dissociation and reassembly of

V-Type-ATPase, as well as its regulated trafficking to various membrane compartments

(Stransky et al., 2016). Increased assembly of V-Type ATPase Vi and V¢ subunits can

be observed in response to a number of physiological stimuli, including elevated

glucose concentration, amino acid starvation, exposure to growth factors, dendritic cell

maturation, and during viral infection (Stransky et al., 2016). High levels of glucose

and cytosolic glycolysis require efficient V-Type ATPase assembly, in order to match

the production of metabolic acids with removal of intracellular protons (Sautin et al.,

102



2005). In contrast, disassembly of V-Type ATPase may conserve the intracellular ATP

pool during periods of low ambient glucose (Sautin et al., 2005). V-Type ATPase

assembly and function may also be necessary for exporting adequate amounts of

lysosomal amino acids generated from acid-dependent proteolysis, a mechanistic step

towards stimulating the mechanistic target of rapamycin complex 1 (mTORCI)

(Stransky and Forgac, 2015). Envelope viruses such as influenza may promote V-Type

ATPase assembly in the early endosomes to enable acid-dependent fusion of their viral

coats with the endosomal membrane — a necessary step for transferring viral RNA into

the host cytoplasm (Marjuki et al., 2011). In addition, several proteins of the

Rabonnectin family have been shown to promote V-Type ATPase assembly and luminal

acidification (Einhorn et al., 2012). These proteins are homologous to the RAVE

complexes in yeast, which are required for V-Type ATPase assembly (Schwab et al.,

2012).

A second means of controlling V-Type ATPase activity is through regulated

trafficking (Stransky and Forgac, 2015). Renal intercalated cells respond to decreased

plasma pH by increasing the fusion of V-Type ATPase vesicles with the apical

membrane (Breton and Brown, 2013). Similarly, epididymal clear cells control the pH

of the epididymal lumen by controlling the density of V-Type ATPase in the apical

membrane, through vesicle-mediated insertion and retrieval of pump-laden vesicles
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(Alzamora et al., 2010). In both of these systems, vesicle fusion and endocytosis of V-

Type ATPase-containing vesicles are controlled through PKA-dependent

phosphorylation, a reaction modulated by a bicarbonate-sensitive adenylate cyclase

(Pastor-Soler et al., 2003).

mTORCI1 Activation and the Role of V-Type ATPase in Nutrient Sensing V-

Type ATPase function is necessary for the activation of mechanistic target of rapamycin

complex I (mTORC1) (Zoncu et al., 2011). The mTOR pathway is frequently

dysregulated in cancer (Laplante and Sabatini, 2012). mTOR is a protein kinase that is

involved in assembling two protein complexes — mTORC1 and mTORC?2 (Bar-Peled

et al., 2012). mTORCI is a central node of cellular signalling, receiving inputs from

growth factor receptors, nutrient availability, and energy status (Dechant et al., 2014).

mTORC?2 is involved in survival signalling, and its activity is independent of V-Type

ATPase function, unlike mTORCI (Stuttfeld et al., 2018).

It was first reported that inhibition of V-Type ATPase via esomeprazole induced

autophagic flux and accumulated autophagosomes — processes that are physiologically

controlled by mTORC1 (Marino et al., 2010). Esomeprazole was shown to decrease

mTOR signalling, as demonstrated by reduced phosphorylation of p70-S6K and 4-

EBP1 (Marino et al., 2010). This suggested that V-Type ATPase inhibition resulted in
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inactivation of mMTORCI1 (Bar-Peled et al., 2012). Further mechanistic studies revealed

that during amino acid starvation, the V1 subunit of V-Type ATPase tightly associates

with the pentameric Ragulator complex and Rag GTPases on the surface of lysosomes,

forming a complex that excludes mTORCI1 from binding onto the lysosomal surface,

thus disabling mTORCI activity (Efeyan et al., 2013). Upon repletion of cellular amino

acids, V-Type ATPase is able to sense lysosomal luminal amino acid concentrations,

and transduce this signal to the Ragulator, which alters its interaction with the Rag

GTPases to recruit mMTORCI to the lysosomal surface, an event that activates mTORC1

(Kim et al., 2008).

Interestingly however, recent studies showed that changes in V-Type ATPase

activity in response to starvation of individual amino acids is variable and does not

necessarily correlate with changes in mTORCI1 activity (Stransky and Forgac, 2015).

In addition, treatment with chloroquine does not suggest a causal relationship for V-

Type ATPase assembly regulating mTORCI1 activity (Stransky and Forgac, 2015).

Therefore, though inhibition of V-Type ATPase is sufficient to inhibit mMTORCI1 activity,

V-Type ATPase assembly may not an absolute requirement for amino acid-induced

mTORCI activity (Stransky and Forgac, 2015). It is possible that V-Type ATPase may

play an indirectly permissive role in activating mTORCI1 activity by acidifying the

lysosomal lumen, enhancing acidic proteolysis, and enabling the concentration of free
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amino acids to rise and stimulate mTORCI activity (Stransky et al., 2016). For example,

EGF and GPCR signalling have been proposed to induce acidification of lysosomes

and lysosomal proteolysis via enhancing V-Type ATPase assembly and activity, raising

the pool of essential amino acids in the cell to activate mTORCI1 (Fan et al., 2015).

Taken together, though the exact mechanism by which V-Type ATPase is able to

regulate mMTORCI1 activity remains to be elucidated, it is clear from these studies that

the two protein complexes are functionally related (Wang et al., 2014c).

V-Type ATPase and Autophagy Autophagy is induced during periods of

starvation and metabolic stress (Tschan and Simon, 2010). Autophagy involves the

formation of double membrane vesicles (autophagosomes) that sequester cytoplasmic

contents and deliver them to lysosomes, allowing degradation by lysosomal hydrolases

and recycling of autophagosomal contents (Yang et al., 2011). The autophagic process

reduces cellular stress by removing damaged cellular components, including

dysfunctional proteins and organelles (Tschan and Simon, 2010). The recycled

substances can also provide cellular energy and anabolic substrates during periods of

nutrient deprivation and hypoxia (Yu et al., 2018). However, prolonged or overactive

autophagy is ultimately unsustainable and detrimental, leading to induced cell death

(von Schwarzenberg et al., 2013).
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The role of autophagy in cancer is complex (Yang et al., 2011). A reduction in

autophagic activity is correlated with the accumulation of cellular stressors such as

misfolded and aggregated proteins, and defective mitochondria (Mathew et al., 2009).

This can result in the generation of reactive oxygen species, which may damage DNA

and promote tumourigenesis (Mathew et al., 2009). On the other hand, extensive

autophagy can also lead to irreversible organellar degradation and cell death (Tschan

and Simon, 2010). Cancer cells thus navigate a tight course in the regulation of

autophagy, to derive a viable survival mechanism in the face of nutrient deprivation,

hypoxia, acidosis, and therapeutic treatment (Yang et al., 2011). Autophagy provides a

means to recycle damaged cellular components, and to break them down into cellular

nutrients and building blocks for biosynthesis (Tschan and Simon, 2010). The right

amount of autophagy can thus curtail the onset of apoptosis in cancer cells under stress

(Yu et al., 2018).

In this context, V-Type ATPase enables tumour cell survival through its active

participation in autophagy (Namkoong et al., 2015). Autophagy requires V-Type

ATPase activity to support the activities of pH-dependent lysosomal hydrolases

(Kallifatidis et al., 2013). In turn, the pharmacological inhibition of V-Type ATPase

blocks autophagic flux (Mauvezin et al., 2015). Induction of autophagy involves the

transactivation of V-Type ATPase expression by MiT/TFE transcription factors,
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including that of MITF and TFEB (Sardiello et al., 2009). 14-3-3 protein-bound MITF

is physically released by mTORCI inactivation during periods of nutrient deprivation,

permitting MITF to translocate to the nucleus to mediate V-Type ATPase transactivation

(Bouché¢ et al., 2016). MITF and mTORCI thus cooperate with V-Type ATPase to

enhance lysosomal biogenesis and support cancer autophagy (Bouché et al., 2016).

Expression and Localisation of V-Type ATPase in Cancer Cells Using

fluorescent pH indicators that localise to specific cellular components to study V-Type

ATPase function, it has been shown that V-Type ATPase participates in the control of

both cytoplasmic and lysosomal pH in a variety of human cancer cell lines (Martinez-

Zaguilan et al., 1993). V-Type ATPase has been shown to be expressed in the plasma

membrane of invasive cancer cell types, including melanoma, breast cancer, Ewing

sarcoma, liver, lung, ovarian, oesophageal, prostate, and pancreatic cancers (Stransky

et al., 2016). Furthermore, certain subunits of V-Type ATPase may be overexpressed in

cancer cell lines and human tumour samples (Otero-Rey et al., 2008). For example,

ATP6VC is overexpressed in oral SCC (Garcia-Garcia et al., 2012), and Voc

overexpressed in liver HCC samples (Xu et al.,, 2012). ATP6ViA and ViE are

overexpressed in pancreatic and gastric cancer, respectively, and expression levels can

correlate with tumour grading (Alonso-Curbelo et al., 2014).
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V-Type ATPase in Tumour Cell Migration and Invasion The presence of V-

Type ATPase on the plasma membrane of invasive cancers suggests a possible role for

V-Type ATPase in cancer cell migration and invasion (Capecci and Forgac, 2013).

Several studies have demonstrated that in vitro migration and invasion is dependent on

V-Type ATPase activity (Hinton et al., 2009). Treatment of MB231 and MCF10CAla

human breast cancer cells with the specific V-Type ATPase inhibitor Concanamycin A

and Bafilomycin results in a significant decrease in in vitro invasion as measured by

transwell assay (Cotter et al., 2015a). Similar results have been obtained in other cancer

cell types (Wiedmann et al., 2012). Drug treatment studies are supported by the results

of siRNA knockdown experiments, where knockdown of ATP6Voc and ATP6V A

reduced the invasiveness of liver and gastric cancer cell lines, respectively (Lu et al.,

2005, Liu et al., 2015). In contrast, overexpression of ATP6VC in Drosophila wing

epithelia resulted in a tumour-like transformation of the wing disk, marked by epithelial

cell overgrowth and enhanced invasiveness, further supporting the role for V-Type

ATPase in tumour cell invasion (Petzoldt et al., 2013).

Mechanistically, several hypotheses have been proposed to explain V-Type

ATPase’s contribution to tumour cell migration and invasion (Forgac, 2007). One

possibility is that plasma membrane V-Type ATPase-dependent proton pumping and

109



extracellular acidification permit the activation of extracellular acid-dependent

proteases, which may either directly cleave the extracellular matrix to enable tumour

cell invasion, or alternatively may act on other proenzymes to mediate metastatic

invasion (Cotter et al., 2015a). In this regard, two important classes of proteases have

been implicated in V-Type ATPase-mediated tumour invasion — the cathepsins and the

matrix metalloproteases (MMPs) (Marshansky et al., 2014). Cathepsins are a class of

lysosomal hydrolases that require low pH for activation and subsequent proteolytic

activity (Forgac, 2007). MMPs are not directly pH-dependent, though low pH can

potentiate their catalytic activities (Jabtonska-Trypu¢ et al., 2016). Both cathepsins and

MMPs are secreted by tumour cells and have been shown to participate in tumour

invasion (Olson and Joyce, 2015). Altering of the extracellular pH microenvironment

by V-Type ATPase-mediated proton pumping plays a facilitative role in the activation

of these proteolytic enzymes, and in turn mediates vertical melanoma invasion into the

dermal tissue. (Stransky et al., 2016)

Intracellular V-Type ATPase can also contribute to the promotion of tumour

invasion via lysosomal and secretory vesicular activation of cathepsins and MMPs prior

to the release into the extracellular microenvironment (Chung et al., 2011). It has been

shown that neutralisation of the acidic extracellular microenvironment reduces both

metastasis of breast cancer cells in mice and extracellular MMP activities in breast
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tumours (Ohta et al., 1998). Similarly, inhibition of V-Type ATPase activity reduces

extracellular MMP2 and MMP9 activity in a variety of invasive cancer cell lines

(Liberman et al., 2014).

Aim of the Thesis: Characterising MITFE-Dependent Phenotypic Plasticity in

Melanoma Acidotic Resistance

The above introduction suggests that MITF-dependent phenotypic plasticity

represents a key attribute that defines intratumoural heterogeneity in melanoma. This

thesis aims to address the presence and nature of MITF-dependent phenotypic plasticity

in relation to proton transporter expression and acidotic resistance in melanoma. Novel

insights into melanoma biology may be gained to inform innovative therapeutic

approaches for treating advanced melanoma and cancer in general.
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CHAPTER 2

MATERIALS AND METHODS

Cell Culture and Plasmids

Cell lines A375, HS696T, MeWo (Bioresource Collection and Research Centre,

Taipei, Taiwan), IGR37, and IGR39 (German Collection of Microorganisms and Cell

Cultures, Braunschweig, Germany), were grown in Dulbecco’s modified Eagle’s

medium (DMEM) (+ 4mM L-glutamine), 10% fetal bovine serum (FBS), 100pg/mL

penicillin and 100U/mL streptomycin supplement (all from Invitrogen Life

Technologies, Carlsbad, CA). Cell line authentication via Short Tandem Repeat-

Polymerase Chain Reaction (STR-PCR) profiling was performed at the BCRC and

DSMZ. The pCMV-TAG4A-MITF-M (wt) (Noguchi et al., 2017) plasmid was a kind

gift from Professor Yardena Samuels (Addgene plasmid #31151). The MITF-M coding

DNA sequence was subcloned into the lentiviral expression vector pLAS2w.Ppuro

(Kuo et al., 2016) from RNA1 Core, Academia Sinica, Taiwan. pLKO-MITF shRNAs

(a pool of four shRNAs with clone IDs TRC0000019119—TRC0000019123, and

TRCNO0000329863) (Choi et al., 2017) were purchased from RNAi Core, Academia

Sinica, Taiwan, in lentiviral-based vectors. For serum-free adjustment of the culturing
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media, FBS was eliminated from culture. For pH adjustments of the culturing media,

DMEM media without sodium bicarbonate (NaHCQO3) was manually titrated with

standardised amounts of NaHCO3 to derive the buffered extracellular pH (pHe). For

concurrent pyruvate and pH adjustment of the culturing media, sodium pyruvate

(Thermo Fisher, Waltham, MA) and NaHCO3 were added to basic DMEM (D5030,

Sigma-Aldrich, St Louis, MO), Osmolarity of the culturing media was balanced using

NaCl throughout. For drug treatments assays, the experiments were controlled with

cells treated with Dimethyl Sulfoxide (DMSO) diluted 1:1000, a concentration that

exceeded the maximal drug concentration under experimentation.

Lentiviral Production

Lentivirus was generated by seeding 293T in 60mm dishes, and transfecting with

plasmids pLAS2w.Ppuro, pCMV-dR8.91, and pMDG (Academia Sinica, Taipei,

Taiwan) using TransIT-LT1 (Mirus Bio, Madison, WI) or X-tremeGENE HP (Roche,

Mannheim, Germany). 48-72 hours post-transfection the media was harvested. Viral

supernatant was cleared by centrifugation and sterile-filtered, prior to storage at -80°C

until use.

Lentiviral Transduction
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MITF was ectopically expressed in human melanoma cell lines A375 and IGR39

using previously reported lentiviral protocols (Mann et al., 2015, Licciulli et al., 2011).

For lentiviral transduction of larger dishes, volumes were scaled up proportionally.

Melanoma cells were plated the night before lentiviral transduction. The next day, cells

were infected in serum-free medium mixed with lentiviral particles (Mann et al., 2015),

and polybrene (Sigma-Aldrich). Cells were assayed for downstream experiments at 72

hours post-infection. MITF was also knocked down in the human melanoma cell line

IGR37 using published protocols (Licciulli et al., 2011). Cells were seeded and

incubated until reaching a confluence of approximately 50%. Lentiviral transduction

was then performed using serum-free medium mixed with lentiviral particles and

polybrene. Cells were assayed for downstream experiments at 72 hours post-infection.

Stably transduced cell lines were generated by selecting the transiently transduced cell

lines in 1.5pug/mL puromycin, starting 48hr post-lentiviral transduction. Dishes of

untransduced cells were concurrently treated with the same concentration of puromycin.

Complete cytotoxicity in the untransduced cells was typically observed within 1 week

of commencing puromycin selection, at which point the stably transduced cells under

selection were switched to maintenance culture with 1.0pg/mL puromycin.

Quantitative Reverse Transcriptase-Polymerase Chain Reaction
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RNA was extracted from cells using the QIAGEN RNeasy Mini Kit (Qiagen,
Germantown, MD) as described by the manufacturer. Reverse transcription was
performed using the GoScript Reverse Transcriptase Kit (Promega, Madison, WI),
followed by Quantitative PCR using the SyBr Green-based GoTagq gPCR Kit
(Promega). All reactions were run and analysed using a QuantStudio 5 Real-Time PCR
System Thermocycler (Applied Biosystems, Waltham, MA). The sequences of primers
used for PCR are listed below in Table 2.1. Relative mRNA expression was normalized
to the ACTB/f-actin gene. The fold changes in gene expression changes were calculated

using the 224t method (Schmittgen and Livak, 2008).

Antibodies

The following antibodies were used in our experiments: Anti-MITF (Clone CS5;
GeneTex, Irvine, CA), Anti-ATP6V1C (Clone H-5; Santa Cruz Biotochnology, CA),
Anti-ATP6V 1D (Atlas Antibodies, Bromma, Sweden), Anti-SLC16A7 (Bioss, Woburn,
MA), Anti-SLC16A3 (Proteintech, Rosemont, IL), Anti-SLC16A1 (Proteintech),
SLC4A2 (Bethyl Laboratories), SLC4A3 (Novus Biologicals, Littleton, CO), SLC9A1
(Atlas Antibodies), SLC9A2 and SLC9AS (Origene, Rockville, MD), Anti-GAPDH
(GeneTex). Anti-NBCel and Anti-NBCe2 (Origene, Rockville, MD), Anti-NBCnl
(Abgent, San Diego, CA), Anti-NDCBE (Aviva Systems Biology, San Diego, CA).
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Anti-NHE3 (Thermo Fisher), Anti-NHE7 (GeneTex, Irvine, CA), and Anti-NHE9

(Abcam, Cambridge, UK).

Western Blottin

For SDS-PAGE electrophoresis, denatured proteins were homogenized in sample

buffer (Bio-Rad, Hercules, CA), fractionated on Fastcast gels of either 7.5%, 10%, or

12%, depending on the molecular weight of the proteins of interest (Bio-Rad).

Fractionated proteins were wet-transferred to PVDF membranes (GE Healthcare,

Pittsburgh, PA), blocked in 5% BSA (Bioshop, Burlington, Canada), and probed with

primary antibodies (as listed above at the stated dilutions) overnight at 4°C. Membranes

were washed three times in TBST (Sodium Chloride, Trizma Base, 0.1% Tween-20, all

from Sigma), and incubated with HRP-conjugated secondary goat anti-rabbit (1:2000,

Cell Signaling Technology), or HRP-conjugated secondary horse anti-mouse (1:2000,

Cell Signaling Technology) antibodies. Following secondary antibody incubation, the

membranes were further washed three times in TBST, and incubated with enhanced

chemiluminescence substrate (Bio-Rad). Western blot images were obtained on a UVP

BioSpectrum 500 imager (UVP, Upland, CA). Equal loadings were confirmed by

probing with rabbit anti-GAPDH antibody (1:10000, GeneTex). Blot densitometry was

analysed using ImageJ software.
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Immunofluorescence

Cells were grown on 0.1% gelatin (Invitrogen)-coated glass coverslips and fixed

with 4% paraformaldehyde diluted in phosphate-buffered saline (PBS) for 10 minutes.

