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Abstract

Post-translational modifications of BRAF and MITF
Kao Chin Ngeow, St Anne’s College
D.Phil. Clinical Medicine, Trinity Term 2015

Malignant melanoma is the deadliest and most aggressive form of skin cancer.
Despite the development of targeted molecular therapies which specifically target
oncogenic pathways in melanoma, melanoma remains highly refractory to treatment
and prone to relapse. In order to develop more effective therapies, there is a need to
investigate additional ways of manipulating aberrant molecular pathways in
melanoma. To this end, we have identified novel sites of post-translational
modifications in two oncogenic proteins that are known to play pivotal roles in
driving melanoma tumorigenesis. We showed that BRAF, the most commonly
mutated oncoprotein in melanoma, can be acetylated at K473 and K475 by the
p300/CBP acetyltransferases. Importantly, acetylation of BRAF reduced its activity
regardless of its mutational status at the commonly mutated V600 residue. We also
identified a novel phosphorylation site targeted by GSK3 in microphthalmia-
associated transcription factor (MITF), the melanocyte master regulator. GSK3
phosphorylation of S69, together with ERK-mediated phosphorylation of the nearby
S73 residue, was found to promote MITF nuclear export via a previously
undescribed nuclear export signal comprising of the S69, S73, M75, L78 and L80
residues. Importantly, phosphorylation-induced nuclear export was associated with
reduced MITF activity, which may have important functional implications for
melanocyte development and melanoma oncogenesis. In addition, we showed that

the cyclin-dependent kinases CDK1 and CDK2 can also phosphorylate MITF at S73.
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Chapter 1 — Introduction



1.1 Melanoma

Cancer is a debilitating disease which accounts for one in seven deaths
worldwide (American Cancer Society, 2015a). With cancer incidence increasing
exponentially with age (de Magalhées, 2013), it is not surprising that there will be an
unprecedented increase in cancer patients and fatalities as the world’s population
continues to increase and age. In fact, the number of annual new cancer cases is
projected to rise to 21.6 million in 2030, an increase of 53% from the 14.1 million
new cases in 2012 (Ferlay et al., 2013).

Skin cancer is by far the most common malignancy, with more than 3.5 million
cases diagnosed in the US annually, compared to 1.6 million for all other cancers
combined (American Cancer Society, 2015b; Rogers et al., 2010). Among skin
cancers, melanoma is the rarest but deadliest form. Despite the fact that it makes up
less than 2% of skin cancers (American Cancer Society, 2015b), melanoma accounts
for the vast majority (75%) of skin cancer-related deaths (Schadendorf et al., 2015).

There will be an estimated 73,870 new cases of melanoma in 2015 in the
United States, which makes it the sixth most commonly diagnosed cancer excluding
non-melanoma skin cancers (Howlader et al., 2015). At the global level, melanoma
mainly occurs in white populations with fair skin, with the top 20 incidence rates
being found in countries in Europe, North America and Australia (Ferlay et al., 2013).
Australia and New Zealand have the highest melanoma incidence rates by far, with
about 55 cases per 100,000 inhabitants (Ferlay et al., 2013).

Troublingly, melanoma incidence rates in the United States have increased 17-
fold in men and 9-fold in women between 1950 and 2007 (Geller et al., 2013), a
trend that is by no means unique to the United States, although the annual rate of

increase has stabilised at an average 1.4% over the past ten years (Howlader et al.,



2015) (Figure 1.1). Similar increases have also been observed in Australia, central
Europe and Scandinavia (Garbe and Leiter, 2009; MacKie et al., 2009). Another
cause for concern is that, among the top seven most common cancers in the United
States, melanoma is the only one with an increasing incidence (Howlader et al.,

2015).
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Figure 1.1 Melanoma incidence in the US has been rising over the past 40 years.
Number of new cases of melanoma (blue) vs number of deaths from melanoma (green) in
the US from 1975 to 2012, expressed per 100,000 persons in the population. Data represents
age-adjusted rates from all races and both sexes. Data obtained from National Cancer
Institute, Bethesda, MD, USA (Howlader et al., 2015).

Compared to most cancers, melanoma incidence tends to skew towards the
young, with almost a third of cases in the United States occurring in people aged
below 55 (Howlader et al., 2015). In fact, it is the most common cancer in the 25-29
age group (Bleyer et al., 2006). Another interesting fact is that melanoma occurs
more often in people of higher socioeconomic status (Hausauer, 2011), which may
be a result of increased sun exposure, a significant risk factor for melanoma (Gandini

et al., 2005a).



Most melanomas (84%) are diagnosed at the local stage, which is highly
curable with a 5-year survival rate of 98.3% (Howlader et al., 2015). However, 5-
year survival rates drop to 16.6% for melanoma that has already metastasised at the
time of diagnosis (Howlader et al., 2015). Furthermore, melanoma has a reputation
for being one of the most aggressive cancers, capable of rapid metastasis even from
relatively small, millimetre-sized primary tumours that are extremely difficult to
detect (Braeuer et al., 2014; Chin et al., 2006; Gupta et al., 2005). Given its
propensity to metastasise and the low survival rates associated with metastatic
melanoma, it is not surprising that melanoma accounts for the majority of skin
cancer-related deaths despite its relative rarity compared to other skin cancers like
basal cell carcinoma and squamous cell carcinoma.

Mortality rates for melanoma have remained fairly constant (Howlader et al.,
2015) despite the increase in incidence, reflecting the increase in survival rates.
However, the rising incidence is still a cause for concern, especially since melanoma
affects a disproportionate number of young adults and causes one of the highest
years of life lost per patient (Burnet et al., 2005), which increases its burden on
society.

Cancer is a complex group of more than 100 distinct diseases, each with its
own set of risk factors and epidemiology (Stratton et al., 2009). However, most
cancers are believed to share a basic model of tumorigenesis — normal cells
transform into malignant cells by progressively acquiring a series of mutations that
allow them to evade senescence, resulting in deregulated and limitless proliferation.
Cancer cells enjoy a Darwinian selective advantage over healthy, normal cells, and

their uncontrolled growth eventually manifests as tumour masses.
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Figure 1.2 The Clark model of melanoma progression. The Clark model describes the
pathophysiological changes associated with transformation of melanocytes in benign naevi
into malignant melanoma. Adapted from Miller and Mihm, 2006.

With one of the highest mutation rates among cancer subtypes (Akbani et al.,
2015), melanoma tumorigenesis is no different in this regard. Melanoma develops
from the malignant transformation of melanocytes, which are specialised cells of
neuroectodermal origin that are responsible for synthesising melanin pigment in
vertebrates (Mort et al., 2015; Schadendorf et al., 2015). The pathological changes
associated with the transformation of melanocytes to melanoma are described by the
Clark model of melanoma progression (Clark et al., 1984; Miller and Mihm, 2006)
(Figure 1.2). The first step involves the proliferation of melanocytes, which results in
the formation of benign naevi. This is followed by aberrant growth that results in
dysplastic lesions. In addition to developing from existing benign naevi, dysplastic
naevi can also arise as lesions at new locations. The next step involves radial growth,
with continued proliferation throughout the epidermis. In the subsequent vertical-

growth phase, the cells become more invasive and penetrate the basement membrane



into the dermis, growing intradermally as an expansile nodule. The final step is
metastasis, where tumour cells dissociate from the primary site and migrate through
the surrounding tissue into the blood stream and lymphatic system. They eventually
implant themselves at distant sites, resulting in the formation of metastases.

While the Clark model provides an appealing and logical step-wise description
of melanoma development, it is important to note that most melanomas arise de novo
and are not linked to pre-existing naevi (Lin et al., 2015). One plausible explanation
for this observation is that different oncogenic mutations can confer a wide variety of
growth advantages, such as an increase in proliferation, senescence bypass or
resistance to apoptosis, depending on the genes involved. Whether melanomas arise
de novo or from pre-existing naevi will potentially depend on the order in which
these mutations occur and the phenotypes they confer (Hoek and Goding, 2010).

Although a tumour can contain as many as 50,000 mutations (Weinhold et al.,
2014), only a small percentage are driver mutations which confer a selective growth
advantage (Stratton et al., 2009; Vogelstein et al., 2013). Classic mathematical
models have shown that 7 mutations are required to develop cancer (Fisher, 1958),
although more recent studies suggest that only 3 driver mutations are necessary
(Tomasetti et al.,, 2015). With the advent of sequencing technologies and
bioinformatics, many of these driver mutations have been identified in the past

decade. The most common genetic drivers of melanoma are described below.



1.2 The MAPK signalling pathway in melanoma

The mitogen-activated protein kinase (MAPK) pathway is an important,
evolutionarily conserved family of proteins involved in signal transduction. As its
name suggests, the MAPK pathway links extracellular signals, including mitogens
and growth factors, to a vast array of cellular processes such as gene expression,
proliferation, migration and apoptosis (Chang and Karin, 2001; Dhillon et al., 2007
Johnson and Lapadat, 2002). Seven distinct groups of MAP kinases have been
identified in mammals so far, include extracellular signal-regulated kinase (ERK)1/2,
ERKS, Jun amino-terminal kinases (JNK)1/2/3 and the p38 isoforms (a, B, vy, 9)
(Johnson and Lapadat, 2002). These four groups are well-characterised and are
considered to be conventional members of the family as they follow a classical three-
tiered, sequential activation cascade composed of a MAPK, MAPK kinase (MAPKK
or MAP2K) and a MAP2K kinase (MAPKKK or MAP3K) (Chang and Karin, 2001).
Much less is known about the three remaining groups, which comprise of ERK3/4,
ERK?7/8 and Nemo-like kinase (NLK) and have atypical activation mechanisms
compared to the conventional MAPK members (Coulombe and Meloche, 2007).

One of the principal and most well-studied MAPK pathways is the
RAS/RAF/MEK/ERK signalling cascade (Figure 1.3), which also happens to be by
far the most commonly mutated signal transduction pathway in melanoma. 83% of
melanomas harbour a rat sarcoma (RAS) or rapidly accelerated fibrosarcoma (RAF)
mutation, with the majority (52%) being a mutation in BRAF, and the second most

common mutation being NRAS (28%) (Akbani et al., 2015; Cerami et al., 2012).



Growth factor

Figure 1.3 The RAS/RAF/MEK/ERK signalling cascade, downstream of RTK. The
binding of growth factors triggers the activation of RTKSs, which signal through the adaptor
protein GRB2 and the exchange factor SOS to stimulate RAS. In turn, activated RAS
recruits RAF to the plasma membrane, where RAF becomes activated following
phosphorylation, conformational changes and dimerisation. Active RAF phosphorylates and
activates MEK, which then phosphorylates and activates ERK. Adapted from Lito et al.,
2013.
1.2.1 RAS

As the most upstream member of the RAS/RAF/MEK/ERK signalling cascade,
the RAS family of guanine nucleotide-binding proteins (G proteins) is responsible
for transducing signals from extracellular growth factors into the ERK pathway. In
melanocytes, examples of these extracellular growth factors include stem cell factor

(SCF), hepatocyte growth factor (HGF) and fibroblast growth factor (FGF) (Gray-

Schopfer et al., 2007).



The tethering of growth factors to receptor tyrosine kinases (RTKSs) leads to
dimerisation and autophosphorylation, which triggers binding of the sequence
homology 2 (SH2) domain of the growth factor receptor-bound 2 (GRB2) adaptor
protein (Lodish et al., 2000). In turn, this recruits son of sevenless (SOS), a guanine
nucleotide exchange factor (GEF) that facilitates nucleotide release (Boriack-Sjodin
et al., 1998). SOS-mediated nucleotide release results in uptake of nucleotides from
the cytosol, which culminates in guanosine triphosphate (GTP)-loading and
activation of RAS since GTP is approximately ten times more common than
guanosine diphosphate (GDP) in the cell (Lito et al., 2013). In addition to RTKS,
ligands can also bind to G protein-coupled receptors (GPCRs), which results in RAS
activation at the focal adhesion complex via heterotrimeric G proteins (Luttrell,
2005). GPCRs also transactivate RTKs to up-regulate the RAS/RAF/MEK/ERK
pathway (Wetzker and B6hmer, 2003).

As a small GTPase, RAS can shuttle between a GTP-bound active state and a
GDP-bound inactive state by hydrolysing GTP to GDP (Colicelli, 2004). RAS is one
of the most frequently mutated oncogenes, with genomic alterations detected in
about 30% of tumour samples across a wide range of cancers (Prior et al., 2012;
Pylayeva-Gupta et al., 2011), leading to its constitutive activation. Among the three
RAS isoforms, NRAS (28%) is the most commonly mutated in melanoma, while
genomic alterations in HRAS (1.6%) and KRAS (1.3%) are much rarer in
comparison (Akbani et al., 2015). Codon 61, which is a glutamine in the wild-type
variant (Q61), is the predominant mutation hotspot, accounting for 88% of NRAS
mutations in melanoma (Cerami et al., 2012). Exposure to ultraviolet (UV) light has
been shown to correlate with NRAS Q61 mutations, which are preferentially found

in body sites that are continuously exposed to the sun (Platz et al., 2008). Among the



NRAS Q61 mutations in melanoma, the most common variant is a Q61R substitution
(44%), followed by Q61K (37%), with the rest being Q61L and Q61H substitutions
(Akbani et al., 2015; Cerami et al., 2012). RAS adopts a conformation that positions
Q61 in the active site following allosteric binding of Ca?* (Buhrman et al., 2010).
Q61 mutations impair the catalytic ability of RAS to hydrolyse GTP to GDP (Frech
et al., 1994), which locks RAS in an active GTP-bound state. This results in the
constitutive activation of a multitude of downstream pathways which eventually lead
to tumorigenesis (Pylayeva-Gupta et al., 2011).