Permeabilisation was performed with 0.1% Tween-20 for 10 minutes. All cells were

washed and then blocked with a mixture of 5% bovine serum albumin, 5% normal goat

serum, and 0.1% Tween 20 in PBS, at room temperature for 1 hour. Cells were then

incubated with primary antibodies in parallel, overnight at 4°C (Mouse monoclonal to

MITF, GeneTex; Rabbit polyclonal to SLC9AL, Atlas Antibodies; Rabbit polyclonal

to SLC16A1, Proteintech; Rabbit polyclonal to SLC16A3, Proteintech; and Rabbit

polyclonal to ATP6V1D, Atlas Antibodies). Following overnight incubation, cells were

washed three times with PBST (PBS with 0.1% Tween-20), and probed with secondary

antibodies in parallel for 1 hour at room temperature (Goat anti-Rabbit I1gG, Alexa-488

Conjugated, Invitrogen; Goat anti-Mouse 1gG, Alexa-594 Conjugated, Invitrogen).

Nuclear counterstaining was performed using DAPI (Invitrogen). Images of the

specimens were captured using a Leica DM IRB microscope (Leica, Wetzlar, Germany).

Fluorescent intensity of the images was analysed using the ImageJ software. (McCloy

etal., 2014).

Electric Cell-Substrate Impedance Sensing.
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Electrical impedance, resistance, and capacitance of A375 cells were measured
using the FElectric Cell-Substrate Impedance Sensing (ECIS) system (Applied
Biophysics, Troy, NY). Cells were seeded on electrode-fitted wells at a subconfluent
density of 30,000 cells per 0.8cm?, and electrode parameters were monitored at
32000Hz over time. Medium change with different pHe values occurred at 24hrs after

cell seeding.

4.3. 3-(4.5-dimethvlthiazol-2-y1)-2.5-diphenyltetrazolium bromide (MTT) Assay.

Cells were seeded in 96-well plates and allowed to attach overnight. Culturing

media with different pHe values were administrated to a final volume of 200ul. After

treatment for 24 or 48 hours, the cells were incubated at 37°C with 20ul of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (5 mg/ml,

Abcam, Cambridge, UK) for 4 hours. The MTT formazan crystals were dissolved in

150ul Dimethyl Sulfoxide (Sigma), and a microplate reader (Tecan, Mannedorf,

Switzerland) was used to measure colourimetric absorbance at 562nm.

Resazurin Reduction Assay

Cells were seeded in different 24-well-plate wells and incubated overnight to

permit cell attachment. Culturing media with the specified experimental conditions
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were then administered to the wells to a final volume of 900ul. At the different timing

end-points of 0, 24, 48, and 72hrs, the Prestoblue stock solution (Invitrogen) was added

to different 24-well-plate wells at 1:10 dilution (with respect to total volume) (Xu et al.,

2015). Following an incubation period of lhr at 37°C, a microplate reader (Tecan,

Zurich, Switzerland) was used to measure Resorufin fluorescence, using an excitation

wavelength of 560 nm and an emission wavelength of 590 nm. For each cell line tested,

Resorufin production in individual wells was normalised to Resorufin production in the

specified positive or negative control well for each cell line.

Caspase 3/7 Activity Assay.

Cells were seeded in different 24 well-plate wells and incubated overnight to
achieve cell attachment. Culturing media with the specified experimental conditions
were then administered to a final volume of 1000pul. At the different timing end-points
of 0, 24, 48, and 72hrs, the CellEvent Caspase 3/7 Green Reagent (Invitrogen) was
added to different 24-well-plate wells, achieving a working concentration of SuM (Zhu
et al., 2012). Following an incubation period of 30min at 37°C, live-cell green
fluorescent images of individual wells were captured with a Leica DM IRB microscope
(Leica) using an excitation wavelength of 488nm, and caspase 3/7 activation in
individual wells was recorded as green count/mm?. For each cell line tested, caspase

120



3/7 activation in individual wells were normalised to caspase 3/7 activation in the

specified positive or negative control well for each cell line.

Hoechst 33342 Cell Counting

Cells were seeded in different 24 well plates and incubated overnight to achieve

cell attachment. Culturing media with the specified experimental conditions were then

administered to a final volume of 1000ul. At the different timing end-points of 0, 24,

48, and 72hrs, culturing media were withdrawn from the culture wells, and

Heoscht33342 (Sigma-Aldrich) diluted to 2pug/mL with PBS was added to different 24-

well-plate wells (Richards et al., 1985). Following an incubation period of Smin at 37°C,

live-cell blue fluorescent images of the individual wells were captured with a Leica DM

IRB microscope (Leica) using an excitation wavelength of 405nm, and Hoechst 33342

nuclear counts in individual wells were recorded as blue count/mm?2. For each cell line

tested, Hoechst33342 nuclear counts in individual wells were normalised to the

Hoechst33342 nuclear count in the specified positive or negative control well for each

cell line.

Solutions and Chemicals

HEPES-Buffered Tyrode’s Solution contained (mM): NaCl 140, KCl 4.5, MgCl»
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1, CaCl; 2.5, HEPES 20 and glucose 11. This was adjusted to pH 7.4 at 37°C with 1M

NaOH.

MCT Buffer Solution contained (mM): NaCl 140, KCI 5, MgCl, 1.2, CaCl; 2,

Na;HPOy4 1, and HEPES 10. This was adjusted to pH 7.4 at 25°C with 1M NaOH.

5% CO2/HCOs3™ Buffer Solution contained (mM): NaCl 117, KCI 4.5, MgCL 1,

CaCl, 2.5, NaHCOs3 23, and glucose 11. This was adjusted to pH 7.4 at 37°C with IM

NaOH, and equilibrated with 5% COx.

Nigericin Calibration Solution contained (mM): KCl1 140, MgCl 1, and nigericin

0.01, buffered with one of the following organic buffers: 20mM MES (pH 5.5 and 6.5),

20mM HEPES (pH 7.0, 7.5, and 8.5) or 20mM CAPSO (pH 9.5), and were adjusted to

the correct pH with 1M NaOH at 37°C.

HOE694 (3-methylsulphonyl-4-piperidinobenzoyl, guanidine hydrochloride,

Sanofi-Aventis, Paris, France), Bafilomycin A1 (LC Laboratories, Woburn, MA), CHC

(2-Cyano-3-(4-hydroxyphenyl)-2-propenoic acid, Tocris Bioscience, Minneapolis,

MN), DIDS (4,4'-Diisothiocyanatostilbene-2,2'-disulfonic acid, Sigma-Aldrich, St.

Louis, MO)L-Lactate, FCCP, lodoacetic acid, and Ionomycin (all from Sigma) were

added to solutions at the indicated concentrations shortly prior to use.

BCECF Microspectrofluorometry
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For cytosolic pH (pH;) measurement, cells were loaded with 3uM BCECF-AM
(Loh et al., 1996) (Thermo Fisher). BCECF epifluorescence was collected at 530nm
with a converted inverted microscope, with alternative and repetitive excitation of the
BCECEF fluorophore at 490 and 440nm under monochromator control (Cairn Research,
Kent, UK). Signals were digitised using a CED digitizer, and the fluorescence emission
ratios were calculated and converted to pH; values by dividing the F490 by the F440
emission. BCECF fluorescence ratios were calibrated using the high-[K"] nigericin
technique (Loh et al., 1996). Few poorly loaded cells showing low signal-to-noise ratio
were excluded from analysis. Intracellular acidification was induced by transiently
superfusing melanoma cells with 20mM ammonium chloride (NH4Cl, a procedure
known as NH4Cl prepulse (Ch'en et al., 2008). During Chloride-free treatment,
intracellular acidification was alternatively induced by transiently superfusing
melanoma cells with 20 mM ammonium sulfate, (NH4)2SO4 (Yamamoto et al., 2005).
For monocarboxylate treatments, including that of pyruvate, L-lactate, and [3-
hydroxybutyrate, intracellular acidification was induced by transiently superfusing
melanoma cells with either 10mM or 3mM of the respective monocarboxylates
(Jackson and Halestrap, 1996). Measurements of pHi recovery rates typically
commenced 1min after NH4Cl, (NH4)2SOs, and monocarboxylate removal (Yang and

Loh, 2019). Rates of pH change were calculated from change in pH; over a Imin time
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period (dpH,/d?).

Mechanisms of Weak Acid/Base Pre-pulse Techniques

Ammonium Chloride Prepulse technique was used in the present work to induce

acute acid-loading. Ammonium chloride prepulses were achieved with 3-5 minutes of

extracellular superfusion of 20mM NH4Cl. Ammonium chloride was added to the

solution without osmotic compensation. Briefly, the mechanism of weak acid/base

prepulse technique relies on the characteristic of incomplete dissociation. Although

both the charged and uncharged species of a weak acid exists simultaneously in solution,

the uncharged species is lipid-soluble and therefore able to penetrate the lipid bi-layer

of the cell membrane. In contrast, the charged species permeates relatively slowly,

through various membrane protein routes. The details of prepulsing procedure are given

below.

Ammonium Chloride Prepulse Technique

A typical example used in the present study is ammonium chloride prepulse

technique, which induces an intracellular acid load. The mechanism of acid loading by

ammonium chloride superfusion can be explained in four phases: (1) Rapid entry of

dissociated ammonia leading to transient alkalinisation; (2) slow entry of dissociated
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H+ and CI- and gradual acidification. (3) Rapid withdrawal of ammonia leading to
transient acidification; and (4) Active proton extrusion by enzymatic acid extruders
leading to pH; recovery.

(1) The rapid entry of NHj3 into the cell causes consumption of intracellular protons to
form NH4". The consumption of intracellular protons leads to acute alkalinisation
of the cell.

(2) The delayed entry of HCI leads to gradual decrease of intracellular pH.

(3) Once the external NH4CI is removed, intracellular NH3 freely diffuses out of the
cell, causing intracellular acidification.

(4) In order the alleviate the intracellular acidification induced by NH4Cl withdrawal,

the cell activates pHi regulatory mechanisms to recover from low pH;.

Calibration of fluorescent pH indicators

The BCECF fluorescence emission ratios were calibrated using the K*-Nigericin
method. Briefly, this consisted of sequentially exposing a fluorophore-loaded cell to the
three-nigericin calibration solutions, 20mM 2-(N-morpholino) ethanesulphonic acid
(MES, pH 5.5 and 6.5), 20mM HEPES (pH 7.0, 7.5, and 8.5), and 20mM 3-
(cyclohexylamino)-2-hydroxyl-1-propane-sulphonic acid (CAPSO, pH 9.5) (listed
above in solution section). This clamps pH; to the value of pHe in the calibration
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solution. The intracellular F490/440 fluorescence ratios were then measured at the

above standard pH values (pH 5.5/Rmin, 6.5, 7.0, 7.5, 8.5, and 9.5/Rmax). These

fluorescence ratios then converted to pH;, using the following equation: pH = pKa-

log(R-Rmin)/(Rmax-R)-log (F490/440max/min), Where pKa is the pK of intracellular

BCECF (approximately 7.2; pKa can be computationally modeled using the above

F490/440 ratios at standard pH; values). Finally, the calibrated pH; signal was averaged

over 0.5s intervals.

Bioinformatics

The raw count matrix composed of 471 samples was downloaded from the human

Skin Cutaneous Melanoma (SKCM) dataset available at The Cancer Genome Atlas(The

Cancer Genome Atlas Research, 2008) (TCGA, http://cancergenome.nih.gov). The

mRNA expression levels of MITF, and 102 proton transporter loci (Supplementary

Table S1) in 471 melanoma tumors of the SKCM dataset were analysed. Spearman

correlations were performed between the 102 protein transporters reads per kilobase

per million mapped reads (RPKM) expression, and invasive or proliferative gene

expression signatures from Verfaillie et al (Verfaillie et al., 2015), as well as the

expression levels of AXL and MITF. Relative expressions of MITF and the proton

transporters were also analysed in the 62 human melanoma cell lines available from the
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Cancer Cell Line Encyclopaedia (Barretina et al., 2012) (CCLE,

https://broadinstitute.org/ccle).

Statistical Analysis.

Data were analysed using Prism (GraphPad Software, La Jolia, CA), with the tests

specified in the figure legends. All error bars represent SEM.
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Table 2.1: List of Primers Used in Quantitative Reverse Transcriptase

Polymerase Chain Reaction.

Gene Forward Primer Reverse Primer

MITF CATAAAAAGGGAGCTCACAGCG |AGATGGTTCCCTTGTTCCAGC
ATP5A1 CGCCCTGCAATTAACGTTGG GCAACTCAGTTAGACGCACG
ATP5B GTGTCTGCATTATTGGGCCG AGCATCCAAATGGGCAAACG
ATP5C1 TACCGTTGCAAGTGCTGACA TTTGTGATGACAGCTTGGCG
ATP5S TCGAGGATGACTGTTTGCTGAG |GTGCTGTCTTAAAGGCTTGGAC
ATP6VOal |[GTGTGTACCTTGGATGCTGC CCAAAGTCAAACTCGTCTGCG
ATP6V1A |AGTACTTCCGTGACATGGGC ATAAAACGAGGCCAGACGGG
ATP6V1C |ATGGGAGAAATTGCATGCGG CCAAGTCCACTCCATTAGCC
ATP6V1ID |CGCAAGTGAAGATTCGAGCG GGCATTTACACGCCTGTTGG
SLCY9A1 ATCTTCCCTTCCTTACTCGTGG CGGAATGATTAACAGGGCGGC
SLC9A7 CCAGAAGCACGTTTTCAGCC CAAATGCCATTGCTCCCCTG
SLC9A9 TCAAGCCTATGGGGAACAGC AATGTTTTCCTTGCCTGGCG
SLC11A1 |CTATGGTTCCATCTCCAGCCC CCAGCCTGAAGATCTGACTCG
SLC15A2 |CAAAATGTCCATTGCGTGGC TGAACTGTGCCACAACAAGC
SLC16A1 |TACAAGAGGCGACCATTGGC TCTTTCCCTGCCTTGGTTGG
SLC16A3 |TCTTTGGCATCTCCTACGGC ATGTAGACGTGGGTCGCATC
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CHAPTER 3

MOLECULAR AND FUNCTIONAL CHARACTERISATION OF PROTON

TRANSPORTERS IN A375 MELANOMA CELLS

Abstract

Melanoma cells preserve intracellular pH (pH;) within a viable range despite an
acidic ambient pH that typically falls below pH 7.0. The molecular mechanisms
underlying this form of acidic preservation in melanoma remain poorly understood.
Previous studies had demonstrated that proton transporters including the
monocarboxylate transporter (MCT), the sodium hydrogen exchanger (NHE), and V-
Type ATPase mediate acid extrusion to counter intracellular acidification in melanoma
cells. In this report, the expression and function of the Sodium-Coupled Bicarbonate
Transporter (NCBT) family of base loaders were further characterized in melanoma
cell lines. NCBT family members found to be expressed in three different melanoma
cell lines — A375, MeWo, and HS695T — included the electrogenic sodium-bicarbonate
cotransporter isoforms 1 and 2 (NBCel and NBCe2), the electroneutral sodium-
bicarbonate cotransporter (NBCn1), and the sodium-dependent chloride-bicarbonate
exchanger (NDCBE). These transporters facilitated 4,4'-diisothiocyanatostilbene-2,2'-
disulfonic acid (DIDS)-dependent pHi recovery in melanoma cells, in response to
intracellular acidification induced by ammonium chloride prepulse. Furthermore, the
expression of NCBTs was increased upon chronic exposure to extracellular

acidification. Given the current research interest in the NCBTs as a molecular driver of
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tumourigenesis, characterising NCBT in melanoma provides impetus for developing

novel therapeutic targets for melanoma treatment.
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INTRODUCTION

Intracellular acidification represents one of the defining parenchymal features that

influence melanoma metabolism, as reviewed in Pavlova and Thompson, 2016

(Pavlova and Thompson, 2016). As a consequence of Warburg aerobic glycolysis and

upregulated hypoxic transcriptional reprogramming — reviewed in Bohme and

Bosserhoff, 2016 (Bohme and Bosserhoff, 2016) — endogenous metabolic acids

accumulate within the melanoma cytosolic space, subjecting melanoma cells to the

physiological stress of cytoplasmic acidification (Kato et al., 2013). The cutaneous

locality of melanoma growth also increases the vulnerability of melanoma to the effects

of intracellular acidification from its pH micromilieu (Koch and Schwab, 2019).

Vertical growth and invasion into the acidic skin surface, often referred to as the

“Acid Mantle” (Ohman and Vahlquist, 1994), requires melanoma cells encounter a

hostile pH environment in the superficial layers of the stratum granulosum, where pH

had been recorded to be as low as pH 5.0 (Schmid-Wendtner and Korting, 2006). Active

maintenance of intracellular pH (pH;) at above pH 7.2 during periods of acidic stress

permits melanoma cells to continue to proliferate and evade apoptosis (Webb et al.,

2011). In doing so, melanoma cells require a functional set of molecular acid extruders

to neutralise and balance its internal pH in response to intracellular acidification (Huber
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etal., 2017).

Major acid extruder protein families that are known to operate in melanomas

include the monocarboxylate transporter (MCT), the sodium-hydrogen exchanger

(NHE) (Sarangarajan et al., 2001), and the V-Type ATPase (Nishisho et al., 2011). MCT

consists of an enzymatic solute carrier that mediates the equimolar cotransport of

monocarboxylates and protons across the plasma membrane(Iwanaga and Kishimoto,

2015). The MCT isoform 1 has been shown to be the predominant isoform expressed

in melanoma cells (Wahl et al., 2002). Since lactate and protons represent the majority

of accumulated intracellular acidic metabolites in the glycolytically favoured

melanoma cells (Koch and Schwab, 2019), MCT1 also constitutes the dominant

modality of pH; regulation in melanoma cells (Wahl et al., 2002). Intracellularly located

protons are additionally removed from the cytosol by NHEs in melanomas

(Sarangarajan et al., 2001). NHE enzymatically catalyzes the movement of protons

across the plasma membrane via the active coupling to sodium antiport (Stock and

Pedersen, 2017). NHE isoform 1 is predominantly expressed in human melanomas, and

amiloride-dependent NHE1 proton transport activity has been detected in cultured

melanoma cells (Sarangarajan et al., 2001). In addition, V-Type ATPase and NHE

isoform 3 had been shown to co-localize with melanosomal proteins, and these proton

transport effectors regulate melanosomal pH in vitro (Smith et al., 2004). V-Type
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ATPase functions as a rotary proton pump that extrudes protons via energy derived from

catalytic ATP hydrolysis using its Vi subunit (Cotter et al., 2015b). Melanoma pH; is

thus tightly controlled by a set of functionally overlapping proton transporters, which

regulate intracellular acidity to sustain cellular viability and metabolism in melanoma

(Corbet and Feron, 2017).

In order to identify a suitable melanoma cell line model for investigating the

effects of MITF expression on proton transport regulation, a melanoma cell line that

has demonstrable baseline proton transport activity and a viable MITF transactivation

mechanism in place needs to be first identified. This study thus first screened various

melanoma cell lines for a range of proton transport activities. The A375 cell line was

characterized as a suitable melanoma cell line for further experiments, since NHE, MCT,

V-Type ATPase, and NCBT transport activities were present. This chapter showed that

above the extracellular pH (pHe) of 6.8, A375 cells remained viable and slowly

proliferated. Additionally, at this acidic pHe, A375 cells kept pH; within the viable range

via an endergonic reaction that was significantly curtailed upon serum deprivation. This

observation prompted a further search for active acid extrusion mechanisms that were

responsible for preserving pH; in melanoma cells, and yielded definitive evidence of

NCBT’s expression and function in melanoma cells. NCBT transport function has in

melanoma cells had remained poorly characterized to date. This study further showed
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that the expression of NCBTs in A375 melanoma cells could be upregulated by the

exposure to chronic acidity, a relevant feature of NCBT’s regulation in melanoma cells.
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RESULTS

A375 Melanoma Cells Survive and Proliferate at Mildly Acidic pH.

A375 cells were cultured in different pH conditions and cell coverage of electrode,
viability, and intracellular pH were evaluated over 48 hours. Documented doubling time
for A375 cells ranges from 6-12 hours on day 1 (Benga, 2001), to 18-24 hours when
seeded at subconfluent densities of 1000 cells per well in 6-well plates (Yamazaki et
al., 2012). Electrode coverage was a continuous recording, and represented the
combinational effect of both changes in cell proliferation and cell shape, and as such
the nature of curve progression may not be identical to what is expected of conventional
growth curves derived from cell counting (Robilliard et al., 2018). MTT viability assay
was thus performed in conjunction with ECIS to aid interpretation (Kling et al., 2014).
As indicated in figure 3.1, acidic pH reduced the cell coverage rate of detecting
microelectrodes in a dose-dependent manner, as measured and quantified by electrode
impedance (Figure 3.1a-c), resistance (Figure 3.1d-f), and capacitance (Figure 3.1g-i)
at the 24- and 48-hr time points. Values for electrode impedance and resistance were
proportional to the rate of cell coverage of electrodes over time, whereas capacitance
was inversely related to electrode coverage (Figure 3.1). Cellular electrode coverage
occurred at the fastest rate in the neutral pH 7.4 condition, and slowest in the acidic pH
6.5 condition. At 48hr, absolute cell coverage also plateaued at the highest impedance
value in A375 cells cultured in pH 7.4 (Figure 3.1a). Absolute cell coverage at 48-hr
increased incrementally with the rise in culturing pH in a dose-titrated fashion (Figure
3.1a). Interestingly, aside from pH 6.5, where net coverage was negative (Figure 3.1a-
c), A375 cells were still able to increase electrode coverage slowly at the mildly acidotic

threshold of pH 6.8 (Figure 3.1a-c).
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Figure 3.1: Proliferation Rate of Melanoma Cell Line A375 is Dependent on Ambient
pH. (a) Impedance measurement of ECIS electrodes continuously recorded for 48 hours
(n=4). A375 cells were seeded into the electrode-fitted wells, and at 0-hour, pH of the
culturing media was adjusted to 7.4, 7.1, 6.8, and 6.5, respectively. Quantification of
electrode impedance values at (b) 24-hours and (c) 48-hours is shown (n=4). (d)
Resistance and (g) Capacitance measurements of ECIS electrodes continuously
recorded for 48 hours (n=4). Quantification of electrode resistance was performed at (e)
24-hours and (f) 48-hours (n=4). That of electrode capacitance is shown in (h) and (g),
respectively (n=4). Error bars: mean + SEM. *P<0.05; **P<0.01; ***P<(0.001; n.s.:
Non-significant. Statistical significance was calculated using unpaired #-test.
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Figure 3.2: Viability and Intracellular pH of Melanoma Cell Line A375 are Dependent
on Ambient pH. (a) A375 melanoma cells were plated at low density and incubated in
culturing media that had pH adjusted to 7.4, 7.1, 6.8, and 6.5, respectively. At 24- and
48-hour time points, the cells were treated with MTT (n=4). Quantification of the
colourimetric absorbance at 562nm was recorded for the wells at the prescribed time
points as shown (n=4). Error bars: mean £ SEM.
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To confirm the above findings,  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) viability assay was performed in A375 cells
cultured in same pH acidities over the same 48hr period (Figure 3.2). As shown in figure
2a, dose dependent reduction in formazan production was already detectable due to
decreasing ambient pH conditions at 24-hours, and this effect became more apparent at
48-hours. A375 cells were the most viable at pH 7.4, and least viable at the acidic pH
of 6.5 (Figure 3.2). Again, pH 6.8 appeared to be the pH at which cell viability in A375
was still maintained, as formazan formation was virtually undetectable at pH 6.5 at the
48hr time point (Figure 3.2). pH 6.8 thus represented an appropriate pH to investigate

how A375 cells were able to adapt to survive and slowly proliferate in acidic conditions.

A375 melanoma cells survive acidic pH by preserving intracellular pH neutrality

To determine how A375 cells were able to survive and proliferate at mildly acidic

conditions of pH 6.8, BCECF spectrophotometry used to measure the intracellular pH

(pHi) in A375 cells cultured for 24hr at different acidity values (Figure 3.3).

Surprisingly, despite lowering the extracellular pH (pHe) of the culturing medium to

pHe 6.8, A375’s intracellular pH (pH;) remained 7.45 + 0.05 (n=4) in the presence of

FBS, and 7.24 £+ 0.03 (n=4) in serum free conditions (Figure 3.3) — such pH; values

were still compatible with survival and cell proliferation in A375 cells, which may at

least in part explain their slow proliferation despite acidification of the external

environment. In contrast, at the pHe of 6.5, pH; in A375 significantly decreased to 7.27
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Figure 3.3: FBS-Dependent Maintenance of pHi in response to Extracellular
Acidification in A375 Cells. Quantification of the changes in intracellular pH (pH;) after
24-hours of exposure to decreasing extracellular pH (pHe). A375 Cells were incubated
with or without FBS (n=4). Error bars: mean + SEM.

140



+ 0.12 (n=4) in the presence of FBS, and 6.73 + 0.23 (n=4) in serum free conditions

(Figure 3.3). These findings suggested that at mildly acidic conditions of pHe 6.8, some

form of FBS-dependent, endergonic acid-extrusion mechanism was in place in A375

cells, and this mechanism preserved intracellular pH despite the imposed extracellular

acidity. However, this acid extrusion faculty was likely overwhelmed at the extremes

of low pH, especially without FBS nourishment.

Multiple Proton Extruders Act Svnergistically to Neutralise Intracellular pH in

A375 Cells in Response to Acute Intracellular Acidification

A review of current literature (Bohme and Bosserhoff, 2016, Koch and Schwab,

2019) suggested that the proton extruders known to actively regulate intracellular pH

in melanoma cells included the sodium hydrogen exchanger (NHE) (Sarangarajan et al.,

2001), the monocarboxylate transporter (MCT) (Wahl et al., 2002), and the V-type

ATPase (Pan et al., 2017, Smith et al., 2004). BCECF microspectrofluorometry was

thus used to investigate whether these documented transporters were functional in

maintaining pH; balance during periods of acute acidification in A375 cells (Figure 3.4-

3.6). Figure 3.4 demonstrates the fluorescence of intracellular de-esterified BCECF in

A375, under the 488nm emission filter. Figure 3.5 show the calibration and

quantification of BCECF fluorescent intensity to pH; values in A375. The pKa of

BCECF was determined according to the modified Henderson-Hasselbalch equation
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(Geisow, 1984) in the form of: pH; = pKa + 1ogio (R-Rmin)/(Rmax-R), where R represents

the F490/440 fluorescence ratio of BCECF at various pH; levels; Rmax represents the

F490/440 fluorescence ratio of the deprotonated form of BCECF (at pH; 9.5); and Rmin

represents the F490/440 fluorescence ratio of the protonated form of BCECF (at pHi

5.5)(Geisow, 1984). pKa of BCECF was determined to be 7.234 in this experiment.

Under fluorescent inverted microscopy with continuous HEPES superfusion of the

cells, the NH4Cl prepulse technique was used to induce serial acute intracellular

acidification events, in order to record and measure the isolated pH; recovery activities

of different types of proton transporters (Figure 3.6). Compared to control recovery in

the presence of HEPES superfusion (Figure 3.6), restricting sodium from the

superfusate during the pH; recovery phase significantly reduced the ability of A375 cells

to recover from intracellular acidification, as did the application of HOE694, a specific

inhibitor of NHEI1 (Figure 3.6a-b). This experiment showed that upon acute acidic

exposure, NHE1 was functionally active in neutralising intracellular pH in A375 cells.

Interestingly, neither sodium-free condition nor HOE694 treatment could

completely inhibit pH; recovery in A375 cells, suggesting some form of sodium- and

NHE-1 independent mechanism was also active in these melanoma cells (Figure 3.7a-

b). Concurrent application of bafilomycin Al, the specific V-Type ATPase inhibitor

during the sodium-free pH; recovery phase achieved near-complete inhibition of pH;
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Figure 3.4 Fluorescence of intracellular BCECF in A375 cells. Scale bar: 100pm.
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Figure 3.5 Calibration of A375 BCECF fluorescence to pHi values. Quantification of
the relationship between F490/440 fluorescence ratio and pHi in A375 cells (n=9). Error
bars: mean + SEM.
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recovery in A375 cells (Figure 3.7a-b), suggesting that V-Type ATPase and NHE1 were
synergistic in mediating recovery from intracellular acidity in the A375 melanoma cells.

Next, A375 cells were superfused with sodium lactate, which induced transient
acidification of the cytosol (Figure 3.8a). Compared to control recovery in the presence
of MCT buffer superfusion, CHC treatment — a specific inhibitor of MCT — during the
pHi recovery phase also significantly reduced the neutralization of intracellular pH
(Figure 3.8a-b), suggesting that the MCT transporters were also functionally active in
maintaining pH; in A375 cells. These experiments supported the current literature in
showing that A375 cells employed a set of functionally overlapping proton extruders to
mobilise H" out of the cytosol during periods of acute intracellular acidification (Corbet
and Feron, 2017).

Western blotting of the whole-cell lysates from melanoma cell lines A375, MeWo,
and HS695T showed that different protein isoforms of NHE, MCT, and the V-Type
ATPase were indeed expressed in these melanoma cells (Figure 9). NHE1 and 2, as well
as MCT1 and V-Type ATPase were the dominant isoforms of molecular acid extruders

present in the melanoma cell lines surveyed (Figure 3.9).

Sodium-Coupled Bicarbonate Transporters Are Expressed and Mediate Acute pHi

Recovery in A375 Melanoma Cells in the Presence of Ambient CQ2/Bicarbonate.
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Figure 3.6 NHE proton transport activity is present in A375 cells. Representative pHi
signal of A375 cells serially treated with 20mM NH4Cl prepulses, Sodium-free
condition and HOE694 treatment were applied during the pH; recovery periods, as
indicated. (d) Quantification of pH; recovery rates under control, sodium-free condition,
and HOE694 treatment (n=11). Error bars: mean + SEM. **P<0.01; ***P<0.001.
Statistical significance was calculated using unpaired -test.
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Figure 3.7 V-Type ATPase proton transport activity is present in A375 cells.
Representative pH; signal of A375 cells serially treated with 20mM NH4Cl prepulses,
Sodium-free conditions with and without Bafilomycin Al treatment were applied
during the pH; recovery periods, as indicated. Quantification of pH; recovery rates under
control, sodium-free condition with, and sodium free condition without Bafilomyin A1l
(n=5). Error bars: mean + SEM. ***P<(.001. Statistical significance was calculated
using unpaired z-test.
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Figure 3.8 MCT Mediates Acid Extrusion in Melanoma Cell Line A375.
Representative pH; signal of A375 cells serially superfused with 10mM sodium lactate.
CHC treatment was applied during the pHi recovery period, as indicated. Quantification
of pHi recovery rates under control and CHC treatments (n=6). Error bars: mean + SEM.
**%P<(0.001. Statistical significance was calculated using unpaired #-test.
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Figure 3.9 Expression of Proton Transporters in Melanoma Cells. Western blots of
whole cell lysates from melanoma cell lines A375, MeWo, and HS695T. Primary
antibodies: As indicated. Secondary antibodies: HRP conjugated. Loading control:
GAPDH. Positive Control for the MCT3 antibody is the C32 melanoma cell line.
Densitometric quantifications are shown below the western blots, representing signals
normalised to the loading controls, expressed as percentages. Densitometric analysis
was performed using the ImagelJ software.
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Given that the initial cell proliferation and viability experiments were performed

in the presence of 5% CO; in the incubator (Figure 3.1-3.2), with the pH. adjustments

achieved by changing the concentration of bicarbonate in the cell culture medium

(Figure 3.6-3.9), it was considered that the above functional and molecular

characterization of the acid extruders in melanoma cells (Figure 3.6-3.9) — which until

now was performed using BCECF microscpectrofluorometry in the absence of

COy/Bicarbonate in the superfusing HEPES solution — likely did not account for the

entirety of the acid extrusion repertoire present in melanoma cells. Sodium-Coupled

Bicarbonate Transporters (NCBT) is an important class of base loaders also proven to

counter intracellular acidification by coupling bicarbonate import with transmembrane

sodium cotransport (Parker and Boron, 2013, Romero et al., 2013). A further search of

the literature revealed that the presence of bicarbonate transporters in melanoma cells

remained poorly determined (Koch and Schwab, 2019).

Therefore, for the BCECF microspectrofluorometry experiments to mimic the cell

culture condition in the cell incubator, where the cells were cultured in 5% CO», the

BCECF microspectrofluorometry and NH4Cl prepulse experiments were repeated, this

time with 5% CO2 dissolved in the superfusing HEPES solution so make the BCECF

microspectrofluorometry conditions similar to the cell incubator (Figure 3.10a).

Compared to control pH; recoveries, sodium restriction and the application of HOE694
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Figure 3.10 NCBT Mediates Acid Extrusion in Melanoma Cell Line A375.
Representative pH; signal of A375 cells serially treated with 20mM NH4Cl prepulses.
Sodium-free condition, HOE694 and DIDS treatments were applied during the pHi
recovery periods, as indicated. (b) Quantification of pH; recovery rates under control,
sodium-free condition, HOE694 and DIDS treatments (n=9). Error bars: mean + SEM.
**%P<(0.001. Statistical significance was calculated using unpaired #-test.
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during the pH; recovery phases still significantly reduced the ability of A375 cells to

recover from intracellular acidification, (Figure 3.10a-b), suggesting that NHE

transporters were active in the presence of 5% COz/bicarbonate.

In addition, the treatment of A375 with 4,4'-Diisothiocyano-2,2'-stilbenedisulfonic

acid (DIDS), the specific inhibitor of NCBTs, also significantly reduced pH; recovery

in the presence of bicarbonate, much to a similar extent as HOE694 (Figure 3.10a-b).

Furthermore, the combinational treatment of HOE694 and DIDS together restricted the

rate of pHi recovery in A375 cells in an additive manner. (Figure 3.10a-b). This

experiment showed that in the presence of 5% COgz/bicarbonate, the NCBTs were at

least as functionally active as the NHEs in mediating the net acid extrusion in response

to acute intracellular acidification in A375 cells, and these proton transporters likely

acted synergistically to maintain pH; homeostasis in the presence of bicarbonate in the

microenvironment.

Western blotting of whole-cell lysates from melanoma cell lines A375, MeWo, and

HS695T showed that four members of the NCBT family of bicarbonate transporters

were expressed to varying degrees in the human melanoma cell lines (Figure 3.11),

including the electrogenic sodium-bicarbonate cotransporters 1 and 2 (NBCel and 2),

the electroneutral sodium-bicarbonate cotransporter 1 (NBCnl), and the sodium-

dependent chloride/bicarbonate exchanger (NDCBE). NDCBE and NBCnl appeared
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to be the most consistently expressed NCBTs across three different melanoma cell lines

(Figure 3.11).

The Expression of Sodium-Coupled Bicarbonate Transporters Is Upregulated

During Chronic Acidic Exposure in A375 Melanoma Cells.

A common feature demonstrated across multiple studies, and shared by individual

NCBT members, is their expressional upregulation in response to metabolic acidosis

exposure (Cooper et al., 2009, Kanaan et al., 2007, Lee et al., 2011, Nowik et al., 2008,

Snead et al., 2011). Therefore, this study also tested whether chronic acidic exposure

could upregulate the expression of the NCBTs in the A375 melanoma cells (Figure

3.12). Exposure to an acidic environment of pHe 6.8 upregulated the expression of the

four NCBT transporters in a time-dependent manner (Figure 3.12a), whereas exposure

to the control environment of pHe 7.4 had minimal effect (Figure 3.12b). the NCBTs

were measurably upregulated beginning at 6 hours after the exposure to pHe 6.8 (Figure

3.12c¢-f). Taken together, the results from this study suggest that upon exposure to mild

acidic stress, the expression, regulation, and function of NCBTs in A375 cells were all

potentiated to maintain pH; balance.
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Figure 3.11 Expression of NCBT in Melanoma Cells. Western blots of whole cell
lysates from melanoma cell lines A375, MeWo, and HS695T. Primary antibodies: As
indicated. Secondary antibodies: HRP conjugated. Loading control: GAPDH.
Densitometric quantification using ImageJ is shown below the western blots,
representing signals normalised to the loading controls, expressed as percentages.
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Figure 3.12 NCBT Protein Expression Levels are Upregulated in Response to
Extracellular Acidification in Melanoma Cell Line A375. The protein expression levels
of NCBTs in A375 cells exposed to (a) pHe 6.8 and (b) pHe 7.4 were evaluated over
time (hours) by western blot. Primary antibodies: As indicated. Secondary antibodies:
HRP conjugated. Loading control: B-Actin. (c-f) Densitometric quantifications of the
fold changes in the NCBT: B-Actin expression ratios following exposure to pHe 6.8 and
7.4 over time, relative untreated controls at time 0. Densitometric analysis was
performed using the Imagel software. Values were averaged over 4 experiments that
were similar to those shown in (a) and (b). Error bars: mean £+ SEM. **P<(.01;
*#%P<(0.001. Statistical significance was calculated using unpaired #-test.
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Proton extrusion is functionally active across multiple melanoma cell lines

Aside from A375, proton extrusion function was screened across multiple

melanoma cell lines using BCECF microscospectrofluorometry coupled with the

NH4Cl pre-pulse technique (Figure 3.13-18). Since NHE function comprises a

significant proportion of the cell’s total acid extrusion capacity, proton extrusion in

melanoma cells was screened by applying sodium-free condition and HOE694

treatment during the pHi recovery phases of NH4Cl prepulse, and comparing these pH;

recovery rates to pH; recovery without treatment (control). As can be seen in figure 3.13,

as compared to control pH; recovery under superfusion with HEPES, pH; recoveries

exposed to sodium-free and HOE694 were significantly impaired in the MeWo

melanoma cell line, suggesting that NHE-dependent proton extrusion function was

present in MeWo cells. pH; recovery occurred at the rate of 0.007+0.001/minute under

normal HEPES condition (n=10; Figure 3.13b); -0.002+0.0005/minute upon exposure

to sodium-free conditions (n=10; p<0.0001), and -0.001+£0.0005/minute when treated

with HOE694 (an NHE1-specific inhibitor, n=8; p<0.0001).