One of the major downstream effects of oncogenic RAS is the provision of a
pro-proliferative signal, which is one of the hallmarks of cancer (Hanahan and
Weinberg, 2000). Classical experiments show that microinjection of HRASC?V,
another oncogenic variant of RAS with attenuated GTPase activity, into NIH 3T3
fibroblasts stimulated quiescent cells in the GO phase to re-enter S phase and
proliferate (Feramisco et al., 1984; Stacey and Kung, 1984). HRAS Q61 mutants
were also subsequently shown to have a similar ability to transform NIH 3T3 cells
(Der et al., 1986). In addition to pro-proliferative effects exerted through the
RAS/RAF/MEK/ERK pathway, RAS also signals through phosphoinositide 3-kinase
(PI3K) to suppress apoptosis. RAS can up-regulate the PI3K pathway by binding to
and activating the pl110 catalytic subunit of PI3K (Cully et al., 2006). PI3K
activation results in phosphorylation of RAC-alpha serine/threonine-protein kinase
(AKT), which in turn phosphorylates the pro-apoptotic protein B-cell lymphoma 2
(Bcl2)-associated agonist of cell death (BAD) (Datta et al., 1997; del Peso et al.,
1997). Phosphorylated BAD is sequestered in the cytosol by 14-3-3 binding proteins,
which relieves its heterodimerisation-mediated repression of BCL-2, an antagonist of

apoptosis (Zha et al., 1996).
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1.2.2 RAF

The RAF proteins are a family of serine/threonine kinases that form an
important component of the RAS/RAF/MEK/ERK signalling cascade as the MAP3K.
There are three members in the RAF family of proteins: ARAF, BRAF, and CRAF,
otherwise known as RAF1. All three isoforms of RAF share a similar structure with
three conserved regions: CR1, CR2 and CR3 (Figure 1.4). CR1 lies in the N-
terminus of RAF and comprises a RAS-binding domain (RBD) as well as a cysteine-
rich domain (CRD). CR2, also in the N-terminus, is a serine/threonine-rich region
that includes a 14-3-3 binding site. CR3 is located in the C-terminus and contains the

kinase domain of RAF.

N-lobe C-lobe
RBD CRD Pl aC AS
1 E— Tk TEH % He 606
ARAF CR1 . CR3
1 766
BRAF CR1 . CR3
1 648

CRAF CR1 l CR3

Figure 1.4 Structure of the RAF proteins. The three RAF isoforms share a similar
structure with three conserved regions (CR). CR1 (blue) contains a RAS-binding domain
(RBD) and a cysteine-rich domain (CRD). CR2 (red) is a domain rich in serine and threonine
residues. CR3 (green) contains the kinase domain, which consists of a smaller N-terminal
lobe (N-lobe) and a larger C-terminal lobe (C-lobe). Key features of the kinase domain
include the P-loop (PI), aC and the activation segment (AS). The DFG motif lies at the N-
terminal end of the AS (not shown). The key residues that make up the C-spine (*) and the
R-spine (*) are indicated. Adapted from Roskoski, 2010.
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1.2.2.1 RAF kinase domain structure

The crystal structure of the RAF kinase domain was first solved in 2004, when
the BRAF kinase domain was crystallised in the presence of BAY43-9006 (also
known as sorafenib), a small molecule inhibitor of RAF (Wan et al., 2004). The RAF
kinase domain adopts a structure that is typical of most protein kinases, with a small
amino terminal (N-terminal) lobe and large carboxyl terminal (C-terminal) lobe
being separated by a catalytic cleft. The small N-lobe consists mainly of anti-parallel
B-sheets as well as a regulatory a-helix known as the aC. Within the N-lobe lies a
glycine-rich phosphate-binding loop (P-loop) that is responsible for adenosine
triphosphate (ATP) anchorage and orientation. The large C-lobe comprises of a-
helices and a key regulatory loop denoted as the activation segment (AS), which
contains a highly conserved Asp-Phe-Gly (DFG) motif at the N-terminal side.

The relative motion and position of the two lobes determine the accessibility of
the catalytic cleft to ATP, which in turn affects the kinase activity of the RAF protein
(Taylor and Kornev, 2011). Another level of regulation is provided by the
conformation of the AS. When RAF is inactive, the AS adopts a DFG-out
conformation, whereby the aspartic acid of the DFG motif faces away from the ATP-
binding pocket. In the active DFG-in conformation, the aspartic acid of the DFG
motif rotates into the active site and interacts with the Mg?* ions of Mg-ATP during
phospho-transfer. The aC helix can also move inwards or outwards relative to the
catalytic cleft. Positioning the aC helix inwards (aC-in) leads to alignment of the
catalytic spine (C-spine) and regulatory spines (R-spine), resulting in an active,

closed conformation of the kinase (Lavoie and Therrien, 2015).
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1.2.2.2 RAF activation

In its inactive state, RAF’s CR1 binds to and represses the CR3 kinase domain,
resulting in its autoinhibition. This was proven by a series of studies which
demonstrated that deletion of the N-terminus results in RAF activation (Heidecker et
al., 1990; Stanton and Cooper, 1987). Overexpression of CR1 also results in
repression of RAF catalytic activity, which is likely to be mediated in part by the
physical interaction between CR1 and CR3, since CR1 also co-immunoprecipitates
with CR3 (Cutler et al., 1998; Tran et al., 2005). Suppression of RAF kinase activity
is also mediated by phosphorylation of S259 (relative to CRAF) in the N-terminus,
which was shown to be a 14-3-3 binding site (Michaud et al., 1995; Muslin et al.,
1996). Since S621 (relative to CRAF) in the C-terminus is also a 14-3-3 target
(Muslin et al., 1996), 14-3-3 proteins are believed to stabilise the autoinhibitory
interaction between CR1 and CR3 by binding to both the N and C-terminals of RAF
(Matallanas et al., 2011; Tzivion et al., 1998).

Located downstream of RAS, RAF is recruited by GTP-bound active RAS to
the cell membrane. This takes place via interactions with the RAS-binding domain
(RBD) and cysteine-rich domain (CRD) in the N-terminus of RAF (Brtva et al., 1995;
Vojtek et al., 1993). The RAF CRD is able to interact with farnesyl groups in the C-
terminus of prenylated RAS (Fischer et al., 2007; Williams et al., 2000). Another
function of the CRD is to promote translocation of RAF to the cell membrane via
zinc-coordinated interactions with phosphatidylserine, a component of the cell
phospholipid membrane (Ghosh et al., 1994; Strum, 1996). Binding of RAS results
in displacement of 14-3-3 proteins from the N-terminus of RAF (Rommel et al.,
1996), a process which is probably mediated via protein phosphatase 1 (PP1) and

protein phosphatase 2A (PP2A)-catalysed dephosphorylation of S259 (relative to
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CRAF) (Jaumot and Hancock, 2001). Disruption of the binding with 14-3-3 relieves
N-terminal autoinhibition of the C-terminal kinase domain, and frees the N-terminus
of RAF for interaction with RAS, hence promoting RAF’s association and
accumulation at the cell membrane (Kubicek et al., 2002; Lavoie and Therrien, 2015).

Another key event in the activation of RAF is dimerisation, which occurs via a
side-to-side dimerisation interface centred around R509 (relative to BRAF)
(Rajakulendran et al., 2009). Studies have shown that RAF exists predominantly as a
monomer in the cytosol in the resting state (Nan et al., 2013). In the presence of
active RAS, RAF is recruited to the membrane where it forms BRAF-CRAF
heterodimers (Weber et al., 2001). The precise underlying mechanism is unclear, but
it has been proposed that the interaction between RAS and the N-terminus of RAF
relieves N-terminal repression of the C-terminus. This exposes the C-terminal 14-3-3
binding site (S621 in CRAF, S729 in BRAF), thus allowing 14-3-3 to bind to and
stabilise the heterodimers (Rajakulendran et al., 2009; Weber et al., 2001). In
addition, the rate of BRAF-CRAF heterodimerisation can also be enhanced by an
increase in the local concentration of RAF molecules following RAS-mediated
recruitment of RAF to the cell membrane (Lavoie and Therrien, 2015).

RAF dimerisation results in elevated kinase activity and stimulation of the
MAPK cascade (Farrar et al., 1996; Luo et al., 1996). Another observation is that
although RAF is able to form both homodimers and heterodimers, heterodimers of
BRAF and CRAF possess higher kinase activity compared to their respective
homodimers (Rushworth et al., 2006). The kinase activity of BRAF does not appear
to affect its ability to heterodimerise with and activate CRAF, as shown in
experiments involving kinase-impaired and even kinase-dead variants of BRAF

(Garnett et al., 2005; Heidorn et al., 2010).

14



RAF monomer RAF dimer
(inactive) (active)

acC helix aC helix
in motion

<_
{AS in helical AS in extended
conformation conformation

(AS-H1)

Figure 1.5 Dimerisation is a key event in the catalytic activation of RAF. In RAF’s
monomeric form, the activation segment (AS) in RAF adopts helical conformation (AS-H1),
which stabilises the oC in its ‘out’ conformation in which RAF is inactive. Upon
dimerisation involving the R509 residue in BRAF, the AS-H1 unravels and the aC moves
inwards, which results in alignment of the residues involved in catalysis and thus activates
its kinase function. Adapted from Lavoie and Therrien, 2015.

Dimerisation-driven activation of RAF is believed to be facilitated by allosteric
stabilisation of the catalytic cleft, which favours the adoption of an active, closed
conformation (Lavoie and Therrien, 2015; Lavoie et al., 2013) (Figure 1.5). Given
that the regulatory aC helix overlaps with the side-to-side dimerisation interface, it
has been postulated that the aC helix adopts an active aC-in conformation upon
dimerisation (Rajakulendran et al., 2009). Indeed, the recent elucidation of the
crystal structure of the BRAF kinase domain monomer showed that the inactive aC-
out conformation, which is incompetent for phospho-transfer, is stabilised in its
monomeric form by a short helix (AS-H1) within the AS that unravels upon
dimerisation (Thevakumaran et al., 2014).

Another interaction partner of RAF is kinase suppressor of RAS (KSR), a close
relative that shares a significant amount of sequence homology and domain

architecture with the RAF family of proteins (Sundaram and Han, 1995; Therrien et
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al., 1995). KSR interacts with RAF via the side-to-side dimerisation interface centred
at R509 (relative to BRAF) that is also conserved in KSR (Rajakulendran et al.,
2009). Since KSR can also bind to MEK constitutively (McKay et al., 2009), KSR
functions as a scaffold that brings RAF and MEK together in close proximity to form
a complex (Roy et al., 2002; Stewart et al., 1999). This facilitates phosphorylation of

MEK by RAF, hence activating the MAPK pathway.

1.2.2.3 BRAF

Among the three isoforms of RAF, BRAF is the most commonly mutated in
cancer, with ~8% of human cancer tumours possessing a BRAF mutation (Davies et
al., 2002). In contrast, genetic alterations of ARAF and CRAF are much rarer —
CRAF mutations were found in just 0.7% of cancer cell lines, while ARAF
mutations were not even detected (Emuss et al., 2005).

In melanoma, BRAF is the most commonly mutated gene, with genetic
alterations observed in 40-60% of melanoma (Akbani et al., 2015; Cerami et al.,
2012; Davies et al., 2002; Forbes et al., 2015; Hodis et al., 2012; Platz et al., 2008).
BRAF is also a mutational hotspot in thyroid carcinomas and colorectal cancers, with
mutational frequencies of 50-60% (Agrawal et al., 2014; Cerami et al., 2012; Forbes
et al., 2015) and 10-11% respectively (Cerami et al., 2012; Forbes et al., 2015;
Muzny et al., 2012). Importantly, although BRAF and NRAS are two of the most
commonly mutated genes in melanoma, they tend to be mutually exclusive (p <
0.001, Fisher’s exact test) in patient-derived melanoma samples (Akbani et al., 2015;
Cerami et al., 2012).

According to the COSMIC (Catalogue Of Somatic Mutations In Cancer)

database of tumour samples and cancer cell lines, 345 distinct missense mutations
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have been detected in the BRAF gene to date, encompassing 168 of 766 amino acids
in the BRAF protein (Forbes et al., 2015). The vast majority of BRAF mutations in
cancer occur in the kinase domain and are predominantly clustered around the
glycine-rich P-loop and the activation segment (Forbes et al., 2015; Lavoie and
Therrien, 2015). With regards to melanoma, an overwhelming proportion of BRAF
mutations occur at codon 600, which possesses a mutational frequency of 87%
(Akbani et al., 2015). A valine to glutamic acid substitution at codon 600 (V600E) in
BRAF is the most common mutation in melanoma. V600E substitutions account for
86% of V600 mutations in melanoma, while the next most common alteration is the
V600K mutation that is found in 12% of cases involving the V600 locus (Akbani et
al., 2015).

BRAFV%E js 478 times more active than wild-type BRAF, as measured by an
in vitro kinase assay with MEK as the substrate (Wan et al., 2004). However, this
only translates to a 4.6-fold increase in ERK activation over wild-type BRAF when
the BRAFY®%%E variant was expressed in COS (CV-1 origin, SV40) cells (Wan et al.,
2004). Mechanistically, the increase in activity of the BRAFY%%F mutant is mediated
by a conformational change. In wild-type BRAF, the glycine rich P-loop interacts
with the activation segment via hydrophobic interactions, hence stabilising the
inactive DFG-out conformation that is inaccessible to ATP (Wan et al., 2004). There
is a specific hydrophobic interaction between F468 of the P-loop and V600 of the
activation segment, which would be disrupted by a mutation of V600 from valine (a
medium-sized hydrophobic amino acid) to glutamic acid (a large, bulky charged
residue) (Wan et al., 2004). The BRAFY®E mutant is phosphomimetic and
analogous to RAS-mediated phosphorylation of T599 and S602 (Zhang and Guan,

2000), which disrupts the interaction between the P-loop and activation segment,
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resulting in the adoption of an active DFG-in conformation. Other common mutants
of BRAF at codon 600 (V600K, V600R, V600D) are believed to act in a similar
fashion since they also involve bulky and charged residues (Wan et al., 2004).

P-loop mutants, which represent about 6% of BRAF mutations in melanoma
(Akbani et al., 2015; Cerami et al., 2012), can also act in a similar manner to disrupt
the P-loop and activation segment interaction. However, the final activity of the P-
loop mutant is determined by the precise identity and nature of the substitution, since
the P-loop is responsible for binding ATP. For example, the in vitro activity of the
BRAFC494 mutant is 266-fold over that of the wild-type, while the BRAF®46%
mutant is only a modest 1.3 times as active as the wild-type, even though both
mutants are able to destabilise the inactive DFG-out conformation. The difference in
activity between the two G469 mutants can be explained by the fact that the bulky
and charged glutamic acid residue will interfere with the interactions between the P-
loop and ATP. In contrast, the smaller alanine residue is more similar to the glycine
residue that it replaces and hence does not adversely affect P-loop’s affinity for ATP
(Wan et al., 2004).