NHE-dependent proton extrusion function was tested in the IGR39 cell line. As

can be seen in figure 3.14, compared to control pHi recovery superfused with HEPES,

pHi recoveries under the exposure to sodium-free and HOE694 were also significantly

impaired in the IGR39 melanoma cell line, suggesting that NHE was active in
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Figure 3.13: Characterisation of proton transporter function in MeWo cell line. (a)
Representative pH; signal of MeWo exposed to sequential prepulses of NH4Cl 20mM.
During the pH; recovery periods, control (normal HEPES), sodium-free HEPES, and
HEPES with HOE694 30uM (an NHE1 inhibitor) were sequentially superfused. The
negative gradient during sodium free recovery suggested net proton influx was greater
than the net proton efflux during the indicated time period, consistent with a lack of
proton export function following physiological NHE1 inhibition via sodium removal.
Time scale: as indicated bottom right. (B) Quantification of the minute-change in pH;
compared to control recovery within the same experiment (repeats as indicated in
figure). Time Scales: As indicated. Error bars: mean + SEM. ***P<(0.0001. Statistical

significance was calculated using unpaired #-tests.
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Figure 3.14: Characterisation of proton transporter function in IGR39 cell line. (a)
Representative pH; signal of IGR39 exposed to sequential prepulses of NH4Cl 20mM.
During the pHi recovery periods, control (normal HEPES), sodium-free HEPES, and
HEPES with HOE694 30uM (an NHE]1 inhibitor) were sequentially superfused. Time
scale: as indicated bottom right. (B) Quantification of the minute-change in pHi
compared to control recovery within the same experiment (repeats as indicated in
figure). Time Scales: As indicated. Error bars: mean = SEM. ***P<0.0001. Statistical

significance was calculated using unpaired #-tests.
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Figure 3.15: Characterisation of proton transporter function in IGR37 cell line. (a)
Representative pH; signal of IGR37 exposed to sequential prepulses of NH4CIl 20mM.
During the pH; recovery periods, control (normal HEPES), sodium-free HEPES, and
HEPES with HOE694 30uM (an NHE]1 inhibitor) were sequentially superfused. Time
scale: as indicated bottom right. (B) Quantification of the minute-change in pHi
compared to control recovery within the same experiment (repeats as indicated in
figure). Time Scales: As indicated. Error bars: mean + SEM. **P<(.001. Statistical

significance was calculated using unpaired #-tests.
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mediating acid extrusion in IGR39 cells. pH; recovery occurred at the rate of

0.042+0.005/minute under normal HEPES condition (n=4; Figure 3.14b);

0.002+0.001/minute upon exposure to sodium-free conditions (n=4; p<0.0001), and

0.011£0.002/minute when treated with HOE694 (n=5; p<0.0001).

In the IGR37 cell line, NHE-reliant acid extrusion function was also tested using

NH4Cl pre-pulse (Figure 3.15). pHi recoveries under the exposure to sodium-free and

HOEG694 treatements were significantly impaired in the IGR37 melanoma cell line,

compared to control pHi recovery under the superfusion of normal HEPES (Figure

3.15a). For IGR37, pHi recovery occurred at the rate of 0.115+£0.013/minute under

normal HEPES condition (n=2; Figure 3.15b); -0.023+0.023/minute upon exposure to

sodium-free conditions (n=2; p<0.01), and 0.042+0.005/minute when treated with

HOE694 (n=2).

Proton extrusion was then tested in the C32 cell line. As can be seen in figure

3.16, as compared to control pHi recovery superfused with HEPES, pHi recovery under

the exposure to sodium-free condition was also significantly impaired in the C32

melanoma cell line, suggesting that NHE was active in mediating acid extrusion in C32

cells (Figure 3.16a). pHi recovery occurred at the rate of 0.045+0.011/minute under

normal HEPES condition (n=4; Figure 3.16b); and -0.002+0.001/minute upon exposure

to sodium-free conditions (n=4; p<0.01).

160



7.8 1
NH,Cl  NH,CI NH,CI NH,CI NH,CI
7.6 — \ N [\ ’\
7.4 —
T 7.2
o
7.0 -{N

6.8 — ‘ ( 300s

6.6 — Control _Control Na-Free HOEG694 30pM Control
b *%
0.06 |
0.04+
=
£
= 0.02+
Q
<
'0.02_ n=4 n=4
Control Na-Free

Figure 3.16: Characterisation of proton transporter function in C32 cell line. (a)
Representative pH; signal of C32 exposed to sequential prepulses of NH4CIl 20mM.
During the pHi recovery periods, control (normal HEPES), sodium-free HEPES, and
HEPES with HOE694 30uM (an NHE]1 inhibitor) were sequentially superfused. Time
scale: as indicated bottom right. (B) Quantification of the minute-change in pH;i
compared to control recovery within the same experiment (repeats as indicated in
figure). Time Scales: As indicated. Error bars: mean = SEM. **P<(.001. Statistical

significance was calculated using unpaired z-tests.
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Figure 3.17: Characterisation of proton transporter function in HS695T cell line.
(a) Representative pH; signal of HS695T exposed to sequential prepulses of NH4Cl
20mM. During the pH; recovery periods, control (normal HEPES), sodium-free HEPES,
and HEPES with HOE694 30uM (an NHE1 inhibitor) were sequentially superfused.
Time scale: as indicated bottom right. (B) Quantification of the minute-change in pH;
compared to control recovery within the same experiment (repeats as indicated in
figure). Time Scales: As indicated. Error bars: mean = SEM. **P<(.001. Statistical

significance was calculated using unpaired #-tests.
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with sodium-free, HOE694, DIDS, and HOE694 + DIDS treatments were all relatively

impaired in HS695T, though only sodium-free treatment achieved statistical

significance (Figure 3.18a). For HS695T, pHi recovery occurred at the rate of

0.023+£0.003/minute under normal HEPES condition (n=7; Figure 3.18b);

0.009+£0.003/minute upon exposure to sodium-free conditions (n=7; p<0.001);

0.019+0.002/minute upon exposure to HOE694 (n=7; n.s.); and 0.0194+0.003/minute

when treated with DIDS (n=7; n.s.). In the HS695T cell line, NHE-dependent acid

extrusion function was again tested using NH4Cl pre-pulse (Figure 3.17). pHi

recoveries when superfused with sodium-free and HOE694 treatments were

significantly impaired in HS695T, compared to control pHi recovery under the

superfusion of normal HEPES (Figure 3.17). For HS695T, pHi recovery occurred at the

rate of 0.052+0.008/minute under normal HEPES condition (n=7; Figure 3.17b); -

0.023+0.023/minute upon exposure to sodium-free conditions (n=2; p<0.01), and

0.042+0.005/minute when treated with HOE694 (n=2).

For the HS695T cell line, NBC'’s alkali loading function was also tested using NH4Cl

pre-pulse under 5% HCO37/CO; conditions (Figure 3.18). Compared to control pHi

recovery under the superfusion of normal HEPES, pHi recoveries when superfused with

sodium-free, HOE694, DIDS, and HOE694 + DIDS treatments were all relatively

impaired in HS695T, though only sodium-free treatment achieved statistical
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significance (Figure 3.18a). For HS695T, pHi recovery occurred at the rate of
0.023+£0.003/minute under normal HEPES condition (n=7; Figure 3.18b);
0.009+£0.003/minute upon exposure to sodium-free conditions (n=7; p<0.001);
0.019+£0.002/minute upon exposure to HOE694 (n=7; n.s.); and 0.0194+0.003/minute

when treated with DIDS (n=7; n.s.).
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Figure 3.18: Characterisation of proton transporter function in the presence of
bicarbonate in HS695T cell line. (A) Representative pH; signal of HS695T superfused
in bicarbonate solution and exposed to sequential prepulses of NH4Cl 20mM. During
the pH; recovery periods, control (normal bicarbonate solution), sodium-free
bicarbonate solution, bicarbonate solution with HOE694 30uM (an NHE1 inhibitor),
bicarbonate solution with DIDS 30uM (an SLC4 inhibitor), and bicarbonate solution
with HOE694 30uM plus DIDS 30uM were sequentially superfused. Time scale: as
indicated bottom right. (B) Quantification of the minute-change in pH; compared to
control recovery within the same experiment (repeats as indicated in figure). Time
Scales: As indicated. Error bars: mean + SEM. ***P<0.0001. Statistical significance

was calculated using unpaired z-tests.
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DISCUSSION

This chapter characterized the A375 cell line as a model for studying proton transport

in melanoma cells. A375 human melanoma cells exposed to acute acidic stress relied

on different modalities of proton transporters to maintain their pH; balance. This chapter

also showed that under acidic stress, the sustenance of pH; within the viable range

contributes to cellular proliferation and viability in melanoma cells.

Interestingly, whilst severe acidification has been associated with the induction of

acidic cell death in different cell types (Jeong et al., 2001, Goldman et al., 1989,

Nedergaard et al., 1991), milder degrees of acidification above pH 6.5 have been shown

to exert protective effects on cell survival (Khacho et al., 2014, Allen and Westerblad,

2004, Kaku et al., 1993). In the case of melanoma, survival under mild acidosis has

been shown to contribute to melanomagenesis (Kato et al., 2013), via the induction of

autophagic and beta-oxidative acidic adaptation (Marino et al., 2012, Corbet et al.,

2016), with concurrent upregulation of proangiogenic factors VEGF and IL-8 (Rofstad

et al., 2006b). This chapter showed that the threshold for viability and continued slow

proliferation was pHe 6.8 for A375 melanoma cells (Figures 3.1 and 3.2). The exact

threshold pHe. for acidic cell death has been shown to vary depending on the cell type

under acidic exposure (Lan et al., 2007), the duration of acidic exposure(Cooper et al.,

2009), and the degree of intracellular acidification (Marino et al., 2012). In cortical
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cultures of neurons for example, the threshold to induce 50% cell death is pHe 6.4 for

6-hour acid exposure in the absence of CO2/HCOj™ in buffer (Nedergaard et al., 1991).

In contrast, even mild acidosis at pH 7.0 induced growth arrest in glioma cells that

retained wild type p53 function (Reichert et al., 2002). While it remains unclear how

absolute thresholds for acidic cell survival are determined in different cell types

(Marino et al., 2012), in melanoma cells different proton transport modalities have been

shown to contribute to facilitating survival and the upkeep of pH; under acidic stress

(Kato et al., 2013). There is impetus therefore to individually define the functional

presence of proton transporter modalities in melanoma (Wahl et al., 2002), as carried

out in this study, in order to better understand how melanoma cells maintain the pH of

its internal environment when exposed to acidification.

This chapter provided evidence to show that NCBTs were present and functional in

melanoma cells, contributing to pH; recovery in response to acute cellular acidification.

Many cancer types including breast (Lee et al., 2015a), pancreatic (Kong et al., 2014),

and renal cell carcinoma (Yamada et al., 2003) are known to rely on bicarbonate

transporters for pH; regulation, and the melanoma cells in this study were also

dependent on the NCBT family. NCBTs import bicarbonate via the coupling to sodium

symport, and as such requires the active generation of a sodium electrochemical

gradient to facilitate bicarbonate transport activity (Parker and Boron, 2013). In our
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hands, DIDS-dependent pH; recovery was similar in rate compared to HOE694-

dependent pH; recovery, suggesting that NCBTs were at least as efficient as the

canonical NHE transporters in facilitating pH; regulation in melanoma cells (Figure

3.5a-b). However, CHC-dependent pH; recovery from lactate withdrawal was still at

least 2 orders of magnitude faster than either NHE or NCBT in the A375 cells (Figure

4b), suggesting that MCTs were still the most dominant form of acid extrusive

mechanism in melanoma cells, consistent with previous experiments by Wahl and

Colleagues (Wahl et al., 2002).

This study hypothesized that exposure of melanoma cells to chronic acidic stress

would stimulate the expression of the NCBTs. This hypothesis was tested in A375 cells,

a melanoma cell line that demonstrated functional NCBT activity and expression. The

findings from this study suggested that acidic stress induced by exposure to pHe 6.8

upregulated the expression of four NCBTs in melanoma cells, including NBCnl,

NBCel, NBCe2, and NDCBE. Statistically significant upregulation of NCBTs was

measurable beginning at 6hrs, with 4 repeats performed per western blot (Figure 3.12c-

f). In previous reports, NBCnl from primary hippocampal neurons had been shown to

increase in protein abundance following the lowering of cell culture pHe to 6.8 (Cooper

et al., 2009), and in response to chronic metabolic acidosis induced by orally feeding

0.4M NH4Cl to rats (Park et al., 2010). Increased NBCn1 expression was also reported
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in rodent kidneys following oral administration of NH4Cl (Nowik et al., 2008), HCI

(Cucoranu et al., 2004), and after induction of hyperkalaemic acidosis (Mrowiec et al.,

2005). In addition, cardiac and renal NBCel expression levels had been shown to be

upregulated in neonatal mice and rats, respectively, following chronic exposure to

metabolic acidosis secondary to 12% CO> hypercapnia (de Seigneux et al., 2007,

Kanaan et al., 2007). Furthermore, protein expression of NDCBE in the CA3 region of

rat brain hippocampus also increased by 2.5 fold, secondary to the induction of chronic

metabolic acidosis (Lee et al., 2011). The findings from this study are thus in support

of results from other groups, suggesting that in the context of melanoma, NCBT

expression may also be regulated by exposure to acidic stress. Previous reports had

shown that MCT, NHE, and V-Type ATPase play functional rules in pHi regulation in

melanoma cells (Smith et al., 2004, Wahl et al., 2002). This chapter also demonstrated

the functional activities of these transporters in A375 cells. Concomitant activity of

functionally overlapping acid extruders with NCBT in A375 suggests that targeted

therapeutic strategies that caters for multiple proton transport systems may be more

effective at lowering tumour pH; than monotherapy approaches (Corbet and Feron,

2017).

The presence of NCBTs in melanoma provides further impetus to evaluate these

acid extruders as molecular therapeutic targets (Lee et al., 2015a, Lee et al., 2018).
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Figures 14-19 showed that acid extrusion was functionally present across all melanoma

cell lines subjected to NH4Cl prepulse, suggesting that proton transport was a

ubiquitous and important component of melanoma pathophysiology. Indeed, the

importance of tumour acidity regulation in melanoma has been aptly highlighted in a

number of well-written review articles (Bohme and Bosserhoff, 2016) . The caveat here

is that this chapter screened the sodium-free arm of pH recovery in different melanoma

cell lines in order to identify A375 as having robust pHi recovery under sodium-free

conditions. The presence of pHi recovery under sodium free conditions suggested that

A375 possessed additional and detectable means of proton transportation outside of

sodium-hydrogen exchanger function — the predominant mechanism of acid extrusion

under HEPES conditions for most cell types (Stock and Pedersen, 2017). This opened

up functional investigation of V-Type ATPase activity in A375 cells, as shown in figure

8 of this chapter.

Changes in pH; and its regulation have been studied in melanoma (Bohme and

Bosserhoft, 2016, Koch and Schwab, 2019). Proton transport exerts influence on acidic

cell survival and proliferation (Kato et al., 2013). Especially in the case of melanoma,

where malignant vertical growth into the acidic skin surface exposes melanoma cells to

extremes of low pHe (Ohman and Vahlquist, 1994, Schmid-Wendtner and Korting,

2006), melanoma cells adapt by developing mechanisms for removal of protons from
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the interior of the cell (Spugnini et al., 2015). Demonstrating sodium-coupled

bicarbonate transport in melanoma cells contributes to a greater understanding how

melanoma cells survive under acidic stress, and identification of new pH; regulatory

mechanisms may provide viable therapeutic targets for developing melanoma

treatments in the future (Alfarouk, 2016).
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CHAPTER 4

Regulation of Proton Transporters Expression by MITF in Melanoma

Abstract

Developing a working experimental model of the various proton transporters in
melanoma cell lines opened up further experiments that tested the regulatory effects of
Microphthalmia-Associated Transcription Factor (MITF) on proton transport. MITF is
a member of the basic helix-loop-helix leucine zipper family of transcription factors,
known to play a prominent role in dysplastic melanomagenesis. This chapter addressed
whether MITF-dependent phenotypic plasticity could reprogram the transcriptome of
proton transporters in melanoma cells. High-Throughput RNA-Sequencing Analysis of
the human melanoma samples in the TGCA dataset, as well as RNA-Seq analysis of
the CCLE dataset of human melanoma cell lines, revealed that high and low levels of
MITF in melanomas were significantly associated with the expression of two
contrasting transcriptomic signatures of proton transporters that differed in terms of
energy-coupling mechanisms. High MITF expression was associated with the
expression of ATP hydrolysis-driven proton pumps, including F- and V-Type ATPases,
at the expense of downregulating solute carrier proton transporters; whilst low MITF
expression was significantly associated with the expression of secondary active solute
carrier proton transporters, at the expense of downregulating proton pumps. This MITF-
dependent regulation of proton transporters was verified in vitro using lentiviral MITF

overexpression and knockdown in melanoma cells, coupled with analyses including
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gRT-PCR, western blotting, and immunofluorescence. Taken together, this
experimental chapter showed that functionally distinct proton transporter signatures

were transcriptomically expressed in melanoma depending on MITF expression levels.
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INTRODUCTION

The functional presence of proton transporters in different melanoma cell lines
demonstrated in the previous chapter showed that proton transport is ubiquitously
carried out to regulate intracellular pH homeostasis in melanoma (Figures 3.6-3.18). In
A375 cells, various proton coupled transport activities were detected, including that of
proton transport coupled to sodium, monocarboxylates, bicarbonate, as well as primary
active transport mediated by ATP hydrolysis (Figures 3.6-3.12). Functional proton
extrusion in response to acid load was demonstrated across multiple melanoma cell

lines, including MeWo, IGR39, IGR37, C32, and HS695T (Figures 3.13-3.18).

Given the wide variety of proton transporters with different mechanisms capable
of handling intracellular pH homeostasis present in melanoma, an interesting question
to address is whether the expression and function of these proton transporters could be
transcriptionally regulated to resist acidotic stress, in a manner that reflects phenotypic
plasticity in melanoma (Arozarena and Wellbrock, 2019). We tested a phenotypic
switching model for proton transporters based on MITF expression level, since
differential MITF expression is the key mechanism for facilitating lineage-restricted

phenotypic switching in melanoma (Vivas-Garci et al., 2020, Bai et al., 2019).

MITF functions as the master melanocytic transcriptional regulator and a key
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melanocytic lineage differentiation factor (Kawakami and Fisher, 2017). Oncogenic
MITF amplification occurs in 30% of melanomas (Hartman and Czyz, 2015b), and as
previously mentioned, germline MITFE'X mutations have also been detected in
familial melanoma syndromes (Bertolotto et al., 2011). Melanomas with high MITF
expression frequently display transcriptomic signatures associated with a proliferative
phenotype, somewhat akin to clinical melanomas in radial growth phase
(Konieczkowski et al., 2014). In contrast, reduced expression of MITF in melanoma
cells is associated with transcriptomic profiles related to de-differentiation and
epithelial-mesenchymal transition (Caramel et al., 2013), where the cells acquire an
invasive phenotype concurrent with the upregulation of a variety of alternative
transcription factors including TEADs, AP-1, as well RTKs including EGFR, AXL, and
NGFR. (Kozar et al., 2019). Interestingly, both the MITF-High and the MITF-Low
melanoma phenotypes have been shown to independently develop treatment resistance
to small molecule BRAF and MEK targeted therapy, albeit via different mechanisms
(Kozar et al., 2019). Therefore, if proton transporters were indeed transcriptionally
regulated by MITF, it is possible that categorically different acidotic resistance
phenotypes may also exist in melanoma, transcribed in manners reflective of the
underlying MITF status.

This results chapter reports a phenotypic switching effect on the expression of

177



proton transporters modalities, dependent on the expression level of MITF in melanoma.

Transcriptomic analysis, verified by lentiviral overexpression and knockdown cell

modeling, quantitative reverse transcriptase polymerase chain reaction, western

blotting, and immunofluorescence, demonstrated that the presence of MITF expression

reprogrammed the global proton transporter expression profile, in favour of proton

transport activity coupled to ATP-hydrolysis, exemplified by the upregulation of V- and

F-Type ATPase transcripts following MITF overexpression. In contrast, MITF

expression in melanoma cells repressed the expression of secondary active MCT and

NHE transporters, reliant on ambient solutes for proton transport coupling. This proton

transporter phenotype was reversed when MITF was knocked down using lentiviral

shRNA vectors, a result supported by transcriptomic analysis of human melanoma

samples and cell lines. This chapter thus demonstrated that as it pertains to the

expression of proton transporters, MITF is in control of the lineage-restricted

“transportomic” phenotypic plasticity in melanoma.

178



RESULTS

MITF Expression Reconfigures the Expression Profile of Proton Transporters in

Melanoma

To demonstrate whether there was an association between MITF expression level

and the transcriptomic profile of human proton transporters, Spearman correlations

between the mRNA expression-levels of 102 known human proton transporter gene loci,

and pertinent melanoma transcriptional cell-states dependent on MITF expression, were

calculated in silico in the 471 human melanoma samples downloaded from the Skin

Cutaneous Melanoma (SKCM) dataset from The Cancer Genome Atlas (TCGA)

(Akbani et al., 2015) (Figure 4.1). Melanomas from the SKCM dataset was subtyped

into four MITF-dependent transcriptional cell-states: Proliferative, MITF-High,

Invasive, and Anexelekto Kinase (AXL)-High (Verfaillie et al., 2015, Boshuizen et al.,

2018). AXL expression in melanoma correlates with invasive drug-resistant melanomas

(Hugo et al., 2016) that show reciprocally low MITF expression (Konieczkowski et al.,

2014, Miiller et al., 2014, Tirosh et al., 2016), and high expression of the epithelial-

mesenchymal transition-inducing transcription factors (EMT-TFs) (Caramel et al.,

2013, Denecker et al., 2014). On the other hand, MITF-High and Proliferative

transcriptional cell-states both express high levels of MITF (Hoek et al., 2008a).
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Figure 4.1: Spearman’s correlation heat map of Proton Transporter Expression
from the TCGA SKCM RNA-Seq dataset. The strength of correlation between the
expression of the core subset of proton transporters and key MITF-dependent
melanoma gene signatures is shown. Proton Transporters are listed in rows.
Proliferative, MITF-High, Invasive, and AXL-High gene signatures are labelled at the
bottom of the columns. Scale bar: Positive correlation coloured red; Negative

correlation coloured blue, as shown in the side scale.
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The Proliferative and Invasive transcriptomic clusters were identified based on the work

by Verfaillie and colleagues, who showed that three robust stable transcriptomic

clusters could be derived from the TCGA dataset, namely “Proliferative”, “Invasive”,

and “Immune” transcriptomic clusters (Verfaillie et al., 2015). The immune cluster

consisted of 116 samples, and was presumably present due to the presence of a high

number of tumour-infiltrating lymphocytes (Verfaillie et al., 2015). The immune cluster

was thus not included in the analysis. MITF and AXL transcriptomic clusters were

another system of classifying the TCGA melanoma samples, based on the mRNA

expression levels of the genes MITF and AXL (Konieczkowski et al., 2014). A portion

of the tumours were excluded from analysis using the MITF and AXL classification, as

MITF and AXL were either both expressed, or both not expressed in these samples —

which was a known phenomenon described by Ennen and colleagues (Ennen et al.,

2017).

Spearman’s correlations between the expression of individual proton transporters,

and the expression of MITF were calculated, and the proton transporters with

expression significantly correlated MITF expression were identified. A heat map of the

expression levels of these proton transporters were then generated against the prominent

transcriptomic states that were described in the literature, including the AXL, MITF,

Proliferative, and Invasive states. As figure 4.1 showed, the expression of proton
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transporters closely approximately for the MITF-High and proliferative melanoma cell-

states (Carreira et al., 2006), whilst the expression of proton transporters also

approximated for the invasive and AXL-High melanoma cell-states (Boshuizen et al.,

2018). There was a clear distinction, with the mRNA expression of these of proton

transporters either positively or negatively correlated with MITF-High and proliferative

melanomas with statistical significance (Figure 1la). Interestingly, these same

transporter genes showed a reverse correlation pattern when paired with AXL-High and

invasive melanoma cell-states (Figure 4.1). Strikingly, 11/14 (78.6%) of the proton

transporter genes showing statistically significant positive correlation with High-MITF

expression were ATP-driven (Figure 1), whereas 12/17 (70.6%) of the proton

transporter genes showing statistically significantly negative correlation with High-

MITF expression were non-ATP-powered (Figure 1). In particular, the mRNA

expression of multiple subunits of V-Type and F-Type ATPases, including ATP6V0al,

ATP6VICI, ATP6VID, and ATP6VIH; ATP5A1, ATP5B, and ATP5C1, were positively

correlated with High-MITF expression. On the other hand, the expression of solute

carrier proton transporters, including SLC947, SLC9A49, SLC11A41, SLCI15A42, and

SLC16A43, were negatively correlated with High-MITF expression (Figure 4.1). The

relative expression of MITF and the proton transporters were also analysed in 62

melanoma cell lines from the Cancer Cell Line Encyclopaedia (CCLE) (Barretina et al.,
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2012) database (Figure 4.2). Again, the CCLE dataset showed that melanoma cell lines

with high MITF expression demonstrated high expression of V-type ATPase subunits

such as ATP6VIA, ATP6VIC, and ATP6VI1H, and low expression of MCT and NHE

transporter isoforms including SLC16A43, SLC9A7, and SLCY949 (Figure 4.2).

This phenotypic class-switching effect on the expression of proton transporter

modalities depending on MITF expression level in melanoma cells was verified

experimentally in vitro. First, MITF-M was transiently overexpressed in the A375 and

IGR39 melanoma cell lines (Martin et al., 1989, Vachtenheim et al., 2001) known to

express low endogenous MITF (Kido et al., 2009, Konieczkowski et al., 2014), and

exhibit functional presence of V-Type ATPase and other proton transporters (Pan et al.,

2017, Yang and Loh, 2019) (Figure 4.3). MITF-M was overexpressed in A375 and

IGR39 using an in-house lentiviral MITF-M expression construct, pLAS2w-MITFM-

Ppuro (herein denoted “MITF”). Using qRT-PCR, the mRNA expression of proton

transporters relative to B-actin were then compared with the negative control — the same

melanoma cells transduced with the empty pLAS2w-Ppuro vector without the coding

sequence of M-MITF subcloned into the construct (denoted “EV”) (Figure 4.3a).

183



~ ©
© <~ I ]

D
H

E1
c1
G1

HVCN1
SLC11A1
SLC4A8
SLC1A2
SLC9A9
TCIRG1
ATP2B1
SLC15A3
SLC16A3
SLC9A7
ATP6V
ATP6V
ATP5A’
ATP5C
ATP6V
ATP6V
ATP6V
ATP6VOA1
ATP6V1C2
ATP2A3
ATP2B2
SLC15A4
SLC16A1
SLC1A3
SLC15A2
SLC26A7
SLC18A1
ATP5S
ATP6VOA4
ATP5B
SLC11A2
MITF

MEWO_SKIN
COLO783_SKIN
IGR1_SKIN
WM88_SKIN
WM1799_SKIN
MDAMB435S_SKIN
COLO849_SKIN
COLO800_SKIN
MELJUSO_SKIN
A101D_SKIN
RVH421_SKIN
COLO829_SKIN
WM2664_SKIN
C32_SKIN
SKMEL2_SKIN
HS944T_SKIN
UACC62_SKIN
COLO818_SKIN
A2058_SKIN
SKMEL31_SKIN
HS294T_SKIN
HS939T_SKIN
WM983B_SKIN
HT144_SKIN
A375_SKIN
WM793_SKIN
RPMI7951_SKIN
LOXIMVI_SKIN
HMCB_SKIN
CHL1_SKIN
COLO792_SKIN
COLO679_SKIN

| ] MALME3M_SKIN

COLO741_SKIN
SKMEL5_SKIN
SKMEL3_SKIN
UACC257_SKIN
MELHO_SKIN
IPC298_SKIN
KO29AX_SKIN
IGR37_SKIN
SH4_SKIN
G361_SKIN
SKMEL28_SKIN
SKMEL30_SKIN
HS936T_SKIN

[ | SKMEL1_SKIN
BJHTERT_SKIN
HS940T_SKIN
HS834T_SKIN
HS895T_SKIN
HS934T_SKIN
HS839T_SKIN
HSB00T_SKIN
IGR39_SKIN

|| HS688AT_SKIN

HS852T_SKIN
|| WM115_SKIN
HSB695T_SKIN
SKMEL24_SKIN
] GRM_SKIN
CJIM_SKIN

AT TR A TR A

mRNA Expression p rofile

GG

Figure 4.2: Proton transporters expression heat map of Proton Transporters
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Figure 4.3: Experimental Validation of the MITF-M Overexpression Cell Line
Models. (a) qRT-PCR analysis of MITF-M expression in A375 and IGR39 melanoma
cells, transduced with either the lentiviral empty vector (EV) or the lentiviral MITF-M
expression construct (MITF), as indicated. The relative expression levels of the MITF-
M gene were determined by 2"22Ct, Error bars represent standard deviation of at least 3
independent experimental replicates. (b) Western Blots, and (c) Densitometric analysis
of MITF protein expression relative to GAPDH in A375 and IGR39 transduced with
either the EV or MITF vector, as indicated. IGR37 was included as a positive control
for endogenous MITF expression. Densitometry was calculated using the ImagelJ
software. For densitometric analysis in (), n = 3 experiments, and data are presented
as mean + standard error of mean. *P < 0.05, **P < 0.01, ***P < 0.001. Statistical
significance was calculated using unpaired t-test. MITF-M: Microphthalmia-
Associated Transcription Factor, M-Isoform. GAPDH: Glyceraldehyde 3-phosphate
dehydrogenase.
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Accordingly, increased M-MITF transcript expression was demonstrated

following lentiviral transfection of the MITF construct as opposed to the EV construct

(Figure 4.3a). Next, increased MITF protein expression was also demonstrated via

western blotting following the transduction of the MITF construct versus the EV

construct in both A375 and IGR39 (Figure 4.3b). A positive control of endogenous

MITF protein expression in the IGR37 cell line (Falletta et al., 2017) was included in

the western blotting experiment to show that the experimental overexpression of the

MITF end-product in either A375 or IGR39 did not exceed that of endogenous MITF

expression in melanoma cells (Figure 4.3b-c).

Next, the mRNA transcript expressions of different proton transporters in EV and

MITF-overexpressed A375 and IGR39 cells were verified using qRT-PCR (Figure 4.4).

The proton transporters selected to be analysed via qRT-PCR were chosen based on the

list of transporters that were identified to be genes identified to be differentially

expressed in the TCGA data analysis in Figures 4.1 and 4.2, via high-throughput RNA-

sequencing, as per figures 4.1 and 4.2. As can be shown in figure 4.4, overexpression

of M-MITF in both A375 and IGR39 led to an increase in expression of proton pump

subunits driven by ATP hydrolysis, particularly that of F- and V-Type ATPases. Namely,

ATP5A1, ATP5B, ATP5CI1, ATP5S, ATP6Voal, ATP6VIA, ATP6VIC, and ATP6VID
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Figure 4.4: qRT-PCR Validation of the Effect of MITF Overexpression on Proton
Transporters mRNA Abundance. qRT-PCR Expression of proton transporter genes

in A375 and IGR39 melanoma cells, transduced with either the empty vector (EV) or
the lentiviral MITF-M expression construct (MITF), as indicated. The relative

expression levels of each selected gene were determined by 244¢, *P < 0.05, **P <
0.01, ***P < 0.001. ATP: Adenosine Triphosphatase; SLC: Solute Carrier; MITF-M:
Microphthalmia-Associated Transcription Factor, M-Isoform. Error bars represent

standard deviation of at least 3 independent experimental replicates.
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were all upregulated relative to EV following ectopic MITF expression in A375 and

IGR39 (Figure 4.4). In contrast, following MITF transduction, solute carrier proton

transporters were mostly downregulated relative to EV, as was the case with SLC9A41,

SLCY9A47, SLC9A49, SLCI1IAI, SLC1542, SLCI16A1, and SLCI6A43 (Figure 4.4).

Therefore, there appeared to be an expressive shift from solute carrier proton

transporters to proton pumps as MITF expression was increased via ectopic lentiviral

transduction in both A375 and IGR39.

As further proof of principle, the protein expression of selected proton transporters

in EV and MITF-overexpressed A375 and IGR39 cells were immunoblotted (Figure

4.5). Western analysis showed that the expression of multiple solute carrier proton

transporters was reduced following the overexpression of MITF-M in A375 and IGR39

(Figure 4.5a-c), including that of SLC9A1, SLC16A1, and SLC16A3, consistent with

the RNA-seq data (Figure 4.1). In contrast, the expression of the primary active proton

pump subunit ATP6VID was significantly upregulated following MITF-M

overexpression. The results from western blotting were consistent with both RNA-Seq

and qRT-PCR.

In addition, to validate the target specificity of the antibodies used in the western

blots, and to further visualise the effect of MITF overexpression on the expression of

these proton transporters at the subcellular level, immunofluorescence was also
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Figure 4.5: Ectopic MITF-M Expression in Melanoma Cells Alters Proton
Transporter Protein Expression. (a-d) Western blots and densitometric analyses of
whole cell lysates of A375 and IGR39, transduced with either empty vector (EV) or the
MITF-M lentiviral expression vector (MITF), as indicated. Protein expression levels of
(a) SLC9AL, (b) SLC16A1, (c) SLC16A3, and (d) ATP6VID are shown. Secondary
antibodies: HRP conjugated. Loading control: GAPDH. For densitometric analyses of
protein expression levels of the proton transporters relative to GAPDH, n = 3
experiments, and data are presented as mean + standard error of mean. Densitometry
was calculated using the Imagel software. *P < 0.05, **P < 0.01, ***P < 0.001.
Statistical significance was calculated using unpaired t-test. SLC: Solute Carrier;
ATP6V1D: Adenosine Triphosphatase 6, Subunit V1D. MITF-M: Microphthalmia-
Associated Transcription Factor, M-lsoform. GAPDH: Glyceraldehyde 3-phosphate
dehydrogenase.
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performed for the A375 cell line transduced with the MITF lentiviral expression

construct. As can be seen in figure 4.6, the subcellular distribution of these proton

transporters (SLC9A1, 16A1, and 16A3), as indicated by alexa-488 fluorescence, was

either cytoplasmic or plasmalemmal, with distinct nuclear sparing, consistent with the

subcellular expression pattern typically expected of solute carriers. Furthermore,

comparison between MITF-transduced and MITF-nontransduced A375 cells adjacent

to each other, within the same field of view under fluorescent microscopy (as indicated

by nuclear fluorescence of alexa-594) showed that the fluorescent intensity of SLC9AI,

SLC16A1, and SLC16A3 was significantly less in the MITF-transduced cells than the

MITF-nontransduced cells (Figure 4.6). Taken together, in the case of MITF

overexpression models using A375 and IGR39, expression changes in the proton

transporters both at transcript and end-product levels support the notion of MITF-

dependent transcriptomic reprogramming, which was demonstrated via high-

throughput RNA-Sequencing in the TCGA and CCLE datasets, and via qRT-PCR.

The effects of reducing MITF expression in melanoma cells was also verified

experimentally by MITF knockdown in the IGR37 — the allogenic cell line counterpart

to IGR39, which is known to express endogenous MITF (Figure 4.7). MITF-M was

knocked down in IGR37 using a series of pLKO lentiviral anti-MITF shRNA
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Figure 4.6: MITF-M Expression Alters Subcellular Abundance of Proton
Transporters. (a) Immunofluorescence of proton transporters SLC9A1, SLC16AI,
and SLC16A3 (green), MITF (red), and DAPI (blue) in A375 cells transduced and
untransduced with the ectopic MITF-M vector, showing contrasting enrichment of the
proton transport signals in the plasma membrane and cytoplasm, and enrichment of the
MITF signal in the nuclei. On the right, graphical representations of fluorescent
intensities and percentage changes in the expressions of (b) SLC9A1, (c¢) SLC16Al,
and (d) SLC16A3 in A375 cells transduced and untransduced with MITF-M are shown
(n = 3 experiments; 30-40 cells per condition per experiment). The SLC16A3 antibody
has been validated using immunofluorescence, immunohistochemistry, flow cytometry,
and western blotting (https://www.ptglab.com/products/SLC16A3-Antibody-22787-1-
AP.htm#related-products). Fluorescent intensity was calculated using the Imagel
software. For graphical representations, data are presented as mean + standard deviation.
*P < 0.05, **P < 0.01, ***P < 0.001. Statistical significance was calculated using
unpaired t-test. SLC: Solute Carrier; MITF-M: Microphthalmia-Associated
Transcription Factor, M-Isoform; DAPI: 4',6-diamidino-2-phenylindole. Scale bar =
40pum
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expression constructs described by Choi and Colleagues (Choi et al., 2017)— the

constructs are herein denoted “shMITF” — and the most efficient lentiviral knockdown

strains were used for downstream experiments. Using qRT-PCR, the mRNA expression

of proton transporters relative to B-actin were then compared with the negative control

— the same melanoma cells transduced with the pLKO vector containing shRNA

targeted to the LacZ gene (the construct is herein denoted “shlacZ”), which is only

present in prokaryotes. Accordingly, decreased M-MITF transcript expression was

demonstrated following lentiviral knockdown of MITF using either of the two most

knockdown-efficient lentiviral strains, sShMITF#1 or shMITF#2, compared to shLacZ

in IGR37 (Figure 4.7a). Decreased MITF protein expression was also demonstrated via

western blotting by knocking down MITF with either shMITF#1 or shMITF#2,

compared to shLacZ in IGR37 (Figure 4.7b-c).

Having established adequate MITF knockdown efficiency with the lentiviral

vectors in IGR37, the expression of mRNA transcripts of different proton transporters

was compared in MITF-knockdown and LacZ-knockdown IGR37 cells, via gqRTPCR

(Figure 4.8). The proton transporters analysed via qRT-PCR were chosen based on the

list of transporters that were identified to be different depending on MITF expression

as shown using high-throughput RNA-sequencing, as per figures 4.1 and 4.2. As can be

seen in figure 4.8, knockdown of MITF in IGR37 using either ssMITF#1 or shMITF#2
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Figure 4.7: Experimental Validation of the MITF-M Knockdown Cell Line Models.
(a) qRT-PCR analysis of MITF-M expression in IGR37 melanoma cells, transduced
with either the lentiviral negative control, shLac, or the lentiviral MITF-M knockdown
constructs, sShMITF#1 and #2, as indicated. The relative expression levels of the MITF-

M gene were determined by 2"22Ct, Error bars represent standard deviation of at least 3

independent experimental replicates. (b) Western Blots, and (c) Densitometric analysis

of MITF protein expression relative to GAPDH in A375 and IGR39 transduced with

either the shLac or the shMITF vectors, as indicated. Densitometry was calculated using

the ImagelJ software. For densitometric analysis in (c), n = 3 experiments, and data are

presented as mean =+ standard error of mean. *P < 0.05, **P < 0.01, ***P < 0.001.