The acidic E600 residue in the BRAFY®E mutant may also form an
electrostatic interaction with the basic K507 residue of the aC helix to stabilise the
active conformation (Wan et al., 2004). Since K507 forms part of the side-to-side
dimerisation interface, it has been postulated that E600-K507 interaction can
potentially recapitulate the allosteric stabilisation of the catalytic cleft observed upon
dimerisation (Lavoie and Therrien, 2015). Indeed, the BRAFY®%E mutant’s ability to
activate the MAPK pathway appears to be independent of its ability to dimerise, as
demonstrated by the observation that the BRAFV6E/RS0HM qoyple mutant, which is

incapable of forming dimers, can phosphorylate MEK to a similar extent as the
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V600E single mutant (Poulikakos et al., 2011; Roring et al., 2012; Yao et al., 2015).
Consistent with this observation is the fact that the activity of the BRAFVE00E/KS07E
double mutant, which is no longer able to form a stabilising salt bridge between
codons 507 and 600, becomes dependent on R509-mediated dimerisation (Haling et
al., 2014).

Interestingly, BRAF mutations associated with cancer do not always possess
high levels of intrinsic kinase activity. These kinase-impaired variants of BRAF
usually involve substitutions at key residues of the catalytic site that are required for
optimal kinase activity (Wan et al., 2004). For example, the BRAF®*%V mutation
possesses 35% less in vitro kinase activity compared to the wild-type variant. Yet,
BRAF®45Y was still able to stimulate ERK activity 1.9-fold versus the wild-type in
COS cells (Wan et al., 2004). These paradoxical observations can be reconciled by
studies which showed that the oncogenic potential of kinase-impaired and even
kinase-dead versions of BRAF derives from their ability to promote the formation of
BRAF-CRAF heterodimers, resulting in subsequent activation of downstream ERK
signalling and ultimately, tumorigenesis (Garnett et al., 2005; Heidorn et al., 2010).

The elevated kinase activity of the BRAFV®%E mutant results in its increased
ability to stimulate constitutive, RAS-independent ERK signalling and proliferation
in both melanocytes and melanoma cell lines (Davies et al., 2002; Wellbrock et al.,
2004). In line with this, ribonucleic acid interference (RNAI)-mediated depletion of
BRAFVS%E reduced ERK phosphorylation, slowed down proliferation rates and
increased apoptosis in melanocytes (Wellbrock et al., 2004) and melanoma cell lines
(Karasarides et al., 2004; Wellbrock et al., 2004), as well as in mouse xenograft
models of melanoma (Hoeflich et al., 2006; Karasarides et al., 2004). Notably,

mutations in NRAS and BRAF tend towards mutual exclusivity (p < 0.001, Fisher’s
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exact test) in melanoma tumour samples included in the Cancer Genome Atlas
(TCGA) study (Akbani et al., 2015; Cerami et al., 2012), suggesting that pathway
hyperactivation may be paradoxically detrimental towards tumour progression
(Gray-Schopfer et al., 2007).

The BRAFY®%E gypstitution is also found in 82% of naevi (Pollock et al., 2002).
However, most naevi are benign and do not proliferate (Bennett, 2003) despite the
abundance of pro-proliferative oncogenic BRAF mutations. This can be explained by
the onset of oncogene-induced senescence, a mechanism in which cells respond to
pro-proliferative oncogenic signals by going into irreversible cell cycle arrest, thus
restricting the progression of benign lesions into cancer (Courtois-Cox et al., 2008).
When overexpressed in primary human melanocytes, BRAFY®%E caused cell cycle
arrest, increased senescence-associated [-galactosidase activity and up-regulated
p16'NK4 expression (Michaloglou et al., 2005).

Due to its ability to induce senescence, BRAF activation appears to be
insufficient for tumorigenesis on its own without the development of additional
mutations in other cancer-related pathways such as tumour suppressors. In animal
models, expression of BRAFY®%E in zebrafish led to the proliferation of melanocytes
and the subsequent formation of naevi-like melanocyte clusters, but they also failed
to develop melanoma unless the tp53 tumour suppressor gene was first inactivated
(Patton et al., 2005). Similarly, when BRAFV®%E \was conditionally expressed in
melanocytes in mouse models, the mice developed benign melanocytic hyperplasias
that did not progress to melanoma (Dankort et al., 2009). The mice only developed
metastatic tumours when BRAFV%E expression was coupled with deletion of the
Pten tumour suppressor gene (Dankort et al., 2009). Cooperation between BRAF

mutations and PTEN loss has also been observed in human melanoma cell lines
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(Tsao et al., 2004), as well as in patient-derived tumour samples (Akbani et al., 2015;

Cerami et al., 2012; Curtin et al., 2005).

1.2.3 MEK and ERK

Compared to RAS and RAF, genetic alterations of MEK and ERK in
melanoma are much less common. 9% of melanoma patients possess alterations in
the MAP2K1 and MAP2K2 genes, which encode the MEK1 and MEK2 proteins
respectively (Akbani et al., 2015; Cerami et al., 2012). A mere 5% of cases have
alterations in the MAPK1 and MAPKS3 genes, which code for ERK2 and ERK1
kinases respectively (Akbani et al., 2015; Cerami et al., 2012).

Although mutations of MEK and ERK are rare in melanoma, it is still
informative to examine the contributions of these downstream components of the
MAPK signalling cascade towards tumorigenesis. MEK is activated by RAF via
phosphorylations of S218 and S222 of the activation loop (Alessil et al., 1994). As a
dual-specificity kinase that is able to phosphorylate tyrosine, serine or threonine
residues, activated MEK phosphorylates ERK on T202 and Y204 of the activation
segment (Payne et al., 1991). Once activated, ERK acts on a multitude of more than
160 substrates with a diverse range of functions, including transcription factors,
cytoskeletal proteins, kinases, phosphatases, signalling proteins and apoptotic
proteins (Yoon and Seger, 2006).

Many of these downstream effects of activated ERK signalling lead to
tumorigenesis. ERK signalling can contribute to evasion of apoptosis, one of the
hallmarks of cancer (Hanahan and Weinberg, 2000), by inactivating BAD. ERK

phosphorylates and activates ribosomal S6 kinase (RSK), which in turn
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phosphorylates the pro-apoptotic protein BAD on S75 and results in its sequestration
in the cytosol by 14-3-3 proteins (She et al., 2002; Zha et al., 1996).

Yet another classical feature of tumorigenesis is limitless replicative potential
(Hanahan and Weinberg, 2000). Following activation, ERK is able to translocate to
the nucleus (Chen et al., 1992; Chuderland et al., 2008), where it can enable
replicative immortality via phosphorylation of the E26 transformation-specific (ETS)
transcription factor ER81 (Janknecht, 1996). ER81 is known to up-regulate hTERT
transcriptionally (Goueli and Janknecht, 2004), which results in increased telomerase
activity, thus preventing the onset of replicative senescence induced by telomere

shortening.
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1.3 Other pathways in melanoma
1.3.1 PTEN and the PI3K-AKT pathway

Genetic alterations in the PTEN tumour suppressor gene are also relatively
common in melanoma, with deletions or mutations of PTEN observed in 14% of
melanoma patients (Akbani et al., 2015; Cerami et al., 2012). The PTEN gene
encodes the phosphatase and tensin homolog (PTEN) protein, a phosphatase that
dephosphorylates phosphatidylinositol phosphate (P1P3) (Maehama and Dixon, 1998).
PIPs is a lipid second messenger that is generated by activated PI3K at the plasma
membrane upon the binding of growth factors to receptors such as RTKs and GPCRs.
AKT binds to PIPs via its pleckstrin homology (PH) domain, resulting in
translocation of AKT to the cell membrane where it is phosphorylated and activated
(Liu et al., 2009). Since PTEN decreases levels of PIPs via dephosphorylation, it
functions as a negative regulator of the PI3K-AKT pathway. Loss of PTEN leads to
de-repression of the PISBK-AKT pathway, which promotes cell cycle progression as
well as cell survival via decreased apoptosis in mouse embryonic fibroblasts
(Stambolic et al., 1998; Sun et al., 1999). Ectopic restoration of PTEN expression in
PTEN-deficient melanoma cell lines suppressed proliferation (Robertson et al., 1998),
reduced tumorigenicity and inhibited metastasis in mouse models (Hwang et al.,
2001; Stahl et al., 2003).

As mentioned previously, PTEN and BRAF display cooperativity in
melanomas, with PTEN deletions and mutations possessing a significant tendency
towards co-occurrence (p = 0.021, Fisher’s exact test) with BRAF mutations in
patient-derived tumour samples from the TCGA melanoma study (Akbani et al.,
2015; Cerami et al., 2012). This relationship was also observed in melanoma cell

lines (Tsao et al., 2004), as well as in a BRAFY®%€ mouse model of melanoma where
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the mice developed metastatic tumours only in the context of both BRAF activation
and Pten deletion (Dankort et al., 2009).

On the other hand, PTEN and NRAS alterations are mutually exclusive (p =
0.027, Fisher’s exact test) in melanoma cell lines (Tsao et al., 2000). This
observation may be analogous to the mutual exclusivity and functional redundancy
between NRAS and BRAF mutations. Since NRAS already activates the PI3K
pathway downstream (Cully et al., 2006), further loss of PTEN is not necessary for
tumorigenesis, and may even be disadvantageous to tumour progression due to

pathway hyperactivation (Gray-Schopfer et al., 2007).

1.3.2 CDKN2A

The cyclin-dependent kinase inhibitor 2A (CDKN2A) genomic locus is also
frequently altered in melanoma, with deletions and mutations of CDKN2A observed
in 44% of cases in the TCGA melanoma data set (Akbani et al., 2015; Cerami et al.,
2012). Approximately 10% of melanoma cases present with a family history of
melanoma (Tsao et al., 2012), which confers a 1.74-fold of risk of developing the
disease (Gandini et al., 2005b). Notably, germline mutations in the CDKN2A gene
are associated with melanoma susceptibility in 25-40% of familial melanoma cases
(Hayward, 2003).

The CDKN2A gene codes for two distinct tumour suppressor proteins, p16'NK42
and p14”RF, via the use of different promoters and alternate reading frames. p16'NK42
functions as a tumour suppressor due to its effects in impeding cell cycle progression.
p16'NK4 inhibits the cyclin-dependent kinases (CDKs) CDK4 and CDK®6, thus
preventing CDK phosphorylation of the retinoblastoma (RB) protein (Koh et al.,

1995). Unphosphorylated RB binds to and inhibits E2F1 (Nevins et al., 1991), a
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transcription factor that activates genes facilitating G1/S transition. Loss of p16Nk4a
results in increased CDK4 and CDKG6 activity, hyperphosphorylated RB and de-
repression of E2F1, which culminates in G1/S progression and re-entry into the cell
cycle.

p14~RF the alternately spliced product of CDKN2A, is transcribed from an
alternative first exon. Though p14”RF utilises the same second and third exons, it
shares no amino acid homology with p16'™%42 due to the use of an alternate reading
frame. p14”RF exerts its tumour suppressor effects via p53. p14°RF regulates levels of
p53 by binding to the E3 ubiquitin ligase minute-double-minute 2 (MDMZ2) and
inhibiting its activity (Honda and Yasuda, 1999; Pomerantz et al., 1998). Since
MDM2 ubiquitinates p53 and mediates its destruction by the proteasome (Honda and
Yasuda, 1999), p14”RF ablation leads to destabilisation of p53. This culminates in the
down-regulation of key p53 functions in the cell, such as apoptosis, deoxyribonucleic
acid (DNA) damage repair and cell cycle arrest (Harris and Levine, 2005; Pomerantz
etal., 1998).

The mutational hotspot status of CDKN2A might derive from the fact CDKN2A
lesions can potentially eliminate two tumour suppressor proteins, resulting in the
inactivation of both RB and p53 tumour suppressor pathways. Indeed, the ability of
activated RAS to induce melanoma tumour formation in mice is increased
dramatically in the context of both p16™X4 and p14ARF ablation (Chin et al., 1997;
VanBrocklin et al., 2010). On the other hand, loss of p16'N4* alone appears to be
insufficient for RAS-mediated transformation in mouse embryonic fibroblasts (MEFs)
(Krimpenfort et al., 2001; Sharpless et al., 2001). In the context of p14ARF
haploinsufficiency, p16™<*-null mice metastatic melanoma developed metastatic

melanoma with high penetrance following treatment with the carcinogen
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dimethylbenzanthracene (DMBA) (Krimpenfort et al., 2001). This suggests that
melanoma carcinogenesis, in the context of CDKN2A alterations, arises from

cooperation between both the p16'™%42 and p14”RF pathways.

1.3.3MITF

The microphthalmia-associated transcription factor (MITF) is the ‘master
regulator’ of the melanocyte lineage, and plays an essential role in melanocyte
development, survival and differentiation (Opdecamp et al., 1997). The MITF gene
possesses a complex structure, with at least 11 different isoforms being expressed
under multiple promoters (Levy et al., 2006; Li et al., 2010; Shiohara et al., 2009).
Exons 2-9 are shared by all the different isoforms of MITF, with the only difference
between the isoforms occurring in the first exon. The MITF-M isoform is expressed
exclusively in melanocytes and melanoma cells under the control of the melanocyte-
specific M promoter (Fuse et al., 1996; Vachtenheim and Novotng, 1999; Yasumoto
et al., 1998). Since MITF-M is the dominant form of MITF in cells of the melanocyte
lineage (Yasumoto et al., 1998), all discussions pertaining to MITF henceforth shall
be in reference to the MITF-M isoform, unless otherwise specified.

MITF belongs to the basic helix-loop-helix leucine zipper (bHLH-LZ) family
of transcription factors, which share a common basic helix-loop-helix structure as
well as a leucine zipper region that are both involved in DNA binding and
dimerisation (Hemesath et al., 1994; Hodgkinson et al., 1993). MITF is able to both
homodimerise with itself, and heterodimerise with other microphthalmia-related
transcription (MiT) factors such as transcription factor EB (TFEB), transcription
factor E3 (TFE3) and transcription factor EC (TFEC) (Hemesath et al., 1994). Like

other members of this family, MITF binds to the E-box (CANNTG, in particular
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CA[C/T]GTG) DNA motifs in promoters and enhancers to initiate transcription
(Cheli et al., 2010; Levy et al., 2006). In the case of MITF, the addition of a flanking
T to the 5° end of the core CATGTG E-box motif is necessary for binding, whereas
no such requirement was observed for the CACGTG variant of the E-box motif
(Aksan and Goding, 1998). This TCATGTG motif was termed the M-box since it is
highly conserved in melanocyte-specific promoters across various species.