Statistical significance was calculated using unpaired t-test. MITF-M: Microphthalmia-

Associated Transcription Factor, M-1soform. shLac: Short hairpin RNA targeted to f-

galactosidase. shMITF: Short hairpin RNA targeted to MITF-M. GAPDH:

Glyceraldehyde 3-phosphate dehydrogenase.
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Figure 4.8: qRT-PCR Validation of the Effect of MITF Knockdown on Proton
Transporter mRNA Abundance. qRT-PCR Expression of proton transporter genes in
IGR37 melanoma cells, transduced with either the lentiviral negative control, shLac, or
the lentiviral MITF-M knockdown constructs, sShMITF#1 and #2, as indicated. The
relative expression levels of each selected gene were determined by 2"24¢!, *P < 0.05,
**pP < 0.01, ***P < 0.001. ATP: Adenosine Triphosphatase; SLC: Solute Carrier;
MITF-M: Microphthalmia-Associated Transcription Factor, M-1soform. shLac: Short
hairpin RNA targeted to p-galactosidase. shMITF: Short hairpin RNA targeted to
MITF-M. Error bars represent standard deviation of at least 3 independent experimental

replicates.
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led to a decrease in expression of proton pump subunits driven by ATP hydrolysis,

particularly that of F- and V-Type ATPases — which was the opposite of what was

observed upon MITF overexpression in A375 and IGR39 (Figure 4.4). Namely,

ATP5A1, ATP5B, ATP5CI, ATP5S, ATP6Voal, ATP6VIA, ATP6VIC, and ATP6VID

were all downregulated relative to shLacZ following MITF knockdown in IGR37

(Figure 4.8). In contrast, following MITF knockdown by either shMITF#1 or

shMITF#2, solute carrier proton transporters were upregulated relative to shLacZ,

which was the case for SLC941, SLC9A47, SLC9A49, SLC11A41, SLC1542, SLC16A1,

and SLC16A43 (Figure 4.8). Therefore, there appeared to be a shift in expression from

proton pumps to solute carrier proton transporters at the mRNA level, as MITF

expression became downregulated via lentiviral knockdown in IGR37.

Next, the expressions of proton transporter proteins in IGR37 cells upon

knockdown of either ssMITF or shLacZ were compared using immunoblotting (Figure

4.9). Compared to the shLacZ negative control, multiple solute carrier proton

transporters were significantly upregulated at the protein level following the

knockdown of MITF-M with either shMITF#1 or shMITF#2 in IGR37 (Figure 4.9),

including that of SLC9A1, SLC16A1, and SLC16A3, consistent with the RNA-seq data

(Figure 4.1). In contrast, the expression of the primary active proton pump subunit

ATP6V 1D was significantly downregulated following MITF-M knockdown using
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Figure 4.9: MITF-M Knockdown in Melanoma Cells Alters Proton Transporter
Protein Expression. (a-d) Western blots and densitometric analyses of whole cell
lysates of IGR37, transduced with either the lentiviral negative control, shLac, or the
lentiviral MITF-M knockdown constructs, shMITF#1 and #2, as indicated. Protein
expression levels of (a) SLC9AI, (b) SLC16A1, (¢c) SLC16A3, and (d) ATP6VID are
shown. Secondary antibodies: HRP conjugated. Loading control: GAPDH. For
densitometric analyses of protein expression of the proton transporters relative to
GAPDH, n = 3 experiments, and data are presented as mean + standard error of mean.
Densitometry was calculated using the ImagelJ software. *P < 0.05, **P < 0.01, ***P <
0.001. Statistical significance was calculated using unpaired t-test. SLC: Solute Carrier;
ATP6V1D: Adenosine Triphosphatase 6, Subunit V1D. MITF-M: Microphthalmia-
Associated Transcription Factor, M-1soform. shLac: Short hairpin RNA targeted to -
galactosidase. shMITF: Short hairpin RNA targeted to MITF-M. GAPDH:
Glyceraldehyde 3-phosphate dehydrogenase.
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either shAMITF#1 or shMITF#2 (Figure 4.9). The results from western blotting were

consistent with both RNA-Seq and qRT-PCR.

To validate the target specificity of the antibodies used in the western blots, and to

further visualise the effect of MITF knockdown on the expression of proton pumps at

the subcellular level, immunofluorescence was also performed for the IGR37 knocked

down with either ssMITF#1 or shMITF#2. As can be seen in figure 4.10, the subcellular

distribution of the V-Type ATPase subunit ATP6V 1D was cytoplasmic, as indicated by

alexa-488 fluorescence, consistent with the subcellular expression pattern typically

expected of proton pumps. Furthermore, comparison between IGR37 cells that

achieved efficient MITF-knockdown and adjacent cells with minimal MITF-

knockdown, within the same field of view under fluorescent microscopy (as indicated

by nuclear fluorescence of alexa-594) showed that the fluorescent intensity of

ATP6V1D was significantly less in the MITF-knockdown cells than the cells without

MITF-knockdown (Figure 4.10). Taken together, in the case of MITF knockdown

models using shMITF#1 and shMITF#2 in IGR37, expressional changes in the proton

transporters at both the levels of transcript and protein support findings of MITF-

dependent transcriptomic reprogramming, which was demonstrated via high-

throughput RNA-Sequencing in the TGCA and CCLE datasets, and via qRT-PCR.
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Figure 4.10: MITF-M Knockdown Alters Subcellular Abundance of Proton
Transporters. (a) Inmunofluorescence of the proton pump subunit, ATP6V 1D (green),
MITF (red), and DAPI (blue) in IGR37 cells transduced and untransduced with the
lentiviral MITF-M knockdown vectors, shMITF#1 and #2, showing contrasting
enrichment of the ATP6V1D signal in the cytoplasm, and enrichment of the MITF
signal in the nuclei. On the right, graphical representation of fluorescent intensities and
percentage changes in the expression of ATP6VID in IGR37 cells transduced and
untransduced with the shMITF vectors shMITF#1 (b) and shMITF#2 (c) are shown (n
= 3 experiments; 30-40 cells per condition per experiment). Fluorescent intensity was
calculated using the ImagelJ software. For graphical representations, data are presented
as mean + standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001. Statistical
significance was calculated using unpaired t-test. ATP: Adenosine Triphosphatase;
MITF-M: Microphthalmia-Associated Transcription Factor, M-Isoform; shLac: Short
hairpin RNA targeted to p-galactosidase. shMITF: Short hairpin RNA targeted to
MITF-M.DAPI: 4',6-diamidino-2-phenylindole. Scale bar = 40um
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DISCUSSION

This chapter showed that phenotypic plasticity as mediated by MITF in melanoma

extended to the realm of proton transport. Contrasting proton transporter gene

signatures were identified in MITF-High and MITF-Low melanomas, where MITF-

High melanomas and cell lines were correlated predominantly with the expression of

genes encoding ATP hydrolysis-dependent proton pumps, whilst MITF-Low

melanomas and cell lines were associated with the expression of genes encoding solute

carrier proton transporters (Figures 4.1-4.2). The direct correlation of MITF with the

different proton pumps can also be investigated in TCGA. These findings were verified

experimentally at the transcript and protein expression levels using qRT-PCR, western

blotting, and immunofluorescence (Figure 4.3-4.10). Interesting questions that arise

from this work are whether transcriptional regulation is the only/best way to regulate

the expression of these genes, and whether the activities of proton transporters can also

be regulated. The next chapter goes on to address the changes in proton transporter

activities in these different MITF-dependent phenotypic states.

The phenotypic dichotomy in proton transporters gene signatures regulated by

MITF expression likely reflects an underlying schism in the fundamental metabolic

nature of the melanoma cell, since the deployment of proton pumps in MITF-High
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melanomas would require endogenously synthesised ATP (Beyenbach and Wieczorek,

2006), whereas utilisation of secondary active proton transporters in MITF-Low

melanomas relies on the presence of transmembrane electrochemical gradients of

solutes, a regulatory feature that depends at least in part on the solute composition of

the stromal microenvironment (Morotti et al., 2019). MITF has been shown to regulate

mitochondrial biogenesis in melanoma via the transactivation of the transcriptional co-

activator, PGCla (Vazquez et al., 2013), and therefore high levels of oxidative

phosphorylation and ATP availability characterise melanoma cells in which MITF is

expressed (Parmenter et al., 2014). This chapter suggests that in these MITF-High cells,

there is a corresponding increase in the recruitment of proton pumps that directly utilise

ATP-hydrolysis as the means of energy expenditure to move protons against the

electrochemical gradient (Figures 4.1-4.2). When MITF is knocked down or poorly

expressed, recruitment of solute carrier proton transporters and downregulation of

proton pumps shown in this chapter (Figures 4.7-4.10) likely reflects a diminishing

supply of mitochondrial ATP via oxidative phosphorylation (Vazquez et al., 2013),

precipitating a genomic shift towards secondary active transport, which is reliant on

microenvironmental solute movement. This phenotypic plasticity in proton transport

mechanisms may represent cellular contingencies to support the upkeep of intracellular

pH homeostasis over a wide range of ATP availability, in concert with MITF’s

200



regulatory adjustment of mitochondrial biogenesis and oxidative phosphorylation (Haq

etal., 2013).

Recent comparative genomics studies in melanoma provided evidence to support

proton transport as a transcriptomically regulated phenotype in melanoma (Mazzio and

Soliman, 2018, Siena et al., 2019). A recent study on ZEBI-Antisense RNA 1-enriched

melanomas used gene ontology and reactome enrichment analysis of the TCGA dataset

to show that the biological processes most negatively correlated with ZEB1-AS1

expression in melanoma were ion transport, pH reduction, and ATP hydrolysis-coupled

proton transport (Siena et al., 2019). Since ZEB1-AS1 is the transcriptional repressor

of MITF in melanoma (Caramel et al., 2013), such findings support the analyses

generated in this results chapter. Another basic array analysis of the lymph node

metastasis SK-MEL-3 melanoma cells, also demonstrated that its gene signature

showed an inherent dominance of altered gene expression in relation to intracellular pH

reduction, regulation of intracellular pH, and ATP-coupled proton transport (Mazzio

and Soliman, 2018). These studies agreed with the results from this chapter, pointing to

the importance of controlling the proton transporters transcriptome as an important

aspect of melanoma dysplasia.

It had been previously shown that MITF functions as the master regulator of the

V-Type ATPase in Drosophila and human melanoma (Zhang et al., 2015), and the
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results from this chapter showed that the influence of MITF on proton transport is far-

reaching, extending to the regulation of solute carrier proton transporters as well. The

incorporation of both solute carriers and proton pumps into contrasting gene signatures

may enable the melanoma cell to dynamically adjust the amount of ATP production and

energy required to maintain pH; homeostasis, depending on the cellular environment.

The deployment of proton-coupled solute transport likely also carries cellular

nutritional value in addition to facilitating proton transport per se, since a large number

of solutes, such as monocarboxylates and dipeptides, may also double as metabolic fuel

as they enter the cellular metabolic system (Wu, 2009).

That the shift in energy coupling for proton transport exists at the transcriptomic

level, regulated by the oncogenic transcription factor MITF in melanoma suggests that

this genomic phenomenon likely has basic and clinical translational implications, which

warrants further studies. Taken together, the results presented in this chapter uncovered

novel MITF-dependent proton transport phenotypes in melanoma involving the

mechanisms of energy coupling for proton transportation.
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CHAPTER 5

Regulation of Proton Transporters Function by MITF in Melanoma

Abstract

The previous chapter showed that in melanoma, the expression of proton

transporters is regulated by MITF. Whether such MITF-dependent transcriptomic

organisation of proton transporters had any functional consequences on cell biology is

unknown. This chapter showed that MITF knockdown increased the rate of MCT1-

mediated proton-coupled monocarboxylate import in IGR37 cells, including that of

pyruvate, lactate, and B-Hydroxybutyrate transportation. MCT1 transport activity was

crucial for the acidotic survival of MITF-knockdown melanoma cells, as caspase 3/7

activation in MITF-knockdown cells could be selectively induced either by removal of

ambient pyruvate, or by treatment with the small molecule MCT1 inhibitor, AR-

C155858. Furthermore, AR-C155858 treatment combined with the BRAFVY60E

inhibitor, vemurafenib, to specifically potentiate cytotoxic killing in acidotic MITF-

knockdown cells. Therefore, exploiting the phenotypic plasticity of proton transporters

in melanoma, our study identified a novel approach to enhance cytotoxicity in the

subset melanoma cells expressing low levels of MITF, via targeting their dependency
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on monocarboxylate transport for acidotic survival.
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INTRODUCTION

Melanoma cells dispose of metabolic acids generated from Warburg metabolism

and pentose-phosphate-pathway shunting by exercising an elaborate system of

transmembrane proton transporters (Bohme and Bosserhoff, 2016). In order to maintain

intracellular pH (pH;) homeostasis, these endergonic proton transporters extrude

stoichiometric amounts of lactate and hydrogen ions from the cytosol into the

extracellular space, or alternatively into the subcellular acidic compartments (Corbet

and Feron, 2017). Three main types of proteins mediate proton transport in cells, and

they are broadly categorised as proton channels, carriers, pumps (Maathuis, 2017). In

total, more than one-hundred types of proton transporter genes and their gene products

exist in melanoma cells (Alaxender et al., 2017). Well-known examples include the

Vacuolar- and Factor-type adenosine triphosphatases (V- and F-Type ATPases,

respectively) (Mulkidjanian et al., 2007); and isoforms of the sodium hydrogen

exchanger (NHE) (Stock and Pedersen, 2017); the monocarboxylate transporter (MCT)

(Pinheiro et al., 2016); the anion exchanger (AE) (Bohme and Bosserhoft, 2016); and

the sodium bicarbonate co-transporter (NBC) (Hao et al., 2018).

Recent studies have increasingly demonstrated that deranged pH; regulation

comprises an important but underexplored aspect of melanocytic dysplasia (Siena et al.,
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2019). Proton transport and intracellular pH regulation represent a sizable portion of

genes whose expression is increased manifold in different melanoma cell lines (Mazzio

and Soliman, 2018, Siena et al., 2019). However, characteristic proton transporter gene

signatures in melanoma remain to be molecularly defined. In addition, it is currently

unknown whether such proton transporter signatures may participate in MITF-

dependent phenotypic switching (Arozarena and Wellbrock, 2019, Vivas-Garcia et al.,

2020).

In the previous chapter, high and low MITF expression levels in melanoma were

shown to be significantly associated with the expression of two contrasting

transcriptomic sets of proton transporters that differed in terms of energy-coupling

mechanisms. High MITF expression was associated with the expression of ATP

hydrolysis-driven proton pumps, including F- and V-Type ATPases, at the expense of

downregulating solute carriers proton transporters; whilst low MITF expression was

significantly associated with the expression of secondary active solute carrier proton

transporters, at the expense of expressing proton pumps at a lower level (Figures 4.1

and 4.2). Overexpression and knockdown of MITF in cell lines via lentiviral

transduction recapitulated MITF’s transcriptomic effects on proton transport, and the

changes in expression of individual proton transporters were characterised via qRT-

PCR, western blotting, and immunofluorescence (Figures 4.3-4.10).
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Such contrasting expression signatures of proton transporters would likely

manifest functional consequences. This chapter characterised the functional effects that

differential MITF expression had on pH; regulation and proton-coupled solute transport

in melanoma cells. To do so, IGR37 cells with stable MITF-knockdown were analysed

using BCECF microspectrofluorometry, which enabled real-time measurement of

intracellular pH in the individual cells. Proton-coupled solute influx and efflux

capacities of melanoma cells with MITF knockdown were interrogated via superfusion

with different experimental solutions containing monocarboxylates, including pyruvate,

lactate, and B-hydroxybutyrate. Furthermore, survival of melanoma cells incubated at

the acidotic extracellular pH of 6.8 was studied in MITF-knockdown and control cells.

This chapter showed the pyruvate was less potent at sustaining the acidotic

viability of IGR37 cells following MITF knockdown, an effect likely attributed to the

downregulation of MITF-dependent mitochondrial oxidative phosphorylation that

metabolises pyruvate (Vazquez et al., 2013). The elevated concentration of pyruvate

required to maintain acidotic viability in IGR37 after MITF-knockdown was associated

with a comparative upregulation of MCTI1-dependent proton-coupled pyruvate

transport in the respective cells. To test whether the upregulation of MCT1 function in

MITF-knockdown cells was a necessity for surviving acidosis, the small molecule

MCTT1 inhibitor, AR-C155858, was applied to IGR37 cells. AR-C155858 induced
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significantly more acidotic caspase 3/7 activity, and potentiated more vemurafenib-

induced acidotic cytotoxicity in the MITF-knockdown IGR37 cells than IGR37 with

LacZ-knockdown. MITF-Low IGR37 was thus shown to be relatively more dependent

on MCTT1 function to resist acidotic stress —a finding that is consistent with the concept

of proton transporter phenotypes participating in MITF-mediated phenotypic plasticity

in melanoma. Importantly, this chapter showed that small molecule targeting of MCT]1

in MITF-Low cells under acidotic stress was cytotoxic, which encompasses a novel

approach to enhance treatment efficacy in the subset melanoma cells with low levels of

MITF expression.
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RESULTS

Since transient knockdown of MITF-M in IGR37 increased the expression of

various solute carrier proton transporters in the previous chapter, MITF-M was stably

knocked down in the IGR37 cells to investigate the functional consequences of such

SLC induction. As seen in Figure 5.1a, the pigmentation of the melanoma cell pellets

was significantly reduced following stable MITF knockdown with either the shMITF#1

or the shMITF#2 vector, compared to the negative control LacZ knockdown cells. As

MITF is a well-described transcriptional driver of melanocytic pigmentation

(Kawakami and Fisher, 2017), the depigmentation of the IGR37 cell pellets following

stable MITF knockdown visually demonstrated the functional validity of the stable

knockdown experiments. Such changes in cell pellet pigmentation had also been

documented in previous studies (Haq et al., 2013, Ferretta et al., 2016).

Next, we grossly inspected the IGR37 cell lines following incubation with the live-

cell fluorescent indicator of intracellular pH, BCECF-AM. Following 1-hour

incubation, it was apparent under fluorescent microscopy that IGR37 cells with MITF-

M stably knocked down (IGR37-shMITF#1 and IGR37-shMITF#2, respectively) were

less fluorescent than IGR37 with LacZ stably knocked down (IGR37-shLacZ, Figure

5.1b). Less BCECF fluorescence in the MITF knock-down cells lines indicated a
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Figure 5.1: MITF-M Knockdown in Melanoma Cells Lowers Intracellular pH (a)
Representative figure of the pigmentation in IGR37-shLacZ or IGR37-shMITF cell
pellets. Quantification is shown in the lower panel (n = 3 individual experiments for
each experimental condition, statistical analysis: unpaired t test). (b) Representative
fluorescent images of IGR37-shLacZ or IGR37-shMITF cell lines incubated in
BCECF-AM, showing differences in intracellular BCECF fluorescence. Quantification
is shown in the lower panel (n = 3 individual experiments for each cell line, 30-40 cells
included per experiment, statistical analysis: unpaired t test). (c) Representative traces
of IGR37 cells superfused with 1uM AR-C155858 or 1:1000 DMSO, followed by
treatment with10mM pyruvate (Pyr), 10mM B-Hydroxybutyrate (Bhb), or 10mM L-
Lactate. Quantification is shown in the lower panel (n = 5 individual experiments for
each experimental condition, statistical analysis: unpaired t test). *P < 0.05, **P <0.01,
***p < 0.001. shLacZ: Short hairpin RNA targeting p-galactosidase. sShMITF: Short
hairpin  RNA  targeting MITF-M. BCECF: 2’,7’-Bis(2-carboxyethyl)-5(6)-
carboxyfluorescein. pHi: Intracellular pH.
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lower intracellular pH in these cells (Matamoros-Volante and Trevifio, 2020).

Interestingly, cellular import of lactic acid by MCT]1 in invasive melanoma xenografts

has been shown to promote intracellular acidification (Tasdogan et al., 2020). Given

that MITF knockdown in the previous chapter resulted in a phenotypic switch from

proton pumps to solute carriers proton transporters, it was possible that the observed

intracellular acidification in MITF knockdown cells could also be, at least in part, the

result of an increase in the net cellular importation of solutes and protons, secondary to

the phenotypic upregulation of solute carrier proton transporters (Figures 4.1-4.2).

Amongst the implicated proton transporters, MCT1 was considered the key

transporter that could be upregulated to mediate the observed intracellular acidification

following MITF knockdown. First, MCT1 has been repeatedly shown to act as the

major functional proton transporter in melanoma cells (Yang and Loh, 2019, Wahl et

al., 2002); Second, the previous chapter had empirically shown MCT1 to be one of the

most upregulated candidate solute carrier proton transporters following MITF

knockdown (Figures 4.1-4.2). Logistically, MCTT1’s transport activity can be reliably

assessed using in-house BCECF microspectrofluorometry (Yang and Loh, 2019).

BCECF Microspectrofluorometry is an inverted epifluorescent microscopy technique,

where cells loaded with BCECF are continuously recorded for their BCECF

fluorescence, whilst being superfused with a customised isotonic solution (Chen et al.,
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2018). By adjusting the composition of the superfusing solution, the effects of the

superfusate on the cells’” BCECF fluorescence can be recorded in real time, and

converted to intracellular pH values following experimental calibration (Chen et al.,

2018). Therefore, given the practical feasibility of experimentation, we examined

whether the observed intracellular acidification in MITF-knockdown IGR37 could be

explained, at least in part, by an upregulation of MCT1-mediated proton-coupled

monocarboxylate transport associated with MITF-dependent phenotypic switching.

We first examined whether IGR37 cells could deploy MCT1 to import a range of

monocarboxylates (Figure 5.1c). BCECF microspectrofluorometry showed that the

addition of monocarboxylates pyruvate, L-lactate, and B-hydroxybutyrate, to IGR37

cells all resulted in significant reductions in intracellular pH. (Figure 5.1c). This

suggested the functional presence of proton-coupled monocarboxylate import in [GR37.

The concurrent superfusion of monocarboxylates with the addition of AR-C155858, a

small molecular inhibitor of MCT]1 , significantly decreased both the influx and efflux

of all three types of monocarboxylates into and out of the IGR37 cells compared to

superfusion with 1:1000 DMSO, suggesting that the transplasmalemmal proton-

coupled movement of monocarboxylates in IGR37 was specifically mediated by MCT1

(Figure 5.1c¢).

Having shown that MCT1 was functional in IGR37 for carrying out proton-
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coupled transport of a range of metabolically active monocarboxylates, we next sought

to compare the rates of MCT1 transport activity in IGR37 cells with knockdown of

either MITF or LacZ. As can be seen in Figure 5.2a, upon serial exposure to 10mM and

3mM pyruvate, the intracellular pH of IGR37-shMITF#1 and IGR37-shMITF#2

acidified more, and at a significantly faster rate than IGR37-shLacZ. This suggested

that the proton-coupled transmembrane flux of pyruvate was significantly more active

following MITF knockdown in IGR37 cells. Alternatively, MITF-M was also stably

overexpressed in A375 cells (Figure 4.3), which are amelanotic melanoma cells without

endogenous MITF expression (Kido et al., 2009). Following pyruvate superfusion,

A375 with stably overexpressed MITF-M acidified less, and at a lower rate than A375

stably transduced with the empty vector (EV) (Figure 5.2b). This suggested that the

ectopic expression of MITF-M in A375 reduced MCT1-mediated proton-coupled

pyruvate transport, which further supported a role for MITF in the phenotypic

regulation of MCT 1 transport activity in melanoma cells.

MCT1’s transport activities involving L-lactate and B-Hydroxybutyrate were also

compared in IGR37 cells following knockdown of either MITF or LacZ (Figure 5.3a-

b). Upon the addition of 10mM and 3mM of L-lactate or B-Hydroxybutyrate, the

knockdown of MITF-M resulted in a comparatively faster rate of intracellular

acidification than knockdown of LacZ, suggesting that proton-coupled lactate and -
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Figure 5.2: MITF-M Knockdown in Melanoma Cells Enhances Proton-Coupled
Pyruvate Transport. (a) Representative traces of IGR37-shLacZ or IGR37-shMITF
cell lines sequentially superfused with 10mM and 3mM pyruvate (Pyr). Quantification
is shown in the lower panels (n = 5 individual experiments for each experimental
condition, statistical analysis: unpaired t test). (b) Representative traces of A375-EV or
A375-MITF cell lines sequentially superfused with 10mM and 3mM pyruvate (Pyr).
Quantification is shown in the lower panels (n = 5 individual experiments for each
experimental condition, statistical analysis: unpaired t test). *P < 0.05, **P < 0.01, ***P
< 0.001. shLacZ: Short hairpin RNA targeting p-galactosidase. sShMITF: Short hairpin
RNA targeting MITF-M. pHi: Intracellular pH.
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Figure 5.3: MITF-M Knockdown in Melanoma Cells Enhances Proton-Coupled
L-Lactate and p-Hydroxybutyrate Transport. Representative traces of IGR37-
shLacZ or IGR37-shMITF cell lines sequentially superfused with 10mM and 3mM of
(a) L-Lactate (Lct), or (b) B-Hydroxybutyrate (Bhb). Quantification is shown in the
lower panels (n =5 individual experiments for each experimental condition, statistical
analysis: unpaired t test). *P < 0.05, **P < 0.01, ***P < 0.001. shLacZ: Short hairpin
RNA targeting p-galactosidase. sShMITF: Short hairpin RNA targeting MITF-M. pH;:
Intracellular pH.
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Hydroxybutyrate transport mediated by MCT1 were more active following MITF

knockdown in IGR37 (Figure 5.3a-b). The functional upregulation of MCT]1 following

MITF knockdown could also explain, at least in part, the relative intracellular

acidification in these cells (Figure 5.1b).

It was previously shown in Chapter 3, that low pHe (at pHe 6.8) induced a slow-

cycling phenotype in melanoma cells, associated with survival at a reduced rate of

cellular proliferation (Figures 3.1-3.2) (Yang and Loh, 2019). This phenomenon has

also been demonstrated in other studies (Bohme and Bosserhoff, 2020, Marino et al.,

2012). Given MCT1 was the major determinant of intracellular pH in melanoma cells

(Yang and Loh, 2019, Wahl et al., 2002), and here MCT1 was demonstrated to be

functionally upregulated in IGR37 cells with MITF-knockdown (Figures 5.2-5.3), it

raised the question of whether inhibition of MCT1 transport in the context of acidosis

could be synthetically lethal for the subset of melanoma cells with low MITF expression.

To examine this possibility, we first tested melanoma cells’ dependency on MCT1

substrates for acidotic survival (Figure 5.4a). Pyruvate was chosen as the experimental

monocarboxylate supplement because its use in cell culture as an optional intermediate

metabolite to support growth is established and standardised (Eagle et al., 1958). MITF-

and LacZ-knockdown IGR37 cells were cultured at an extracellular pH (pHe) of 6.8,

supplemented with 1mM pyruvate for 72hrs. The experiments were controlled by
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Figure 5.4: Pyruvate Starvation in Melanoma Cells with MITF-M Knockdown
Reduces Acidotic Viability. (a) Representative figure of acidotic Resorufin production
in IGR37-shLacZ or IGR37-shMITF cell lines subjected to a dose titration of pyruvate
(Pyr) for 72hrs, at the pHe of 6.8. Positive controls consisted of cells from respective
cell lines incubated in ImM pyruvate and at pHe 7.4. Quantification is shown in (b),
where the data are represented as mean + SEM for technical replicates (n= 3) and are
representative of 3 individual experiments. Statistical analysis: two-way ANOVA. (c)
Time course of acidotic Resorufin production in IGR37-shLacZ or IGR37-shMITF cell
lines cultured in 0.1mM pyruvate for 72hrs, at the pHe of 6.8, normalised to cells from
respective cell lines incubated in ImM pyruvate at the pHe 7.4. The data are represented
as mean £ SEM for technical replicates (n= 3) and are representative of 3 individual
experiments. Statistical analysis: two-way ANOVA. *P < 0.05, **P < 0.01, ***P <
0.001. shLacZ: Short hairpin RNA targeting f-galactosidase. sShMITF: Short hairpin
RNA targeting MITF-M. pHi: Intracellular pH.
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culturing the respective cells in parallel at the pHe of 7.4, in the presence of 1mM

pyruvate (Figure 5.4a). Different concentrations of pyruvate were withdrawn from the

acidotic cell culture of pHe 6.8 in a dose-titrated manner (Figure 5.4a).

Interestingly, in the presence of surplus amounts of pyruvate (1mM), the difference

in cell viability as measured by resorufin production at 72hrs was not significantly

different between culturing at pHe 7.4 and pHe 6.8 for all the cell lines involved.

However, as pyruvate concentration in cell culture decreased, the rate of decline in

normalised acidotic resorufin production was faster in the IGR37-shMITF cell lines

compared with IGR37-shLacZ (Figure 5.4a). In pH 6.8 acidosis, all cell lines ceased to

reduce resazurin below a pyruvate concentration of 30uM (Figure 5.4a-b), suggesting

that pyruvate starvation was detrimental to acidotic melanoma viability. Pyruvate’s

EC50 value for maintaining normalised resarufin production at pHe 6.8 was 57.86 +

4.34uM for the IGR37-shLacZ cell line, whilst the EC50 value increased to 129.12 +

6.28uM and 139.28 + 4.68uM for IGR37-shMITF#1 and IGR37-shMITF#2,

respectively (p<0.001, n=3, two-way ANOVA) (Figure 5.4b). The EC50 values

suggested that pyruvate was significantly less potent at maintaining acidotic resorufin

production in the IGR37-shMITF cell lines than in IGR37-shLacZ, which accounted

for the greater decline in normalised resorufin production in the IGR37-shMITF cell

lines upon acidotic pyruvate withdrawal. In addition, the reduced potency of pyruvate
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for maintaining resorufin production in IGR37-shMITF cell lines was evident even in

the positive control wells, where at neutral pHe 7.4 the MITF knockdown cell lines

carried out less resazurin conversion than IGR37-shLacZ (Figure 5.4a-b). This

suggested that IGR37-shMITF cell lines were inherently less capable of reducing

resazurin, and this deficit was exacerbated by the combination of exposures to acidosis

and pyruvate starvation. The relative incapability of IGR37 to reduce resazurin at

neutral pH following MITF knockdown is consistent with previous reports of MITF

being a critical factor in driving the PGCla transcriptional axis for mitochondrial

biogenesis (Haq et al., 2013, Vazquez et al., 2013), since the biochemical reduction of

resazurin requires aerobic respiration by cells actively participating in oxidative

phosphorylation (Abu-Amero and Bosley, 2005, Zhang et al., 2004).

A further analysis of the time course of normalised resorufin production over a

period of 72hrs also showed that normalised resorufin production in IGR37-shMITF#1

and IGR37-shMITF#2 was significantly curtailed compared with IGR37-shLacZ, when

incubated at the fractional effective pyruvate concentration of 0.1mM at pHe 6.8 (Figure

5.4c). This finding reinforced the results of the pyruvate dose-titration, as shown in

Figures 5.4a and 5.4b.

To confirm that the comparative decline in acidotic cell viability in IGR37-

shMITF cell lines upon pyruvate withdrawal was reflected in a reduction in cell number,
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we additionally analysed normalised Hoechst 33342 cell counts in the same
experimental set-up. At 72hrs of experimentation, all three of IGR37-LacZ, IGR37-
shMITF#1, and -shMITF#2 cell lines showed a dose-dependent reduction in normalised
Hoechst 33342 cell counts/mm? following pyruvate withdrawal from the acidic medium
(Figure 5.5a). However, the rate of acidotic decline in normalised Hoechst 33342 cell
counts was faster in the IGR37-shMITF cell lines compared with IGR37-shLacZ
(Figure 5.5a-b). A time-course analysis of normalised Hoechst 33342 cell counts over
72hrs also showed that the rate of acidotic decline in normalised Hoechst 33342 cell
counts was faster in the IGR37-shMITF cell lines than IGR37-shLacZ (Figure 5.5¢).
Therefore, the relative reduction in acidotic viability in IGR37-shMITF cell lines
following pyruvate withdrawal was reflected in a comparative reduction in acidotic
Hoechst 33342 cell counts.

We further characterised the nature of the pyruvate-starved decline in acidotic
viability and cell number in the MITF-knockdown IGR37 cells to be apoptotic in nature.
At 72hrs in acidotic culture, all three of IGR37-LacZ, IGR37-shMITF#1, and -
shMITF#2 cell lines showed a dose-dependent increase in normalised caspase 3/7
activation following pyruvate withdrawal from the acidic medium (Figure 5.6a). The
rate of acidotic increase in normalised green fluorescent cell counts/mm? — indicating

live-cell caspase 3/7 activation) — was faster in the IGR37-shMITF cell lines compared
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Figure 5.5: Pyruvate Starvation in Melanoma Cells with MITF-M Knockdown
Reduces Acidotic Hoechst 33342 Cell Count. Representative figure of acidotic
Hoechst 33342 cell counts in IGR37-shLacZ or IGR37-shMITF cell lines subjected to
a dose titration of pyruvate (Pyr) for 72hrs, at the pHe of 6.8. Positive controls consisted
of cells from respective cell lines incubated in 1mM pyruvate and at pHe 7.4.
Quantification is shown in (b), where the data are represented as mean + SEM for
technical replicates (n= 3) and are representative of 3 individual experiments. Statistical
analysis: two-way ANOVA. (c¢) Time course of acidotic Hoechst 33342 cell counts in
IGR37-shLacZ or IGR37-shMITF cell lines cultured in 0.1mM pyruvate for 72hrs, at
the pHe of 6.8, normalised to cells from respective cell lines incubated in 1mM pyruvate
at the pHe 7.4. The data are represented as mean + SEM for technical replicates (n= 3)
and are representative of 3 individual experiments. Statistical analysis: two-way
ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001. shLacZ: Short hairpin RNA targeting
[S-galactosidase. sShMITF: Short hairpin RNA targeting MITF-M. pHi: Intracellular pH.
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Figure 5.6: Pyruvate Starvation in Melanoma Cells with MITF-M Knockdown
Increases Acidotic Caspase 3/7 Activation. Representative figure of acidotic caspase
3/7 activation in IGR37-shLacZ or IGR37-shMITF cell lines subjected to a dose
titration of pyruvate (Pyr) for 72hrs, at the pHe of 6.8. Negative controls consisted of
cells from respective cell lines incubated in 1mM pyruvate and at pHe 7.4.
Quantification is shown in (b), where the data are represented as mean + SEM for
technical replicates (n= 3) and are representative of 3 individual experiments. Statistical
analysis: two-way ANOVA. (c) Time course of acidotic caspase 3/7 activation in
IGR37-shLacZ or IGR37-shMITF cell lines cultured in 0.1mM pyruvate for 72hrs, at
the pHe of 6.8, normalised to cells from respective cell lines incubated in ImM pyruvate
at the pHe 7.4. The data are represented as mean + SEM for technical replicates (n= 3)
and are representative of 3 individual experiments. Statistical analysis: two-way
ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001. shLacZ: Short hairpin RNA targeting
[S-galactosidase. sShMITF: Short hairpin RNA targeting MITF-M. pHi: Intracellular pH.
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with IGR37-shLacZ (Figures 5.6a-b). A time-course analysis of normalised caspase 3/7
activation over 72hrs also showed that the rate of acidotic rise in normalised caspase
3/7 activation was faster in the IGR37-shMITF cell lines than IGR37-shLacZ (Figure
5.6¢). Therefore, the relative increase in acidotic apoptosis in IGR37-shMITF cell lines
following pyruvate withdrawal accompanied a comparative reduction in acidotic
viability and cell count (Figures 5.4-5.5).

The above result suggested that IGR37-shMITF cell lines were more dependent
than IGR37-shLacZ on pyruvate for maintaining acidotic cell viability, Hoechst 33342
cell counts, and for preventing acidotic caspase 3/7 activation. If this is the case, then
small molecule blockade of MCT1 via the inhibitor AR-C155858 should result in
higher fractional cell killing in the MITF-knockdown IGR37 cells under acidotic stress.
This hypothesis was tested by culturing MITF- and LacZ-knockdown IGR37 cells at
an extracellular pH (pHe) of 6.8, supplemented with ImM pyruvate. The acidotic cells
were then treated with a dose titration of AR-C155858 for 72hrs (Figure 5.7a). The
experiments were controlled by treating the respective cells with 1:1000 DMSO, at the
pHe of 6.8, in the presence of ImM pyruvate in parallel (Figure 5.7a). At 72hrs of
experimentation, all three of IGR37-LacZ, IGR37-shMITF#1, and -shMITF#2 cell
lines subjected to a dose titration of AR-C155858 in pH. 6.8 showed a dose-dependent

reduction in normalised Hoechst 33342 cell counts/mm? (Figure 5.7a). As expected, the
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Figure 5.7: AR-C155858 Treatment in Melanoma Cells with MITF-M Knockdown
Reduces Acidotic Hoechst 33342 Cell Count. Representative figure of acidotic
Hoechst 33342 cell counts in IGR37-shLacZ or IGR37-shMITF cell lines subjected to
a dose titration of AR-C155858 (ARC) for 72hrs, at the pHe of 6.8 and in ImM pyruvate.
Negative controls consisted of cells from respective cell lines incubated in 1:1000
DMSO (DM), 1mM pyruvate, and at pH. 6.8. Quantification is shown in (b), where the
data are represented as mean + SEM for technical replicates (n= 3) and are
representative of 3 individual experiments. Statistical analysis: two-way ANOVA. (c)
Time course of acidotic Hoechst 33342 cell counts in IGR37-shLacZ or IGR37-shMITF
cell lines cultured in 1uM AR-C155858 for 72hrs, at the pHe of 6.8, normalised to cells
from respective cell lines incubated in 1:1000 DMSO at the pHe 6.8. The data are
represented as mean + SEM for technical replicates (n= 3) and are representative of 3
individual experiments. Statistical analysis: two-way ANOVA. *P < 0.05, **P < 0.01,
***p < 0.001. shLacZ: Short hairpin RNA targeting p-galactosidase. sShMITF: Short
hairpin RNA targeting MITF-M. pHi: Intracellular pH.
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rate of decline in normalised Hoechst 33342 cell counts was faster in the IGR37-
shMITF cell lines compared with IGR37-shLacZ (Figure 5.7a-b). A time-course
analysis of normalised Hoechst 33342 cell counts in pHe 6.8, at a fixed AR-C155858
concentration of 1uM over 72hrs also showed that the rate of decline in normalised
Hoechst 33342 cell counts was faster in the IGR37-shMITF cell lines than IGR37-
shLacZ (Figure 5.7c). Therefore, upon inhibition of MCT1 using AR-C155858, the
reductions in acidotic Hoechst 33342 cell counts in the IGR37-shMITF cell lines were
greater than in IGR37-shLacZ.