MITF regulates melanocyte differentiation by initiating transcription after
binding to M-box motifs in the promoters of the pigmentation-related genes TYR
(Bentley et al., 1994; Galibert et al., 2001), TYRP1 (Bertolotto et al., 1998a; De La
Serna et al., 2006) and DCT (Lang et al., 2005; Yavuzer et al., 1995). These genes
encode tyrosinase (TYR), tyrosinase-related protein 1 (TYRP1), and dopachrome
tautomerase (DCT) respectively, all of which are enzymes involved in the synthesis
of the melanin pigment. Indeed, it is possible to induce expression of all three
melanogenic marker proteins by ectopically expressing MITF in fibroblasts
(Tachibana et al., 1996). In addition to genes involved in the melanogenesis pathway,
other transcriptional targets of MITF include genes such as premelanosome (PMEL)
(Baxter and Pavan, 2003), melanoma antigen recognised by T cells (MLANA) (Du et
al., 2003) and Ras-related protein 27A (RAB27A) (Chiaverini et al., 2008), which
encode proteins responsible for melanosome biogenesis and trafficking.

Due to MITF’s role as the master regulator of the melanocyte lineage, the loss
of MITF is commonly associated with defects in pigmentation. In animal models,
MITF-deficient mice fail to develop melanocytes, resulting in a loss of hair
pigmentation, hearing impairment and small eyes (microphthalmia) (Moore, 1995;
Steingrimsson et al., 1994). A null mutation in the mitfa gene, the zebrafish-specific

homologue of MITF, results in a lack of melanophores in zebrafish (Lister et al.,
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1999). In humans, MITF dysfunction is associated with Waardenburg syndrome type
2A, a condition characterised by hearing loss and hair pigmentary abnormalities such
as a white forelock and premature greying (Hughes et al., 1994; Tassabehji et al.,
1994). MITF mutations have also been implicated in Tietz syndrome, which causes
deafness and hypopigmentation-induced albinism in patients (Amiel et al., 1998;
Smith et al., 2000).

MITF mutations have also been implicated in cancer. Unlike the mutations
involved in pigment deficiency syndromes, which tend to involve the DNA binding
domain, MITF mutations in melanoma usually affect MITF’s transcriptional activity
as opposed to its ability to bind DNA (Grill et al., 2013). A glutamic acid to lysine
substitution at codon 318 (E318K) in MITF was identified in patients with familial
melanoma, where it was found to confer a significantly higher risk of developing
melanoma (Bertolotto et al., 2011; Yokoyama et al., 2011). MITFE38K was shown to
be transcriptionally more active than wild-type MITF, implicating its role as an
oncogene that mediates an increase in invasion, migration and clonogenicity in
melanoma cells (Bertolotto et al., 2011). The increase in transcriptional activity of
the MITFE318K mutant is believed to a result of the abrogation of the sumoylation
post-translational modification on the nearby K316 residue (Bertolotto et al., 2011;
Yokoyama et al., 2011), since sumoylation has been previously shown to repress
MITF-mediated transcription (Miller et al., 2005; Murakami and Arnheiter, 2005).

In addition to mutations, other genetic alterations of MITF have also been
found in association with non-familial melanoma. The link between MITF and
melanoma was first uncovered in 2005, when MITF was identified as a lineage
addiction oncogene amplified in 10-20% of melanoma samples (Garraway et al.,

2005). A corollary of oncogene addiction, lineage addiction refers to the lineage-
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specific survival mechanisms that become deregulated and persist even after normal
development, ultimately culminating in carcinogenesis by promoting tumour survival
(Garraway and Sellers, 2006). Compared to primary tumours, metastatic tumours had
more frequent instances of MITF amplification, while MITF copy number
increments were not detected in benign naevi (Garraway et al., 2005). In addition,
MITF amplification correlated with reduced survival in metastatic melanoma
(Garraway et al., 2005). Functional assays revealed the cooperativity between MITF
and BRAF, with ectopic co-expression of MITF and activated BRAFV®%E causing
transformation of immortalised human melanocytes and neural crest progenitor
cells (Garraway et al., 2005; Kumar et al., 2014). In line with this, alterations in the
MITF gene were found to co-occur together with BRAF mutations (p = 0.006,
Fisher’s exact test) in patient-derived melanoma tumour samples (Akbani et al., 2015;
Cerami et al., 2012).

The oncogenic potential of MITF has also been elegantly demonstrated in
zebrafish models of melanoma, via the use of a temperature-sensitive mitfa mutant to
conditionally manipulate endogenous levels of Mitfa activity (Lister et al., 2014).
Low levels of Mitfa activity were found to promote melanoma formation in
conjunction with activated human BRAFY®%E (Lister et al., 2014). Importantly, these
melanomas regressed upon ablation of Mitfa activity, demonstrating the critical role
played by MITF in BRAFY®%E-mediated oncogenesis (Lister et al., 2014).

MITF’s oncogenic effect can potentially be explained by the fact that
transcriptional targets of MITF include genes that mediate pro-survival functions.
For example, MITF was found to directly up-regulate the expression of the anti-
apoptotic proteins BCL2 and BCL2A1 by binding to their respective promoters (Haq

et al., 2013a; McGill et al., 2002). In the case of BCL2, the expression of dominant-
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negative MITF in melanocytes and melanoma cells resulted in cell death that could
be rescued by constitutive BCL2 overexpression (McGill et al., 2002). BCL2A1 was
specifically up-regulated in melanomas compared to other cancers, and knockdown
of BCL2AL1 led to an increase in apoptosis upon BRAF inhibition (Haq et al., 2013a).
Another transcriptional target of MITF is the melanoma inhibitor of apoptosis (ML-
IAP), an anti-apoptotic protein which is highly expressed in melanomas (Dynek et al.,
2008).

In addition to anti-apoptotic pathways, MITF also regulates cell-cycle
progression by controlling the transcription of cyclin-dependent kinase 2 (CDK2)
(Du et al., 2004). Quantitative real-time polymerase chain reaction (QPCR) analysis
of primary melanoma samples revealed that mRNA levels of MITF and CDK2 were
significantly correlated in melanoma, but not in other tumour types (Du et al., 2004).
In addition, overexpression of CDK2 could rescue the suppression of melanoma
colony formation by dominant-negative MITF in a colony growth assay (Du et al.,
2004).

Another transcriptional target of MITF is the MET proto-oncogene, which
encodes the c-MET protein that is believed to play an important role in metastasis
and is also highly expressed in melanomas (McGill et al., 2006). In line with c-
MET’s ability to up-regulate invasive potential after hepatocyte growth factor (HGF)
stimulation, HGF-mediated invasion in primary human melanocytes and melanoma
cells was dramatically increased in the presence of ectopic MITF (McGill et al.,
2006).

Deregulated cellular energetics has been identified as an emerging hallmark of
cancer, reflecting the large amount of evidence for reprogrammed cellular

metabolism in cancer cells (Hanahan and Weinberg, 2011). MITF also has an effect
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on cellular metabolism in melanoma cells, where it up-regulates expression of
oxidative phosphorylation genes (Haq et al., 2013b). In particular, the peroxisome
proliferator-activated receptor y coactivator la (PGCla), a transcriptional
coactivator which drives mitochondrial biogenesis and energy metabolism, was
shown to be up-regulated transcriptionally by MITF in primary human melanocytes
and melanoma cells, but not in non-melanoma cancers (Haq et al., 2013b; Vazquez et
al., 2013).

Sustained proliferative signalling is arguably the most fundamental hallmark of
cancer (Hanahan and Weinberg, 2000, 2011). The role of MITF in melanoma
proliferation is complex. Despite being classified as a lineage addiction oncogene,
MITF was found to have anti-proliferative effects, with an ability to induce cell cycle
arrest via up-regulation of the CDKN1A and CDKN2A genes encoding the p21¢Pt
and p16'™K4 cyclin-dependent kinase inhibitors respectively (Carreira et al., 2005;
Loercher et al., 2005). MITF could also exert an anti-proliferative role in
melanocytes and melanoma cell lines by negating BRAFY8E_stimulated
proliferation (Wellbrock and Marais, 2005). Furthermore, expression of MITF in
MITF-negative melanocytes and melanoma cell lines was shown to inhibit tumour

growth in mouse xenograft models (Selzer et al., 2002).
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Figure 1.6 The MITF rheostat model. MITF plays a key role in determining sub-
population identity of melanoma cells. Low MITF levels result in invasive and stem-like
cells that are arrested in G1 via p27Xt, However, high MITF levels lead to differentiation
and G1 arrest via p16™* and p21°Pl, Maximum proliferation occurs at an intermediate
level of MITF. Adapted from Carreira et al., 2006; Goding, 2011; Hoek and Goding, 2010.

However, MITF is also capable of exerting pro-proliferative effects in
melanoma, as is evident in the fact that small interfering RNA (siRNA)-mediated
depletion of MITF in melanoma cells results in p27Xi*-mediated G1 cell cycle arrest
(Carreira et al., 2006), and ultimately leads to senescence (Giuliano et al., 2010;
Strub et al., 2011). MITF knockdown is also accompanied by DNA damage
(Giuliano et al., 2010; Strub et al., 2011), mitotic aberrations (Strub et al., 2011), as
well as increased invasiveness (Carreira et al., 2006). The seemingly paradoxical anti
and pro-proliferative roles of MITF can be reconciled by the rheostat model (Carreira
et al., 2006; Goding, 2011; Hoek and Goding, 2010) (Figure 1.6). In this model, the
level of MITF activity determines the sub-population identity and phenotype of the
melanoma cells. Low levels of MITF activity are associated with stemness (Cheli et
al., 2011), tumorigenic potential (Cheli et al., 2011), invasiveness and G1 arrest via
p27XiPL (Carreira et al., 2006). As the level of MITF activity increases, cells become
more proliferative and lose their stem-like characteristics. In accordance to its role in
regulating differentiation-associated genes, high levels of MITF activity lead to

p16NK4a n21CPl dependent G1 cell cycle arrest, a prerequisite for differentiation
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(Carreira et al., 2005; Loercher et al., 2005). In support of the rheostat model,
melanoma cells were found to switch between invasive and proliferative states in
vivo, with MITF expression levels being a key determinant of the phenotypic state
(Hoek et al., 2008). In addition, both depletion and overexpression of MITF resulted
in significant inhibition of proliferation in three different melanoma cell lines (Kido
et al., 2009), highlighting the existence of a threshold range of MITF levels within

which maximum cell proliferation occurs.

1.4 Melanoma therapy
1.4.1 Therapeutic options

For patients with localised melanoma, surgical removal of tumours is the gold
standard for treatment (Schadendorf et al., 2015). However, surgery is rarely curative
for metastatic malignant melanoma (Schadendorf et al., 2015). For the past 40 years
until 2011, the standard treatment option for patients whose melanoma had
metastasised was dacarbazine, a chemotherapy drug with a paltry response rate of 10%
(Eggermont and Robert, 2012).

The identification of BRAF as the dominant oncogene in melanoma
(Karasarides et al., 2004) was a significant milestone which spurred intensive drug
development efforts to devise ATP-competitive RAF inhibitors, particularly ones
that could selectively target the most common mutation, BRAFV6%E, Sorafenib was
the first RAF inhibitor to be investigated across extensive clinical trials in melanoma.
Despite being a potent multi-kinase inhibitor with activity against CRAF, wild-type
BRAF, BRAFY8E as well as several RTKs (Wilhelm et al., 2004), sorafenib

unfortunately did not display any efficacy either as a single agent or in combination
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with the chemotherapeutic agents carboplatin and paclitaxel (Eisen et al., 2006;
Flaherty et al., 2013; Hauschild et al., 2009).

In contrast, the BRAF inhibitor vemurafenib, which specifically targets the
BRAFV%E mutant protein, fared much better in clinical trials. Vemurafenib
treatment elicited a response rate of 57% in patients with metastatic melanoma
bearing BRAFY®%E or BRAFV®K mutations, compared to 9% for dacarbazine
(Chapman et al., 2011; McArthur et al., 2014). Median progression-free survival was
6.9 months for the vemurafenib treatment group, which is significantly longer than
the 1.6 months observed with the dacarbazine group (McArthur et al., 2014). Median
overall survival was 13.6 months with vemurafenib treatment, versus 9.7 months in
the case of dacarbazine. Dabrafenib, another BRAFY®%%.specific inhibitor, elicited
similar improvements in response rates and progression-free survival compared to
dacarbazine in patients with BRAFV®% mutations (Hauschild et al., 2012).

In addition to targeted therapies against members of the MAPK pathway,
immunotherapy has emerged as another promising avenue for the treatment of
advanced melanoma. So far, immunotherapy for melanoma treatment mainly
involves circumventing immunoinhibitory pathways in order to promote an
antitumour response. This can be achieved via immune checkpoint blockade, using
monoclonal antibodies that block immune checkpoint receptors and thus activate
tumour-specific T cells (Mahoney et al., 2015). Ipilimumab, a monoclonal antibody
that targets the cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), was first
approved for use in the treatment of advanced melanoma in 2011 following
promising phase 3 clinical trials, where patients treated with ipilimumab and
dacarbazine demonstrated significantly better response rates and overall survival

compared to patients treated with dacarbazine alone (Robert et al., 2011). More
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recently, pembrolizumab and nivolumab were also approved for use in the treatment
of advanced melanoma which were unresponsive to ipilimumab and BRAF
inhibition. Both pembrolizumab and nivolumab are monoclonal antibodies which
target another immune checkpoint receptor known as programmed cell death protein
1 (PD-1). Combinatorial immunotherapies have also shown very promising results in
patients with advanced melanoma, with the combination of ipilimumab and
nivolumab proving to be significantly more effective than either agent alone (Larkin

et al., 2015; Postow et al., 2015).

1.4.2 Resistance to therapy

Despite bearing BRAFY%% mutations, approximately half of the patients who
are treated with BRAF inhibitors do not respond to therapy (Hauschild et al., 2012;
McArthur et al., 2014; Sosman et al., 2012). Not much is known about why some
BRAF-mutated melanomas are intrinsically more resistant to BRAF inhibition than
others, although adaptive resistance might play a role in this. Adaptive resistance
refers to the attenuation of therapeutic response within a short period, on the order of
hours, following initiation of drug treatment (Lito et al., 2013). Treatment with
selective inhibitors of a specific pathway relieves negative feedback inhibition,
resulting in the reactivation of other mitogenic signalling pathways, which ultimately
diminishes therapeutic effectiveness. For example, it has been demonstrated that
BRAF inhibition leads to RAS activation by relieving ERK-dependent negative
feedback of RAS (Lito et al., 2012). In another example, vemurafenib therapy is far
less effective in colorectal cancer than in melanoma (Kopetz et al., 2010). This can

be explained by the loss of feedback from ERK culminating in activation of
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epidermal growth factor receptor (EGFR), which is highly expressed in colon cancer

but not in melanoma (Prahallad et al., 2012).