AR-C155858-induced decline in acidotic cell counts in the MITF-knockdown
IGR37 cells was further shown to be due to an increase in apoptosis. At 72hrs, all three
of IGR37-LacZ, IGR37-shMITF#1, and -shMITF#2 cell lines subjected to a dose
titration of AR-C155858 in acidotic culture showed a dose-dependent increase in
normalised caspase 3/7 activation (Figure 5.8a). The rate of acidotic increase in
normalised green fluorescent cell counts/mm? — indicating live-cell caspase 3/7
activation) — was faster in the IGR37-shMITF cell lines compared with IGR37-shLacZ
(Figure 5.8a-b). A time-course analysis of normalised caspase 3/7 activation over 72hrs
also showed that the rate of acidotic rise in normalised caspase 3/7 activation was faster
in the IGR37-shMITF cell lines than IGR37-shLacZ (Figure 5.8c). Therefore, the

relative increase in acidotic apoptosis in IGR37-shMITF cell lines under AR-C155858
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Figure 5.8: AR-C155858 Treatment in Melanoma Cells with MITF-M Knockdown
Increases Acidotic Caspase 3/7 Activation. Representative figure of acidotic caspase
3/7 activation in IGR37-shLacZ or IGR37-shMITF cell lines subjected to a dose
titration of AR-C155858 (ARC) for 72hrs, at the pHe of 6.8 and in ImM pyruvate.
Negative controls consisted of cells from respective cell lines incubated in 1:1000
DMSO (DM), ImM pyruvate, and at pHe 6.8. Quantification is shown in (b), where the
data are represented as mean + SEM for technical replicates (n= 3) and are
representative of 3 individual experiments. Statistical analysis: two-way ANOVA. (c)
Time course of acidotic caspase 3/7 activation in IGR37-shLacZ or IGR37-shMITF cell
lines cultured in 1pM AR-C155858 for 72hrs, at the pHe of 6.8, normalised to cells
from respective cell lines incubated in 1:1000 DMSO at the pHe 6.8. The data are
represented as mean + SEM for technical replicates (n= 3) and are representative of 3
individual experiments. Statistical analysis: two-way ANOVA. *P < 0.05, **P < 0.01,
***p < 0.001. shLacZ: Short hairpin RNA targeting S-galactosidase. shMITF: Short
hairpin RNA targeting MITF-M. pHi: Intracellular pH.
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treatment was consistent with a reduction in acidotic cell count (Figure 5.7). Taken
together, MCT1 was critical for the survival of IGR37-shMITF cell lines under acidotic
stress, and small molecule inhibition of MCT1 led to enhanced apoptosis and decreased
cell counts following MITF knockdown.

The above finding prompted us to examine whether the cytotoxic effect of acidotic
MCTT1 inhibition on IGR37-shMITF cell lines could be additive in combination with
vemurafenib (PLX4032), the current first line targeted therapy for advanced BRAF V00E
mutant melanoma (Figure 5.9a). We cultured LacZ-knockdown IGR37 cells at an
extracellular pH (pHe) of 6.8, supplemented with ImM pyruvate and 1:1000 DMSO
(Figure 5.9a). Both of the IGR37-shMITF cell lines were exposed to two experimental
conditions: one condition was culturing at an extracellular pH (pH¢) of 6.8,
supplemented with ImM pyruvate and 1:1000 DMSO — which was the same as the
shLacZ-knockdown IGR37 — and the other condition was culturing at an extracellular
pH (pHe) of 6.8, supplemented with 1mM pyruvate and 1uM AR-C155858 (Figure
5.9a). The cells were then subjected to a dose titration of vemurafenib for 72hrs (Figure
5.9a). The experiments were controlled by treating the respective cells with 1:1000
DMSO, at the pHe of 6.8, in the presence of ImM pyruvate in parallel (Figure 5.9a). At
72hrs, IGR37 cells under all five experimental conditions demonstrated a dose-

dependent reduction in normalised Hoechst 33342 cell counts with increasing
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Figure 5.9: Combinational Treatment with AR-C155858 and Vemurafenib in
Melanoma Cells with MITF-M Knockdown Further Reduces Acidotic Hoechst
33342 Cell Counts. Representative figure of acidotic Hoechst 33342 cell counts in cell
lines IGR37-shLacZ or IGR37-shMITF subjected to a dose titration of vemurafenib
(VEM) for 72hrs, at the pHe of 6.8 and in 1mM pyruvate. IGR37-shMITF cell lines
were either treated with 1:1000 DMSO (DM) or 1uM AR-C155858 (ARC) for further
comparison. Negative controls consisted of cells from respective cell lines incubated in
1:1000 DMSO (DM), 1mM pyruvate, and at pHe 6.8. Quantification is shown in (b),
where the data are represented as mean + SEM for technical replicates (n= 3) and are
representative of 3 individual experiments. Statistical analysis: two-way ANOVA. (c)
Time course of acidotic Hoechst 33342 cell counts in IGR37-shLacZ or IGR37-shMITF
cell lines cultured in 1uM for 72hrs, at the pHe of 6.8, normalised to cells from
respective cell lines incubated in 1:1000 DMSO at the pHe 6.8. IGR37-shMITF cell
lines were either treated with 1:1000 DMSO (DM) or 1uM AR-C155858 (ARC) for
further comparison. The data are represented as mean + SEM for technical replicates
(n=3) and are representative of 3 individual experiments. Statistical analysis: two-way
ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001. shLacZ: Short hairpin RNA targeting
[S-galactosidase. sShMITF: Short hairpin RNA targeting MITF-M. pHi: Intracellular pH.
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concentrations of vemurafenib (Figure 5.9a). The rate of decline in normalised Hoechst

33342 cell counts was faster in the IGR37-shMITF cell lines compared with IGR37-

shLacZ (Figure 5.9a-b). This was expected because overexpressed MITF has been

shown to confer vemurafenib resistance in melanoma (Smith et al., 2016, Johannessen

et al,, 2013). In addition, concurrent treatment of IGR37-shMITF cell lines with

vemurafenib plus AR-C155858 further shifted the vemurafenib dose-response curve to

the left, demonstrating a significant increase in acidotic cytotoxicity in the MITF-

knockdown IGR37 cell lines when vemurafenib was combined with AR-C155858

(Figure 5.9a-b).

Over the course of 72hrs, normalised Hoechst 33342 cell counts in IGR37-shMITF

cell lines treated with the combination of vemurafenib and AR-C155858 declined at a

significantly faster rate than the IGR37-shMITF cell lines treated with vemurafenib

alone (Figure 5.9c). These findings suggested that vemurafenib in combination with

AR-C155858 was an effective approach to targeting IGR37-shMITF cell lines under

acidotic stress.

The additive effect of vemurafenib with AR-C155858 on targeting MITF-

knockdown IGR37 cells was confirmed by examining caspase 3/7 activation following

combinational therapy (Figure 5.10a). At 72hrs, IGR37 cells under all five experimental
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Figure 5.10: Combinational Treatment with AR-C155858 and Vemurafenib in
Melanoma Cells with MITF-M Knockdown Further Increases Acidotic Caspase
3/7 Activation. Representative figure of acidotic caspase 3/7 activation in cell lines
IGR37-shLacZ or IGR37-shMITF subjected to a dose titration of vemurafenib (VEM)
for 72hrs, at the pHe of 6.8 and in 1mM pyruvate. IGR37-shMITF cell lines were either
treated with 1:1000 DMSO (DM) or 1uM AR-C155858 (ARC) for further comparison.
Negative controls consisted of cells from respective cell lines incubated in 1:1000
DMSO (DM), 1mM pyruvate, and at pH. 6.8. Quantification is shown in (b), where the
data are represented as mean + SEM for technical replicates (n= 3) and are
representative of 3 individual experiments. Statistical analysis: two-way ANOVA. (c)
Time course of acidotic caspase 3/7 activation in IGR37-shLacZ or IGR37-shMITF cell
lines cultured in 1pM vemurafenib for 72hrs, at the pHe of 6.8, normalised to cells from
respective cell lines incubated in 1:1000 DMSO at the pHe 6.8. IGR37-shMITF cell
lines were either treated with 1:1000 DMSO (DM) or 1uM AR-C155858 (ARC) for
further comparison. The data are represented as mean + SEM for technical replicates
(n=3) and are representative of 3 individual experiments. Statistical analysis: two-way
ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001. shLacZ: Short hairpin RNA targeting
[S-galactosidase. sShMITF: Short hairpin RNA targeting MITF-M. pHi: Intracellular pH.
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conditions demonstrated a dose-dependent increase in normalised caspase 3/7

activation with rising concentrations of vemurafenib (Figure 5.10a). The rate of

increase in normalised caspase 3/7 activation was faster in the IGR37-shMITF cell lines

compared with IGR37-shLacZ (Figures 5.10a-b), confirming that IGR37 cells with

MITF knocked down were more vulnerable to vemurafenib (Johannessen et al., 2013).

In addition, concurrent treatment of IGR37-shMITF cell lines with vemurafenib plus

AR-C155858 further shifted the vemurafenib dose-response curve to the left,

demonstrating a significant increase in acidotic apoptosis in the MITF-knockdown

IGR37 cell lines when vemurafenib was combined with AR-C155858 (Figures 5.10a-

b).

An analysis of normalised caspase 3/7 activation over time showed that over the

course of 72hrs, normalised caspase 3/7 activation in IGR37-shMITF cell lines treated

with the combination of vemurafenib and AR-C155858 increased at a significantly

faster rate than the IGR37-shMITF cell lines treated with vemurafenib alone (Figure

5.10c). These findings confirmed that vemurafenib in combination with AR-C155858

was an effective approach to targeting IGR37-shMITF cell lines under acidotic stress.

Taken together, MCT1 function was crucial for survival in acidotic melanoma cells with

low levels of MITF expression. Inhibition of MCT1 via the use of the small molecule

inhibitor AR-C155858, either alone or in combination with vemurafenib, provides a
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means for targeting the subset of melanoma cells that express low levels of MITF under

acidotic stress.
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DISCUSSION

Clinically, there is an unmet need to develop novel therapies to treat advanced
melanoma (Forschner et al., 2017). Current treatment options for metastatic melanoma
include biological agents that target BRAFY®E/MEK (Wong and Ribas, 2016), and
immunotherapeutic agents that consist mainly of immune checkpoint inhibitors
targeting CTLA-4 and PD-1 (Albertini, 2018). Though updated figures from the
CheckMate 067 five-year follow-up study showed that the Nivolumab-plus-Ipilimumab
treatment arm conferred a median overall survival of 60.0 months in advanced
melanoma (Larkin et al., 2019), and outcomes from the COMBI-d/-v five-year follow-
up study showed that the Dabrafenib-plus-Trametinib treatment arm conferred an
overall survival of 34% at 5 years (Robert et al., 2019), in most cases metastatic
melanoma tumors acquire resistance to these therapeutic agents, on route to disease
progression (Kozar et al., 2019).

To this end, this thesis showed that proton transport phenotypes existed
heterogeneously in different melanoma cells, with some cells favouring proton pumps,
whilst others being solute carrier proton transporters-predominant, depending on the
expression level of MITF (Figures 4.1-4.2). This chapter showed that MCT1 played an

important role in the subset of melanoma cells with low levels of MITF expression
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(Figures 5.2-5.3). We experimentally modelled low MITF expression in IGR37

melanoma cells by stably knocking down MITF, and pharmacological inhibition of

MCT1 in MITF-knockdown IGR37 cells under acidotic stress induced significant

amounts of cytotoxicity and apoptosis (Figures 5.7 and 5.8). Furthermore, combined

treatment with AR-C155858 and Vemurafenib potentiated the cytotoxic effects of

vemurafenib in MITF-knockdown IGR37 cells (Figures 5.9 and 5.10).

The resulted presented here are supported by a recent preclinical study that

demonstrated the efficacy of MCTI inhibition in reducing metastatic invasion in

patient-derived melanoma xenografts and mouse melanomas (Tasdogan et al., 2020).

The fact that invasive melanoma cells frequently display low expression levels of MITF

(Tirosh et al., 2016) suggests that mechanistically, our finding of AR-C155858 being

able to target acidotic MITF-knockdown cells with upregulated MCT1 expression and

function, was consistent with the observed depletion of circulating invasive melanoma

cells and reduced metastatic burden in patient-derived xenograft following MCT1

blockade (Tasdogan et al., 2020).

This chapter also showed that pyruvate was less potent at sustaining acidotic cell

culture in the IGR37-shMITF cell lines (Figure 5.4). The EC50 for inducing normalised

resorufin production was significantly elevated in the MITF-knockdown group (Figure

4b). The increase in MCT1 expression and transport function in the MITF-knockdown
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cells may represent a compensatory mechanism to account for the intracellular deficit

in pyruvate metabolism. As mentioned, MITF regulates the expression of PGCla-

mediated mitochondrial biogenesis in melanoma (Vazquez et al., 2013). The fact that

the small molecule MCT]1 inhibitor AR-C155858 was associated with the acidotic

decompensation of IGR37-shMITF cell lines was consistent with a crucial role for

MCT1 in the maintenance of survival in MITF-Low cells under acidotic stress.

Interestingly, in the presence of surplus concentration of supplementary pyruvate,

acidotic culture alone did not adversely affect resorufin-indicated viability in IGR37-

shMITF cell lines (Figure 5.4). However, when the MITF-knockdown cells were

subjected to pyruvate deprivation in combination with acidotic exposure, apoptosis

ensued in the MITF-knockdown cells at a significantly faster rate than IGR37 cells with

LacZ-knockdown (Figure 5.6). There have been conflicting reports in the literature

regarding the exact impact of acidosis on cell biology. Some studies, such as our own

data in Chapter 3, showed that melanoma cells assumed a slow proliferative or

senescence-like phenotype upon acidotic exposure (Figures 3.1-3.2) (Bohme and

Bosserhoft, 2020, Yang and Loh, 2019, Marino et al., 2012), whilst others have

documented frank apoptosis in cells following acidotic incubation (Huang et al., 2017,

Thammasit et al., 2015, Park et al., 1999). Experiments presented here suggested that

the cellular response to acidosis is in fact complex and multi-faceted, and can change
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dynamically depending on additional factors including nutrient deprivation and

transcriptional phenotypes. IGR37 cells tolerated acidosis in the surplus of ambient

pyruvate, but underwent apoptosis when pyruvate restriction was imposed (Figure 5.4).

Within this framework, cells with low expression of MITF induced by lentiviral

knockdown were less resistant to acidotic pyruvate starvation than cells retaining

endogenous MITF expression via LacZ knockdown (Figure 5.4). The dependence of

MITF-knockdown IGR37 cells on MCTT1 transport for acidotic survival was the most

likely explanation to the above observation, since these cells apoptosed upon AR-

C155858 treatment in acidosis (Figures 5.7-5.8).

In contrast, IGR37 cells with retained endogenous MITF expression were able to

transactivate proton pumps including V- and F-Type ATPases (Figures 4.1-4.2) (Zhang

et al., 2015). The expression of such proton pumps may enable MITF-High cells to

bypass any solute constraints for acidotic survival via several mechanisms: First, V- and

F-Type ATPase represent key effectors that facilitate autophagy and mitophagy,

respectively (Pamarthy et al., 2018, Lefebvre et al., 2013). The recycling of cytosolic

organelles during periods of acidotic stress may present MITF-High melanoma cells

with an endogenous supply of intermediate metabolites and solutes, which would

otherwise not be available to MITF-Low cells that shift to the solute carrier phenotype

(He et al., 2018). Second, recent studies have demonstrated that the plasmalemmal
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expression of V-Type ATPase enabled cells to carry out macropinocytosis, a non-

selective nutrient acquisition strategy that is also significantly less stringent in terms of

substrate specificity than that required for solute carrier-mediated transport (Ramirez et

al., 2019). In either case, we showed that the upregulation of MCT1 in MITF-

Knockdown IGR37 cells exposed these cells to unique vulnerabilities during periods of

acidotic pyruvate starvation, vulnerabilities that were therapeutically exploited by

treating the cells with small molecule MCT1 inhibition to induce apoptosis during

acidosis. There remains the possibility that the acidotic MITF-Low cells may adapt to

MCTT1 inhibition by importing alternative metabolites from the microenvironment via

the expression of different solute carriers. In this case, a combinational approach to

solute carrier inhibition may be required, similar to approach of using BRAF, MEK,

and potentially ERK inhibitors in combination, which has paved the way for targeted

therapy in advanced melanoma (Robert et al., 2019).

A model based on the results presented here depicts the contrasting phenotypes for

acidotic resistance in melanoma cells, taking into account MITF expression status and

nutrient availability (Figure 5.11). MITF-High melanoma is shown to resist acidosis

without requirement for specific solute conditions, whereas acidotic survival in MITF-

Low melanoma is dependent on the presence of pyruvate, and may be curtailed upon

the application of small molecule MCT1 inhibition. Taken together, MITF-dependent
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phenotypic plasticity is a multi-faceted physiological phenomenon, an understanding

of which may facilitate the innovation of novel treatment approaches for advanced

melanoma.
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Figure 5.11 A Model for MITF-Dependent Phenotypic Plasticity in Acidotic
Resistance. MITF-High melanoma is resists acidosis without requirement for specific
solute conditions, whereas acidotic survival in MITF-Low melanoma relies on the

presence of pyruvate, and may be curtailed upon the application of small molecule

MCT1 inhibition.
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CHAPTER 6

CONCLUSIONS

MITF-Dependent phenotypic plasticity models intratumoural heterogeneity in
melanoma (Arozarena and Wellbrock, 2019). The data presented in this thesis
demonstrated that the expression of proton transporters also participated in phenotypic
plasticity in melanoma, determined by MITF expression (Figures 4.1-4.2). High levels
of MITF were associated with the asymmetrical transcription of primary active proton
pumps, whilst low levels of MITF correlated with a transcriptional shift to secondary
active solute carrier proton transporters (Figures 4.1-4.2). This molecular dichotomy
was shown to persist at the protein and functional levels.

Within this transcriptomic construct, MITF-Low cells modelled by stable MITF
knockdown were shown to be highly dependent on the transport activity of MCT1 to
survive acidotic stress (Figures 5.7-5.8). Melanoma cells with low MITF expression
required high levels of pyruvate to maintain viability and avoid apoptosis under acidotic
stress (Figures 5.4-5.6). Results from pyruvate deprivation or treatment with the MCT1
inhibitor, AR-C155858, both induced apoptosis and diminished cell counts in acidotic
MITF-knockdown cells (Figures 5.7-5.8). Combined therapy using the BRAF Y60E
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inhibitor, vemurafenib, and AR-C155858 enhanced apoptosis in the MITF-Low cells

(Figures 5.9-5.10).

This thesis also identified the functional presence of sodium-bicarbonate co-

transport in melanoma (Yang and Loh, 2019). The Sodium-Coupled Bicarbonate

Transporters are an important class of intracellular pH regulators with oncogenic

relevance in other solid cancers, including breast cancer, pancreatic adenocarcinoma,

and renal cell carcinoma (Romero et al., 2013). This thesis characterised the molecular

expression and demonstrated the transport function of NCBTs in melanoma cells (Yang

and Loh, 2019). Identification of such novel classes of membrane transporter in

melanoma may provide molecular targets for future therapeutic treatments (Alexander

et al., 2019). Taken together, proton transporter biology represents an important aspect

of melanoma biology that warrants further studies. The genomic expression of

membrane transporters is regulated by transcription factors such as MITF, and such

regulatory networks provide valuable insights into melanoma biology and therapy.
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