Figure 1.7 An example of a patient who developed resistance to BRAF inhibitor
therapy and relapsed after an initial period of tumour regression. A 38-year-old man
with metastatic, BRAFVS®E melanoma was treated with vemurafenib. Photographs were
taken (a) before initiation of vemurafenib therapy, (b) after 15 weeks of vemurafenib therapy
and (c) after 23 weeks of vemurafenib therapy. From Wagle et al., 2011.

For the other half of BRAF-mutated melanoma patients in which therapeutic
benefit is observed, most of them eventually suffer a relapse of the disease due to
acquired resistance to BRAF inhibitor therapy (Hauschild et al., 2012; McArthur et
al., 2014; Sosman et al., 2012) (Figure 1.7). Acquired resistance to BRAF inhibitors
is mediated via several different mechanisms, but most of them appear to converge
on a common, central theme — reactivation of the RAS/RAF/MEK/ERK pathway.
For example, BRAF copy number amplification has been identified as a resistance
mechanism in some patients (Shi et al., 2012, 2014). Aberrantly spliced variants of
BRAFVS%E have also been detected in some patients with acquired resistance to
BRAF inhibition (Poulikakos et al., 2011; Shi et al., 2014). These splice isoforms,
which lack the RAS-binding domain, demonstrate enhanced RAS-independent
dimerisation (Poulikakos et al., 2011). Dimerisation confers increased kinase activity
and resistance to BRAF inhibition due to negative cooperativity, whereby the

binding of an inhibitor to one protomer of the dimer significantly inhibits the affinity
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of the drug for the other protomer (Yao et al., 2015). Increased expression of CRAF
has also been demonstrated as a resistance mechanism in cell culture models,
although this has yet to be detected in actual patient samples (Johannessen et al.,
2010; Montagut et al., 2008; Su et al., 2012a).

Such reactivation is not limited to the RAF level, but instead can occur at
multiple points along the RAS/RAF/MEK/ERK pathway. Upstream of RAF, up-
regulation of RTKs and activating secondary mutations of NRAS and KRAS have
been detected in patient-derived, BRAF therapy-resistant tumours (Nazarian et al.,
2010; Shi et al., 2014). Similarly, a loss of expression of neurofibromin (NF1), a
negative regulator of RAS, has also been linked to BRAF inhibitor resistance in
patients (Maertens et al., 2013; Whittaker et al., 2013). Interestingly, BRAF
inhibitors are also known to induce the formation of cutaneous squamous cell
carcinomas and keratoacanthomas (Oberholzer et al., 2012; Su et al., 2012b). These
secondary lesions are believed to arise as a result of paradoxical CRAF-mediated
activation of the ERK pathway in cells with wild-type BRAF (Hatzivassiliou et al.,
2010; Heidorn et al., 2010; Holderfield et al., 2013; Poulikakos et al., 2010) .

Downstream of RAF, the acquisition of activating secondary mutations in
MEK can lead to BRAF inhibitor resistance as well, as shown in both cell culture
models and patient tumour samples (Van Allen et al., 2014; Emery et al., 2009; Shi
et al., 2014). Another resistance mechanism is RAF-independent activation of MEK
via up-regulation of COT, a MAP3K (Johannessen et al., 2010).

A significant proportion of resistance to BRAF inhibition is also mediated
through pro-survival signalling pathways that do not involve MAPK (Van Allen et
al., 2014; Shi et al., 2014). The PTEN/PI3K/AKT axis is one such pathway. PTEN

deletions and inactivating mutations, as well as activating mutations in PI3K and
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AKT, all contribute to enhanced AKT phosphorylation and thus increased cell
survival upon BRAF inhibition (Van Allen et al., 2014; Shi et al., 2014; Villanueva
et al., 2010). MITF has also been identified as a mediator of resistance to BRAF
inhibitors (Johannessen et al., 2013). Patient-derived tumour samples were found to
contain MITF amplifications, which can promote resistance by up-regulating the
anti-apoptotic protein BCL2A1 (Van Allen et al., 2014; Haq et al., 2013a; Smith et
al., 2013). Interestingly, MITF-low cells also demonstrated resistance to BRAF
inhibitor therapy, although part of the resistance appeared to be mediated by
concurrent elevated expression of the receptor tyrosine kinase AXL (Konieczkowski

et al., 2014; Maller et al., 2014).

1.5 Summary and Aims

In terms of therapy, melanoma has indeed come a long way from its former
reputation of being the “graveyard of pharmaceutical development” (Schadendorf et
al., 2015) to being the new “poster child for personalised medicine” (Smalley and
Sondak, 2010). However, despite major advances in our understanding of melanoma
biology, a cure for melanoma is still elusive. Even with the development of drugs
targeted against specific mutations, disease relapse is a frustratingly common
problem. A large proportion of the research has, with good reasons thus far, been
concentrated on the most common BRAFV%E mutation since it accounts for almost
half of all melanoma cases. This has born fruit in the form of clinically effective
small molecule inhibitors that confer therapeutic benefits on patients with BRAF-
mutated melanomas. In fact, BRAF-mutated melanoma patients, after treatment with
BRAF inhibitors, can now survive longer than melanoma patients with wild-type

BRAF (Long et al., 2011). More recent clinical trials have utilised combinatorial
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therapies with both BRAF and MEK inhibitors in a bid to overcome BRAF inhibitor
resistance. Indeed, combined BRAF and MEK inhibition demonstrated increased
efficacy compared to treatment with BRAF inhibitors alone (Flaherty et al., 2012;
Larkin et al., 2014; Long et al., 2014; Robert et al., 2015). However, viable
therapeutic options also need to be developed for the other 50% of patients who do
not possess BRAFY® mutations. To do so, we would need to further our
understanding of BRAF regulation by investigating novel pathways that regulate
BRAF function.

The innate heterogeneity (Gillies et al., 2012; Marusyk et al., 2012; Meacham
and Morrison, 2013; Yates and Campbell, 2012) of cancer tumours also presents a
substantial challenge to effective therapy. Phenotypic heterogeneity confers innate
resistance to conventional chemotherapy, since quiescent cancer cells can survive
treatments that target dividing cells (Dean et al.,, 2005). The diverse genetic
background of cancer cells means that since there will almost always be some cells
that are resistant to molecular therapies target specific pathways (Turner and Reis-
Filho, 2012). Consequently, a reduction of heterogeneity will be beneficial in
conjunction with any targeted therapy. In this regard, MITF presents an attractive
target since it plays a key role in defining sub-population identity of melanoma cells
(Hoek and Goding, 2010). Furthermore, both elevated and decreased levels of MITF
have been shown to mediate resistance to BRAF inhibition (Muller et al., 2014),
demonstrating the complex role played by the MITF rheostat in melanoma. By
broadening our knowledge of MITF regulation, we could potentially find effective
ways of manipulating MITF activity in order to drive melanoma cells towards

therapeutically sensitive phenotypes.
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Chapter 2 — Materials and Methods



2.1 Bacterial methods
2.1.1 Growth media and conditions

Liquid bacterial cultures were grown at a temperature of 37°C in a shaking
incubator set at 225 rpm. The growth media was the Lennox formulation (1% w/v
tryptone, 0.5% wl/v yeast extract, 0.5% w/v NaCl) of Luria-Bertani (LB) broth
(Invitrogen, Waltham, MA, USA), which was autoclaved before use. LB agar plates
were made by autoclaving LB agar powder (1% w/v tryptone, 0.5% w/v yeast extract,
0.5% w/v NaCl, 1.2% w/v agar) from Invitrogen with the appropriate volume of
deionised water, after which it was poured into individual petri dishes (Sterilin,
Newport, UK) and then allowed to cool to room temperature before storing at 4°C.
To isolate individual bacterial colonies, bacteria were streaked on pre-warmed LB
agar plates, before being incubated upside down at 37°C to allow colony formation
overnight. Where necessary, LB was supplemented with the appropriate antibiotics,
at a concentration of 100 pug/ml for ampicillin (Fisher Scientific, Waltham, MA, USA)

or 50 pg/ml for kanamycin (Fisher Scientific).

2.1.2 Bacterial strains

Chemically competent subcloning efficiency DHS5a (Invitrogen), which had a
transformation efficiency of 1 x 10° colony forming units (cfu) per pg DNA, was
used for general cloning. The genotype of the DH5a. strain of E. Coli is F
®80lacZAM15 A(lacZY A-argF)U169 recAl endAl hsdR17(r’,m«*) phoA supE44
thi-1 gyrA96 relA1 L". One Shot TOP10 chemically competent E. coli (Invitrogen),
which had a transformation efficiency of 1 x 10° cfu/ug DNA, was employed when

higher transformation efficiencies were required. The genotype of the TOP10 strain
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of E. coli is F mcrA A( mrr-hsdRMS-mcrBC) ®80lacZAM15
AlacX74 recAl araD139 A(araleu)7697 galU galK rpsL (Str?) endAl nupG A-.

For site-directed mutagenesis, XL10-Gold ultracompetent cells (Agilent, Santa
Clara, CA, USA), which possessed a transformation efficiency of 5 x 10° cfu/ug
DNA, were used. The genotype of the XL10-Gold strain of E. coli is Tet'
A(mcrA)183 A(mcrCB-hsdSMR-mrr)173 endAl supE44 thi-1 recAl gyrA96 relAl
lac Hte [F’ proAB laclZ AM15 Tn10 (Tet") Amy Cam'].

BL21(DE3) (Invitrogen) was used for the production of recombinant protein.
The genotype of the BL21(DE3) strain of E. coli is F ompT hsdSg (rs'mg”) gal dcm

(DE3).

2.1.3 Transformation of competent bacteria

For transformation of chemically competent bacteria, cells were thawed on ice
and aliquoted into pre-chilled 14 ml polypropylene round-bottom tubes (BD
Biosciences, San Jose, CA, USA). Plasmid DNA was added to the bacteria to a
maximum of 10% v/v, followed by a 30-minute incubation on ice. To stimulate
uptake of DNA, the cells were subjected to heat shock at 42°C for 30 seconds, after
which they were placed on ice for 2 minutes. This was followed by the addition of
250 ul of S.0.C medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM
KCI, 10 mM MgCl;, 10 mM MgSOs, and 20 mM glucose) that was sourced from
Invitrogen. The cells were then allowed to recover in a shaking incubator at 37°C
and 225 rpm, before being spread on pre-warmed LB agar plates containing the

appropriate antibiotics.
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2.1.4 Expression of recombinant protein

Following transformation with the plasmid with the gene encoding the protein
of interest, BL21(DE3) cells were allowed to grow overnight on LB agar plates
containing the appropriate antibiotics. A single colony was picked and grown
overnight in 5 ml of LB medium, containing the same antibiotics, in a shaking
incubator set at 37°C and 225 rpm. The next day, the overnight culture was diluted
1:100 into 500 ml of fresh LB medium, again containing the same antibiotics. The
cells were then grown at 37°C and 225 rpm until mid-log phase (ODesgo = 0.6-1.0),
after which isopropyl-p-D-thiogalactoside (IPTG) (Sigma-Aldrich, St. Louis, MO,
USA) was added to a final concentration of 250 uM to induce protein expression.
The cells were allowed to grow for an additional 3 hours at 37°C and 225 rpm, after
which they were harvested via centrifugation at 6000x g for 15 minutes at 4°C. The
bacterial pellet was then subjected to lysis and purification procedures or stored at

80°C.

2.2 Mammalian cell methods
2.2.1 Cell culture

Human melanoma cell lines, including 501mel and SK-MEL-28, were grown
in Roswell Park Memorial Institute (RPMI) 1640 media (Invitrogen), supplemented
with 10% foetal bovine serum (FBS) (PAA Laboratories, Pasching, Austria) and 50
units/ml penicillin, 50 pg/ml streptomycin (Invitrogen). The HERMES immortalised
human melanocyte cell line was cultured in RPMI 1640 supplemented with 10%
FBS, 50 units/ml penicillin, 50 pg/ml streptomycin, 200 nM tetradecanoyl phorbol
acetate (TPA) (Sigma-Aldrich), 200 pM cholera toxin (CT) (Sigma-Aldrich), 10

ng/ml human stem cell factor (hSCF) (Invitrogen) and 10 nM endothelin 1 (EDN1)
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(Sigma-Aldrich). Cell lines of non-melanocytic origin, including HeLa and Phoenix-
AMPHO, were grown in Dulbecco's Modified Eagle Medium (DMEM),
supplemented with 10% foetal bovine serum and 50 units/ml penicillin, 50 pg/ml
streptomycin.

Unless otherwise stated, cells were grown in culture vessels (Corning, Corning,
New York, USA) kept in humidified incubators at 37°C with 10% CO>. For general
maintenance, cells were allowed to grow in a monolayer until 80-90% confluence,
after which they were detached from the growth surface via trypsinisation.
Trypsinisation was carried out by first aspirating the medium from the culture vessel,
followed by washing with phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM
KCI, 10 MM NazHPO4, 1.8 mM KH2POg4, pH 7.4), which was obtained from Fisher
Scientific and autoclaved before use. Next, sufficient 0.05% trypsin-EDTA
(Invitrogen) was added to cover the entire growth surface. The cells were then
incubated at 37°C for two minutes to initiate detachment, after which trypsin was
inactivated with one volume of complete medium. The detached cells were harvested
by centrifugation at 200x g, after which the pellet was resuspended in complete
medium and inoculated into a fresh culture vessel at an appropriate density (typically
1:6).

For medium-term storage, cells were resuspended in complete medium
containing 10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich) before being aliquoted
into a cryo tube (Thermo Scientific, Waltham, MA, USA), which was then placed in
a Mr Frosty freezing container (Thermo Scientific) and stored at -80°C. For long-
term storage, cells were transferred from -80°C to liquid nitrogen storage. To revive

frozen cells, the cryo tubes were thawed at room temperature, after which the
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freezing medium was removed via centrifugation at 200x g. The cell pellet was then

resuspended in complete medium before being inoculated into a fresh culture vessel.

2.2.2 Transient transfection of DNA

Transient transfection of DNA was carried out using the FUGENE 6 (Promega,
Madison, WI, USA), a non-liposomal transfection reagent, according to the
manufacturer’s instructions. Briefly, cells were inoculated into a 6-well plate and
grown to 50% confluence overnight. The following day, 1 pg of DNA was mixed
with 3 pl of FuGENE 6 in 100 pul of Opti-MEM (Invitrogen), and incubated at room
temperature for 15 minutes. The transfection mix was then added drop-wise to a
single well of a 6-well plate. The amount of transfection mix can be scaled up or
down depending on the number and size of the culture vessels. Cells were then

incubated for 48 hours before being processed.

2.2.3 Stable transfection of DNA

Inducible, stable cell lines exhibiting tetracycline-inducible expression of a
gene of interest were generated using the Flp-In T-REXx system from Invitrogen. The
host cell line was HeLa Flp-In T-REX, a gift from Skirmantas Kriaucionis (Ludwig
Institute for Cancer Research, Oxford, UK). HelLa Flp-In T-REx are HelLa cells
which contain a stably integrated Flp Recombination Target (FRT) site and also
express the Tet repressor (TetR) under a constitutive cytomegalovirus (CMV)
promoter. HeLa Flp-In T-REX cells were maintained as per wild-type HeLa cells, but
with a further supplement of 4 pg/ml blasticidin to maintain TetR expression and 50

ug/ml zeocin to ensure that the FRT sites were retained.
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HeLa Flp-In T-REX cells were seeded on a 6 cm dish (Corning) and grown to
50% confluence overnight. They were then co-transfected with two plasmids as per
the transient transfection protocol. The first plasmid was the pcDNAS/FRT/TO
plasmid expressing the gene of interest under the control of a tetracycline-regulated
CMV/TetO2 promoter, while the second was the pOG44 plasmid that expresses the
FIp recombinase under a constitutive CMV promoter. The two plasmids were co-
transfected at a ratio of 3 pcDNAS/FRT/TO : 1 pOG44.

The cells were allowed to take up the DNA over 48 hours, after which they
were trypsinised. 50% of the cells were frozen down for storage, while the other 50%
were seeded onto a 15 cm dish (Corning). The Flp recombinase mediates
recombination at the FRT sites, resulting in specific integration of the
pcDNAS/FRT/TO plasmid into the pre-existing FRT site in the host cell line.
Recombination results in the replacement of the zeocin resistance gene in the host
cell line with the hygromycin resistance gene in the pcDNA5/FRT/TO plasmid,
hence the transfected cells were selected with 200 pg/ml hygromycin and 4 pg/ml
blasticidin. Stable polyclonals were observed after two weeks of antibiotic selection,
upon which they were assayed for expression of the gene of interest and frozen down

for storage.

2.2.4 Transient transfection of SIRNA

Transient transfection of small interfering RNA (siRNA) was carried out using
the Lipofectamine 2000 (Invitrogen), a lipid-based reagent, according to the
manufacturer’s protocol. Briefly, cells were grown without antibiotics to 50%
confluence in a 6-well plate overnight. The following day, 10 pul of Lipofectamine

2000 was mixed with 190 ul of Opti-MEM, and incubated for 5 minutes at room
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temperature. In a separate tube, 166 pmol of siRNA was diluted in Opti-MEM to
give a total volume of 200 pl. The diluted Lipofectamine 2000 was then mixed with
the diluted siRNA to encourage the formation of a transfection complex. After a 20-
minute incubation at room temperature, the transfection complex was then added
drop-wise to a single well of a 6-well plate. The amount of transfection mix can be
scaled up or down depending on the number and size of the culture vessels. Cells
were then incubated for 48 hours before being processed.

SiRNA against p300 was obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). AllStars Negative Control siRNA (Qiagen) was used as the negative

control.

2.3 Nucleic acid methods
2.3.1 Plasmid purification

For small-scale plasmid production, individual bacteria colonies, obtained
following transformation with the plasmid of interest, were inoculated into 3 ml of
LB containing the appropriate antibiotics in a 14 ml polypropylene round-bottom
tube. The bacteria were allowed to grow overnight at 37°C and 225 rpm. The
following day, the bacteria were centrifuged at 6800x g, and the pellet processed
with a QIAprep Spin Miniprep Kit (QIAGEN, Hilden, Germany) according to the
manufacturer’s instructions. Purified plasmid DNA was subsequently eluted in buffer
EB (10 mM Tris-Cl, pH 8.5) and its concentration was measured with a NanoDrop
2000 spectrophotometer (Thermo Scientific).

For large-scale plasmid production, individual bacteria colonies were
inoculated into 3 ml of LB containing the appropriate antibiotics in a 14 ml

polypropylene round-bottom tube and grown for 8 hours at 37°C and 225 rpm. This
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starter culture was then inoculated 1:500 into 100 ml of LB containing the
appropriate antibiotics in the case of high-copy plasmids. For low-copy plasmids, the
culture volume was scaled up to 500 ml. The bacteria were then allowed to grow
overnight at 37°C and 225 rpm, after which they were pelleted at 6000x g. The pellet
was processed with a Plasmid Maxi Kit (QIAGEN) according to the instructions
provided by the manufacturer. Purified plasmid DNA was subsequently resuspended
in buffer EB, after which its concentration was ascertained with a NanoDrop 2000

spectrophotometer.

2.3.2 Agarose gel electrophoresis

Agarose gels were used to resolve DNA fragments by size. With the help of a
microwave, agarose gels were prepared by heating and dissolving agarose (Web
Scientific, Crewe, UK) in TBE buffer (100 mM Tris, 90 mM boric acid, 1 mM
EDTA) sourced from Invitrogen. peqGREEN (PEQLAB, Erlangen, Germany)
intercalating dye was added to the agarose gel at a concentration of 1:20000. DNA
samples were mixed with 0.2 volumes of 6x purple gel loading dye (New England
Biolabs, Ipswich, MA, USA) before being loaded into the wells of the agarose gel.
HyperLadder 1kb and HyperLadder 50bp (Bioline, London, UK) were used as
molecular weight markers. Electrophoresis was carried out at 120 V in TBE buffer.
The DNA was visualised under ultraviolet (UV) light in an UVIidoc (UVltec,
Cambridge, UK). Where necessary, DNA fragments were excised with a scalpel and
purified using the QIAquick Gel Extraction Kit (QIAGEN) in line with the

manufacturer’s instructions.
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2.3.3 Polymerase chain reaction

Polymerase chain reaction (PCR) was employed to amplify DNA. MyTaq Red
Mix (Bioline), a ready-to-use mix of Taq polymerase, was used for situations where
detection was the main purpose and DNA fidelity was not important, such as colony
PCR. For each reaction, 2 ng of template DNA was mixed with 4 pmol of each
primer, 5 pl of 2x MyTaq Red Mix and deionised water to give a final volume of 10
ul. Reactions were carried out in a T100 Thermal Cycler (Bio-Rad, Hercules, CA,
USA) with an initial denaturation step at 95°C for 3 minutes, followed by 35 cycles
of denaturation (95°C, 15 s), annealing (primer melting temperature - 5°C, 15 s) and
extension (72°C, 10 s). This was then finished with a final extension step at 72°C for
5 minutes, after which the PCR products were visualised on an agarose gel.

In cases where DNA fidelity was important, such as cloning, Phusion High-
Fidelity DNA polymerase (Thermo Scientific) was employed. For each reaction, 10
ng template DNA was mixed with 25 pmol of each oligonucleotide primer, 10 pl 5x
Phusion HF buffer, 10 nmol dATP, 10 nmol dTTP, 10 nmol dCTP, 10 nmol dGTP, 1
unit Phusion DNA polymerase and deionised water to give a final volume of 50 pl.
Reactions were carried out in a T100 Thermal Cycler with an initial denaturation
step at 98°C for 30 s, followed by 35 cycles of denaturation (98°C, 10 s), annealing
(primer melting temperature, 15 s) and extension (72°C, 30 s/kb of product). This
was then finished with a final extension step at 72°C for 5 minutes, after which the
PCR products were visualised on an agarose gel and purified with the QIAquick Gel

Extraction Kit.
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Oligonucleotides were synthesised by Integrated DNA Technologies (Leuven,
Belgium). The melting temperature of the oligonucleotide primers were determined

with the Tm calculator at https://www.thermofisher.com/uk/en/home/brands/thermo-

scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-

resource-library/thermo-scientific-web-tools/tm-calculator.html.

2.3.4 Restriction enzyme digestion

Restriction digests were carried out using the appropriate restriction enzyme
(New England Biolabs). Briefly, 1 pg of DNA was mixed with 10 units of enzyme, 5
ul of the appropriate 10x reaction buffer and deionised water to give a total volume
of 50 ul. The digest reaction was incubated at 37°C for 2 hours. The restriction
enzyme was then heat inactivated if possible. If the restriction enzyme could not be
heat inactivated, it was subsequently removed by the QlAquick PCR Purification Kit

(QIAGEN) according to the manufacturer’s recommendations.

2.3.5 Dephosphorylation of DNA

To prevent re-ligation of the vector DNA following restriction digest, the
vector DNA can be dephosphorylated with calf intestinal alkaline phosphatase (CIP)
(New England Biolabs). 2 units of CIP were added directly to the restriction enzyme
mix and incubated at 37°C for 1 hour. The reaction mix was then purified with the
QIAquick PCR Purification Kit (QIAGEN) according to the manufacturer’s

recommendations.
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2.3.6 Ligation

Following digestion and purification, the insert DNA is mixed with 75 ng of
vector DNA, at a molar ratio of 10 insert : 1 vector. 2 ul of 10x T4 DNA Ligase
Buffer, 400 units of T4 DNA ligase (New England Biolabs) and deionised water are
also added to give a final volume of 20 pl. The ligation reaction was incubated at
room temperature for 10 minutes, after which it was transformed into chemically
competent bacteria. Successful integration of the insert was verified via colony PCR

and Sanger sequencing.

2.3.7 Site-directed mutagenesis

The QuikChange Lightning Site-Directed Mutagenesis (SDM) Kit (Agilent)
was employed to introduce point mutations at specific loci in genes of interest.
Mutagenic primers were designed with the help of the QuikChange Primer Design

Program available at http://www.genomics.agilent.com/primerDesignProgram.;sp.

For each reaction, 10 ng template plasmid DNA was mixed with 125 ng of each
primer, 1 pl 10x reaction buffer, 0.2 pl ANTP mix, 0.3 pl QuikSolution reagent, 1 pl
Quikchange Lightning Enzyme and deionised water to give a final reaction volume
of 10 ul. The reactions were cycled in a T100 Thermal Cycler with an initial
denaturation step at 95°C for 2 minutes, followed by 25 cycles of denaturation (95°C,
20 s), annealing (60°C, 10 s) and extension (68°C, 30 s/kb of product). This was then
finished with a final extension step at 68°C for 5 minutes. The dam-methylated
parental template was then digested by adding 0.4 pl Dpnl to the reaction mix and
incubating at 37°C for 1 hour. Finally, the reaction mix was transformed into XL10-
Gold ultracompetent cells, and the resultant colonies were screened for mutations

with Sanger sequencing. With the exception of the template DNA and primers, all
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other reagents were proprietary formulations that were included in the QuikChange

Lightning Site-Directed Mutagenesis Kit.

2.3.8 gPCR

The RNeasy Mini Kit (QIAGEN) was used to extract and purify RNA from
cells in accordance with the manufacturer’s instructions. Upon elution with RNase-
free water, the RNA concentration was determined with a Nanodrop 2000
spectrophotometer. To generate ¢cDNA, 1 pg of RNA was processed using the
QuantiTect Reverse Transcription Kit (QIAGEN) according to the manufacturer’s
recommendations. Briefly, contaminating genomic DNA is removed from the
template RNA, after which Quantiscript Reverse Transcriptase generates cDNA via
reverse transcription. Quantiscript Reverse Transcriptase also possesses Rnase H
activity, which results in degradation of template RNA after reverse transcription.

Next, qPCR was used to quantify relative gene expression levels. gPCR
primers were designed to amplify a 100-150 bp-long target region and to span exon-
exon junctions where possible. Reactions were performed in triplicates, with each
replicate containing 30 ng of cDNA mixed with 4.5 pmol of each primer, 7.5 pl of 2x
SensiMix SYBR (Bioline) and deionised water to give a total volume of 15 pl.
Thermocycling and analysis was carried out in a Rotor-Gene 6000 (Corbett Life
Science, Sydney, Australia) real-time analyser. The reactions were cycled with an
initial step at 95°C for 10 minutes, followed by 55 cycles of 96°C for 5's, 61°C for
10 s and 72°C for 5 s. Lastly, the temperature was raised from 72°C to 96°C at a rate

of 1°C every 5 seconds to generate melt-curves.
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Expression of the gene of interest was normalised relative to a housekeeping
gene according to the 2724CT method (Livak and Schmittgen, 2001), which states
that:

Relative fold change of target gene in treated vs untreated sample = 272A¢T
where AACt = AC+[treated sample] — ACt[untreated sample] and

ACt = Cq[target gene] - Cr[housekeeping gene]

2.4 Protein methods
2.4.1 Cell Extracts

2.4.1.1 Whole cell extracts

Cell lysis was typically carried out by adding 1x Laemmli sample buffer (62.5
mM Tris-Cl pH 6.8, 2% SDS, 0.1 M DTT, 0.01% bromophenol blue, 10% glycerol)
directly to the culture vessel. The cells were scraped with a cell scraper (TPP,
Trasadingen, Switzerland), after which the lysate was collected and sonicated for 3
seconds with a probe sonicator (Sonics, Newton, CT, USA). Extracts were boiled at
95°C for 5 minutes before being cooled to room temperature and stored at -20°C.

If quantification of protein concentration was required, then cells were
trypsinised and solubilised in cold radioimmunoprecipitation assay (RIPA) lysis
buffer (50 mM Tris-Cl pH 8.0, 150 mM NacCl, 0.5% sodium deoxycholate, 0.1%
SDS, 1% NP-40) supplemented with 1x Complete Protease Inhibitor (Roche, Basel,
Switzerland) and 1x PhosSTOP Phosphatase Inhibitor (Roche). After a 20-minute
incubation on ice, the cell lysate was spun at 16000x g and 4°C in a bench-top
centrifuge for 15 minutes. The supernatant was saved as the lysate while the pellet
was discarded. Bicinchoninic acid (BCA) protein assay (Thermo Scientific) was used

to quantify the protein concentration according to manufacturer’s instructions, after
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which a suitable amount of RIPA buffer was added to each sample to equilibrate

protein concentrations. Samples were subsequently stored at -20°C.

2.4.1.2 Sub-cellular fractionation

To separate out the cytosolic components of the cell from the nuclear fraction,
trypsinised cells were lysed in cold Triton X lysis buffer (50 mM Tris-Cl pH 7.5,
137.5 mM NacCl, 0.5% Triton X-100, 10% glycerol) supplemented with 1x Complete
Protease Inhibitor and 1x PhosSTOP Phosphatase Inhibitor. The cell lysate was
incubated on ice for 20 minutes, then centrifuged at 16000x g and 4°C in a bench-top
centrifuge for 15 minutes. The supernatant was the cytoplasmic fraction while the
pellet was resuspended in 1x Laemmli sample buffer and taken to be the nuclear

fraction. Both fractions were stored at -20°C.

2.4.2 Protein purification

2.4.2.1 Immunoprecipitation

For typical immunoprecipitations, adherent cells were detached via
trypsinisation before being lysed in 1 ml of cold IP lysis buffer (50 mM Tris-Cl pH
8.0, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) supplemented with 1x
Complete Protease Inhibitor and 1x PhosSTOP Phosphatase Inhibitor. When
studying acetylated proteins, IP lysis buffer was supplemented with an additional
amount of histone deacetylase inhibitors (10 mM sodium butyrate and 10 mM
nicotinamide). Following a 20-minute incubation on ice, the cell lysate was spun at
16000x g and 4°C in a bench-top centrifuge for 15 minutes. After discarding the cell
pellet, 5% of the supernatant was saved as input, while the remainder was incubated

with 1 pg of antibody overnight on a rotating platform at 4°C. The next day, 20 ul of
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Dynabeads Protein G (Invitrogen) was added to the samples, assuming that a mouse
antibody had been used. If the antibody had been raised in a rabbit, then 20 pl of
Dynabeads Protein A (Invitrogen) was added instead. After a further 2-hour
incubation on a rotating platform at 4°C, the beads were washed 3 times with cold IP
lysis buffer for 10 minutes each time, then stored at -20°C.

In the case of immunoprecipitations involving a FLAG tag, we used anti-
FLAG antibody that had already been directly conjugated to agarose beads. The cell
lysate was incubated with 20 pl of ANTI-FLAG M2 Affinity Gel (Sigma-Aldrich)
overnight on a rotating platform at 4°C. The following day, the beads were washed 3
times with cold IP lysis buffer for 10 minutes each time, after which they were stored
at -20°C. Where necessary, the bound proteins were eluted off the beads by
incubating with 150 ng/ml of 3x FLAG peptide (Sigma-Aldrich) in 100 ml of Tris-
buffered saline (TBS) (50 mM Tris, 150 mM NaCl, pH 7.6) for 30 minutes at 4°C
with gentle shaking. After a 30-second centrifugation at 5000x g, the supernatant was
saved and stored at 4°C. For long-term storage, the samples were kept at -20°C after

the addition of glycerol (Fisher Scientific) to a final concentration of 50% v/v.

2.4.2.2 GST-tagged protein purification

Bacterial cell pellets were resuspended in 10 ml of cold PBS lysis buffer (1%
Triton-X in PBS) that had been supplemented with 1x Complete Protease Inhibitor.
The cells were lysed on ice with the help of mild sonication. Sonication was carried
out using a probe sonicator, with a 10-second burst of power alternating with a 10-
second recovery on ice, for a total of 6 cycles. The lysate was then centrifuged at
15000x g, 4°C for 15 minutes. The supernatant was kept while the pellet was

discarded. Next, 1 ml of a 50:50 slurry of Glutathione Sepharose 4B (GE Healthcare
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Life Sciences, Uppsala, Sweden) in PBS lysis buffer was added to the supernatant.
After 1 hour-long incubation on a rotating platform at 4°C, the beads were washed 3

times with cold PBS lysis buffer for 10 minutes each time, then stored at 4°C.

2.4.3 SDS-PAGE

Proteins were resolved according to their molecular weight by sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE). The system comprises of
2 acrylamide gels with different concentrations of acrylamide. The resolving gel,
which resolves proteins according to their molecular weight, is cast first. An
appropriate amount of 30% acrylamide solution (37.5 acrylamide : 1 bis-acrylamide)
(Severn Biotech, Kidderminster, UK) and deionised water is added to 4x resolving
buffer (1.5 M Tris, 0.4% SDS, pH 8.8) to obtain a final solution of 12% acrylamide,
375 mM Tris, 0.1% SDS, pH 8.8. The acrylamide concentration of the resolving gel
can be adjusted depending on the size of the protein of interest. Next, ammonium
persulphate (APS) and tetramethylethylenediamine (TEMED) were added to a final
concentration of 0.1% to catalyse acrylamide polymerisation. After pipetting the
solution into the gel casting apparatus, the resolving gel was then overlaid with a
50:50 mixture of butanol and deionised water. For MITF immunoblots, samples were
separated on a 12% acrylamide resolving gel made from 45% acrylamide solution
(200 acrylamide : 1 bis-acrylamide) (Severn Biotech). The increased ratio of
acrylamide to bis-acrylamide enables better resolution of MITF phospho-variants.

Following polymerisation of the resolving gel, the 50:50 mixture of butanol
and deionised water was decanted away. The resolving gel was then overlaid with a

stacking gel comprising of 3.75% acrylamide, 125 mM Tris, 0.1% SDS, pH 6.8.
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Polymerisation was initiated by the addition of APS and TEMED to a final
concentration of 0.17% and 0.083% respectively.

To denature protein samples, 0.33 volumes of 4x Laemmli sample buffer (250
mM Tris-Cl pH 6.8, 8% SDS, 0.4 M DTT, 0.04% bromophenol blue, 40% glycerol)
were added to each sample, unless the proteins were already solubilised in Laemmli
sample buffer. Samples were then boiled at 95°C for 5 minutes before being cooled
to room temperature. Denatured samples were loaded onto the gel, upon which
proteins were electrophoretically separated at 150 V in running buffer (25 mM Tris,
192 mM glycine, 0.1% SDS) for approximately 90 minutes until the dye front had
just travelled off the bottom of the gel. Precision Plus Protein Unstained Protein
Standards (Bio-Rad), a protein ladder, was also included in one of the lanes as an

indicator of molecular weight.

2.4.4 Coomassie staining

To directly visualise proteins on acrylamide gels following SDS-PAGE, gels
were placed in Coomassie staining solution (0.03% Coomassie Brilliant Blue R-250,
50% methanol, 10% glacial acetic acid) and heated in a microwave for 20 s until
boiling. The gels were then incubated in the same Coomassie staining solution on a
rocker for 15 minutes at room temperature. The Coomassie staining solution was
subsequently exchanged for destaining solution (25% methanol, 10% glacial acetic
acid) after 3 washes with deionised water. Gels were destained on a rocker for 1 hour
at room temperature. Where necessary, stained gels were dried in a gel dryer at 80°C

for 40 minutes.
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2.4.5 Western blotting

Following SDS-PAGE, the gel was transferred onto a Protran nitrocellulose
membrane (Whatman, Kent, UK) via electroblotting. The transfer took place in
transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol) at 70 V for 90 minutes.
The integrity of the transfer reaction was ascertained by incubating the nitrocellulose
membrane for 1 minute at room temperature with Ponceau solution (0.1% Ponceau S,
5% acetic acid), which stained proteins on the membrane for visualisation. The
Ponceau stain was then removed by washing with deionised water. The membrane
was blocked with 5% skimmed milk in 0.1% Tween in PBS (PBST) for 1 hour at
room temperature, after which it was incubated with the primary antibody (typically
diluted 1:2000 in 5% milk in PBST unless otherwise stated) at 4°C overnight with
gentle agitation on a rocking platform. In the case of phospho-specific and pan-
acetyl-lysine antibodies, the blocking and staining solutions were replaced with 5%
bovine serum albumin (BSA) (Sigma-Aldrich) dissolved in 0.1% Tween in TBS
(TBST). The next day, the membrane was washed 3 times with PBST for 5 minutes
each time. Depending on the host species that the primary antibody was raised in, the
membrane was then incubated with the corresponding horseradish peroxidase
(HRP)-conjugated secondary antibody (Bio-Rad) (typically diluted 1:5000 in 5%
milk in PBST unless otherwise stated) for 1 hour at room temperature, before another
3x 5-minute wash in PBST. Finally, enhanced chemiluminescence (ECL) reagent
(Amersham, Uppsala, Sweden) was added and the signal was detected with X-ray

film (Fujifilm, Tokyo, Japan).
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2.4.6 In vitro kinase assay

For radioactive in vitro kinase assays, 1 pg of bacterially expressed
recombinant protein (either on glutathione beads or already eluted) was mixed with
50 ng of kinase in 1x NEBuffer for Protein Kinases (50 mM Tris-HCI, 10 mM
MgCl,, 0.1 mM EDTA, 2 mM DTT, 0.01% Brij 35, pH 7.5) (New England Biolabs),
supplemented with adenosine triphosphate (ATP) (Sigma-Aldrich) to a final
concentration of 200 uM and 2.5 pCi [y-32P]-ATP (Perkin Elmer), in a total volume
of 20 pl. The reaction was incubated at 30°C for 1 hour, after which the samples
were denatured by boiling in Laemmli sample buffer. The denatured samples were
then resolved by SDS-PAGE and the proteins visualised with Coomassie stain. After
drying, the gel was incubated at -80°C overnight with X-ray film, which was
developed the following day.

Reaction conditions for non-radioactive in vitro kKinase assays were similar to
that of radioactive in vitro kinase assays, except [y->2P]-ATP was omitted from the
reaction mix. Following incubation and SDS-PAGE, the proteins were then
transferred onto a nitrocellulose membrane, after which they were immunoblotted
with phospho-specific antibodies against the phosphorylated form of the recombinant
protein. The signals were then detected via chemiluminescence as per a typical

western blot.

2.4.7 Peptide SPOT kinase assay

Short peptides, comprising of 21 amino acids with the desired post-translational
modifications, were directly synthesised on cellulose membranes by Sarah Picaud
(Structural Genomics Consortium, Oxford, UK) using SPOT technology (Winkler et

al., 2009). The membrane was first rinsed with 95% ethanol, then washed 3 times
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with TBST. Next, reaction mix was prepared by mixing 100 ng of kinase in 1x
NEBuffer for Protein Kinases, supplemented with adenosine triphosphate (ATP)
(Sigma-Aldrich) to a final concentration of 200 uM and 5 pCi [y-*2P]-ATP (Perkin
Elmer), in a final volume that is sufficient to cover the entire surface of the
membrane. The membrane was incubated with the reaction mix at 30°C for 30
minutes, after which the reaction mix was discarded. The membrane was then
washed 3 times with stripping buffer A (1% SDS, 8 M urea, 0.5% B-mercaptoethanol)
for 5 minutes each time. This was followed by another 3x 5-minute wash with
stripping buffer B (50% ethanol, 10% glacial acetic acid). A final 3x 5-minute wash
with 95% ethanol was also included. After drying for 10 minutes in a fume hood, the
membrane was then wrapped in cling film and exposed to a blank phosphor screen in
an autoradiography cassette overnight at -80°C. The next day, the phosphor screen

was scanned using a PMI phosphorimager system (Bio-Rad).

2.4.8 Mass spectrometry

The protein of interest was immunoprecipitated, using ANTI-FLAG M2 Affinity Gel,
from Phoenix-AMPHO cells that had been transfected with plasmids expressing the
FLAG-tagged protein of interest. The immunoprecipitated protein sample was boiled
in 1x Laemmli sample buffer and resolved using SDS-PAGE. Following
electrophoresis, the acrylamide gel was stained using Coomassie to visualise the
protein of interest. The band corresponding to the protein of interest was excised
from the gel using a scalpel, after which it was submitted to the Mass Spectrometry

Laboratory (Target Discovery Institute, Oxford, UK) for mass spectrometry analysis.
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2.5 Cell biology methods
2.5.1 Immunofluorescence

Cells were typically grown to 80% confluence on round, 13 mm-diameter, 0.16
mm-thick, glass coverslips (VWR, Radnor, PA, USA). Cells were fixed with 3.7%
paraformaldehyde (PFA) (Sigma-Aldrich), which was dissolved in PBS and adjusted
to pH 7.4, for 15 minutes. This was followed by 30 minutes of blocking and
permeabilisation with 0.1% Triton-X and 1% BSA in PBS. The cells were incubated
with primary antibody (typically diluted 1:500 in 1% BSA in PBST unless otherwise
stated) at 4°C overnight with gentle agitation on a rocking platform. After washing 3
times with PBST for 5 minutes each time, the cells were incubated with the
appropriate Alexa Fluor-conjugated secondary antibody (Invitrogen) (typically
diluted 1:1000 in 1% BSA in PBST unless otherwise stated) for 1 hour, before
another 3x 5-minute wash in PBST. Next, nuclear DNA in the cells was stained with
300 nM 4’,6-diamidino-2-phenylindole (DAPI) (Invitrogen) in PBS for 15 minutes,
before another 3x 5-minute wash in PBST. For cells grown on glass coverslips, the
coverslips were mounted on microscope glass slides (VWR) with Vectashield
Mounting Medium (Vector Laboratories, Burlingame, CA, USA) before being sealed
with nail polish around the edges. Images were acquired using a LSM710 confocal
microscope (Carl-Zeiss, Jena, Germany).

In cases where cells were expressing fluorescent proteins of interest, the cells
were stained with DAPI after PFA fixation. Blocking, permeabilisation and antibody
staining steps were omitted unless detection of non-fluorescent proteins were

required. The coverslips were then mounted and imaged as above.
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2.5.2 Small molecule library screen

For the small molecule library screen, approximately 5000 SK-MEL-28
melanoma cells were seeded into each well of 96-well black CellCarrier plates
(PerkinElmer, Waltham, MA, USA) with optically clear plastic bottoms. Cells were
grown to 80% confluence overnight, upon which they were treated for 6 hours with
2.5 uM of each compound from a small molecule inhibitor library (GSK
GlaxoSmithKline [GSK] Published Kinase Inhibitor Set, a gift from Stefan Knapp,
SGC). The cells were then fixed, blocked and permeabilised as described in the
immunofluorescence protocol above. Next, the cells were incubated with mouse anti-
BRN2 antibody and rabbit anti-MITF antibody (both generated in-house and diluted
1:500 in 1% BSA in PBST) at 4°C overnight with gentle agitation on a rocking
platform. After washing 3 times with PBST for 5 minutes each time, the cells were
incubated with Alexa Fluor 488 donkey anti-mouse antibody and Alexa Fluor 546
donkey anti-rabbit antibody (both sourced from Invitrogen and diluted 1:1000 in 1%
BSA in PBST) for 1 hour. Next, they were subjected to a 3x 5-minute wash in PBST,
after which the nuclear DNA in the cells was stained with 300 nM DAPI in PBS for
15 minutes, before another 3x 5-minute wash in PBST.

Images were acquired using a LSM710 confocal microscope using an
automated routine on the ZEN software (Carl-Zeiss), with automated focusing based
on DAPI staining. The CellProfiler (Carpenter et al., 2006; Kamentsky et al., 2011)

image analysis software was used to quantify and analyse the signals in the images.

2.5.3 Flow cytometry

Flow cytometry was performed on a BD FACSCanto flow cytometer (BD

Biosciences). Briefly, cells were detached via trypsinisation, then fixed in 70%
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ethanol overnight at -20°C. To measure the cell cycle profile, cells were incubated
with 50 pg/ml propidium iodide (PI) (Invitrogen) and 0.1 mg/ml RNAse A
(Invitrogen) in PBS at 37°C for 40 minutes. Finally, cells were resuspended in PBS
and fed into the BD FACSCanto flow cytometer. A minimum of 5000 events was
collected per sample, with subsequent analysis being carried out using the BD
FACSDiva version 6 software (BS Biosciences).

To measure MITF intensity across the cell cycle, ethanol-fixed cells were
incubated for 1 hour on ice with mouse anti-MITF primary antibody (As9), washed
3x in PBST for 5 minutes each. This was followed by another hour-long incubation
on ice with the secondary antibody (Alexa Fluor 488 goat anti-mouse, Invitrogen)
and another 3x 5-minute wash in PBST. Cells were then incubated with 10 nm TO-
PRO-3 (Invitrogen) and 0.1 mg/ml RNAse A in PBS at 37°C for 40 minutes, after

which they were processed by the flow cytometer as above.

2.5.4 Cell cycle synchronisation via mitotic shake-off
Adherent cells were synchronised using the mitotic shake-off method, which
isolates mitotic cells via mechanical agitation. Cells were grown in T175 flasks
(Corning) till they were 80% confluent. Next, mitotic cells were detached and
harvested by tapping the sides of the flasks once on each side and collecting the
media for centrifugation. The flasks were then topped up with fresh media.
Additional cells can be collected from the flasks as frequently as every 2 hours.
Following centrifugation, the pellet of mitotic cells was resuspended in fresh
media and plated into a well of a 6-well plate. Cells were collected and processed
after an appropriate amount of time, depending on which stage of the cell cycle was

required.
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2.5.5 Luciferase reporter assays

Luciferase reporter assays were utilised to study the transcriptional activity of
MITF towards the TYR promoter that was driving expression of luciferase. Cells
were plated overnight in 24-well plates (Corning) until 50% confluent, then
transfected with 2 plasmids in a 1:1 ratio — a plasmid encoding MITF and a plasmid
encoding the firefly luciferase gene under the control of the TYR promoter. Cells
were harvested 48 hours post-transfection by incubating with 100 pl Passive Lysis
Buffer (Promega) for 30 minutes at 4°C on a rocking platform. 20 pl of the lysate
was mixed with 50 ul of Luciferase Assay Reagent (Promega) in a white 96-well
plate (Corning), after which luminescence was detected with a GloMax-Multi

Microplate Multimode Reader (Promega) luminometer.

2.6 Reagents
2.6.1 Chemicals

Deionised, type 1+ 18.2 MQ-cm water from a PURELAB Ultra system (ELGA
LabWater, Albania) was used to prepare all buffers and solutions unless otherwise
stated. Dimethyl sulfoxide (DMSO), methanol, ethanol, isopropanol, butanol and
other common laboratory solvents were obtained from Sigma-Aldrich unless
otherwise specified. Glycerol was sourced from Fisher Scientific.

Tris and glycine were obtained from Fisher Scientific. Other chemical salts,
such as NaCl, were obtained from Sigma-Aldrich unless otherwise specified. Acetic
acid was sourced from Fisher Scientific, while hydrochloric acid and sodium

hydroxide were obtained from Sigma-Aldrich.
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The detergents SDS and Tween were obtained from Fisher Scientific. NP-40
was a product of Sigma-Aldrich, while Triton-X was sourced from Merck
(Darmstadt, Germany).

The antibiotics ampicillin and kanamycin were sourced from Fisher Scientific.
Doxycycline was bought from Sigma-Aldrich.

In the case of active compounds, TPA, leptomycin B, thymidine and
nocodazole were bought from Sigma-Aldrich. The small molecule inhibitors C646,
BIO and CVT-313 were obtained from Merck. U0126 and Torin 1 were sourced
from Cell Signaling Technology (Danvers, MA, USA). PLX4720 was a gift from
Richard Marais (CRUK, Manchester, UK). SAHA was a gift from Nicholas La

Thangue (University of Oxford, Oxford, UK).

2.6.2 Purified kinases
Purified glycogen synthase kinase 3 (GSK3) was sourced from New England
Biolabs. CDK1/cyclin B was and CDK2/cyclin A were obtained from EMD

Millipore (Billerica, MA, USA).

2.6.3 Oligonucleotides

Category Sequence Comments
Forward. To clone BRAF into
Cloning QE%QEL%GGCGGCGCTG p3XFLAG-CMV-14. Clal site
underlined.
Reverse. To clone BRAF into
. AGACCTCTAGAGTGGACAGGAA .
Cloning P p3XFLAG-CMV-14. Xbal site
ACGCACCAT underlined.
Forward. To clone BRAF-
) AGTATAGATATCGCCACCATGG .
Cloning p—— 3XFLAG into pcDNAS/FRT/TO.
CGGCGCTGAGCGGT EcoRV site underlined.
clonng | TECTATGCEGCCGCTACTTGTCA | SR TR BRAE,
TCGTCATCCTTGTAGTCGATG Notl site underlined.
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AGTATTAAGCTTCGCATGCCATG

Forward. To clone MITF

Cloning CCACCAGTGCC re_sidues 6_50-99 into_ pEGFP-C1.
Hindll1 site underlined.
Cloning | TOCTATGTCGACTACTCTGCCCT | (reete Toace T ™
GCTCTGCTCCTCAAAC .
underlined.
Forward. To clone GST into
Cloning TGCTATAAGCTTCAATGGCCAA | pEGFP-C1 and pEGFP-CL1-
GTTACCTATACTAGG MITF.60-99. HindllI site
underlined.
Reverse. To clone GST and
Cloning AGTATTAAGCTTGATCCGATTTT | NLS-GST into pEGFP-C1 and
GGAGGAT pEGFP-C1-MITF.60-99. HindlII
site underlined.
TGCTATAAGCTTCACCTAAAAA FO(;"‘I’\"I"[dS I;%?%]ESN'L?-GEEFP
Cloning | GAAACGTAAAGTTATGGCCAAG g”l TECEP.Cl I\I/Ir:'IC')FpGO .
TTACCTATACTAGG - and pESEE-L L-VIFEE.69-59.
Hindll1 site underlined.
AGTATTAAGCTTGGATATCAAG ﬁ‘;’;ﬁl‘ibT‘)Eggg‘fé\'lLasr]fST'
Cloning | ACCTGCTAATTTCAAGGCTAAAT pEGFP-Cpl)-MITF 60-99. Hindll|
CCGATTTTGGAGGAT : X ' '
site underlined.
Forward. To clone MITF
Cloning $£S¢Z%TCATGCTGGAAA residues_ 1-203 int_o pGEX-2TK.
EcoRl site underlined.
Reverse. To clone MITF residues
Cloning | Sa s T ASAATIECCTCTETTIAGE 1 503 into pGEX-2TK. EcoRl
site underlined.
SDM GGAACAGTCTACCAGGGAAAGT | Forward. BRAF.K473Q
GGCATGG mutagenesis.
SDM CCATGCCACTTTCCCTGGTAGAC | Reverse. BRAF.K473Q
TGTTCC mutagenesis.
SDM GGAACAGTCTACAGGGGAAAGT | Forward. BRAF.K473R
GGCATGG mutagenesis.
SDM CCATGCCACTTTCCCCTGTAGAC | Reverse. B_RAF.K473R
TGTTCC mutagenesis.
SDM ATTTGGAACAGTCTACAAGGGA | Forward. BRAF.K475Q
CAGTGGCATGGTG mutagenesis.
SDM CACCATGCCACTGTCCCTTGTAG | Reverse. BRAF.K475Q
ACTGTTCCAAAT mutagenesis.
SDM TTTGGAACAGTCTACAAGGGAA | Forward. BRAF.K475R
GGTGGCATGGTGA mutagenesis.
SDM TCACCATGCCACCTTCCCTTGTA | Reverse. BRAF.K475R
GACTGTTCCAAA mutagenesis.
SDM CATTTGGAACAGTCTACCAGGG | Forward. BRAF.K473Q.K475Q
ACAGTGGCATGGT mutagenesis.
SDM ACCATGCCACTGTCCCTGGTAGA | Reverse. BRAF.K473Q.K475Q
CTGTTCCAAATG mutagenesis.
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GGAACAGTCTACAGGGGAAGGT

Forward. BRAF.K473R.K475R

SbM GGCATGG mutagenesis.
CCATGCCACCTTCCCCTGTAGAC | Reverse. BRAF.K473R.K475R

SDM .

TGTTCC mutagenesis.

SDM AAGCTTCGCATGCCGCGCCACC | Forward. GFP-NLS-GST- _
AGTGCCGG MITF.60-99.M62A mutagenesis.

SDM CCGGCACTGGTGGCGCGGCATG | Reverse. GFP-NLS-GST- _
CGAAGCTT MITF.60-99.M62A mutagenesis.
CCATGCCACCAGCGCCGGGGAG | Forward. MITF.V65A

SDM .

CAG mutagenesis.

CTGCTCCCCGGCGCTGGTGGCAT | Reverse. MITF.V65A
SDM .

GG mutagenesis.

SDM AGTGCCGGGGAGCGCCGCACCC | Forward. I\_/IITF.869A
AACAGC mutagenesis.
GCTGTTGGGTGCGGCGCTCCCCG | Reverse. MITF.S69A

SDM .

GCACT mutagenesis.

SDM CAGTGCCGGGGAGCGAGGCACC | Forward. MITF.869E
CAACAGCCC mutagenesis.

SDM GGGCTGTTGGGTGCCTCGCTCCC | Reverse. I\/_IITF.S69E
CGGCACTG mutagenesis.

SDM GCAGCGCACCCAACGCCCCTAT | Forward. MITF.S?3A
GGCTATGC mutagenesis.

SDM GCATAGCCATAGGGGCGTTGGG | Reverse. MITF.S?BA
TGCGCTGC mutagenesis.

SDM GGAGCAGCGCACCCAACGAGCC | Forward. MITF.S?3E
TATGGCTATGCTCAC mutagenesis.

SDM GTGAGCATAGCCATAGGCTCGT | Reverse. I\/_IITF.S73E
TGGGTGCGCTGCTCC mutagenesis.

SDM GCGCACCCAACAGCCCTGCGGC | Forward. MITF.M?SA
TATGCTCAC mutagenesis.

SDM GTGAGCATAGCCGCAGGGCTGT | Reverse. I\/_IITF.M75A
TGGGTGCGC mutagenesis.

SDM ACCCAACAGCCCTATGGCTGCG | Forward. MITF.M??A
CTCACTCTTAACTCC mutagenesis.

SDM GGAGTTAAGAGTGAGCGCAGCC | Reverse. I\/_IITF.M??A
ATAGGGCTGTTGGGT mutagenesis.

SDM CAACAGCCCTATGGCTATGGCC | Forward. MITF.L78A
ACTCTTAACTCCAACTGT mutagenesis.

SDM ACAGTTGGAGTTAAGAGTGGCC | Reverse. I\/_IITF.L78A
ATAGCCATAGGGCTGTTG mutagenesis.

SDM GCCCTATGGCTATGCTCACTGCT | Forward. MITF.LSOA
AACTCCAACTGTGAAAAAG mutagenesis.

SDM CTTTTTCACAGTTGGAGTTAGCA | Reverse. MITF.L80A
GTGAGCATAGCCATAGGGC mutagenesis.

SDM CTTACCATCAGCAACGCCTGTCC | Forward. MITF.8173A
AGCCAACC mutagenesis.

SDM GGTTGGCTGGACAGGCGTTGCT | Reverse. MITF.S173A

GATGGTAAG

mutagenesis.
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GGCTAGAGCGCATGGACTTGCC

Forward. MITF.S298A

SPM | cTTATCCCATC mutagenesis.

SDM GATGGGATAAGGGCAAGTCCAT | Reverse. MITF.8298A
GCGCTCTAGCC mutagenesis.
CCAGGAGCTGCAAAAACAAGCG | Forward.

SDM CCCGGAGGAGCAGTATGAGCGC | MITF.S397A.S401A.S405A
AG mutagenesis.

sop | GCTTGTTTTTGCAGCTCCTGGCG | qovene MUV
CCACTGATGACAGCAGTGGGTC v

mutagenesis.
CCAGGAGCTGAAAAAACAAGCG | Forward.

SDM AGCGGAGGAGCAGTATGAGCGC | MITF.S397E.S401E.S405E
AG mutagenesis.

spm | GCTTGTTTTTTCAGCTCCTGGCT mﬁsgégm SA01E SAOSE
CCACTGATGACAGCAGTGGGTC R '

mutagenesis.

SDM GGGACCCGGAGCCGCCGCTCCC | Forward. l\_/Iitfa.S69A
AACAGC mutagenesis.

SDM GCTGTTGGGAGCGGCGGCTCCG | Reverse. I\/_Iitfa.869A
GGTCCC mutagenesis.

SDM CGGGACCCGGAGCCGAGGCTCC | Forward. I\_/Iitfa.S69E
CAACAGCCC mutagenesis.

SDM GGGCTGTTGGGAGCCTCGGCTC | Reverse. I\/_Iitfa.869E
CGGGTCCCG mutagenesis.

gPCR GGAAGTGCTGGCAACTTACTG Forward. human EP300.

qPCR CCATAAGGATTGGGGTTGTTC Reverse. human EP300.

gPCR TTGGGTTTTCCAGCTAAGTTCT Forward. human TBP.
gPCR CCAGGAAATAACTCTGGCTCA Reverse. human TBP.

2.6.4 Plasmids

Construct
pEF-Myc-BRAF

Comments
available in laboratory, BRAF-Myc

PEF-Myc-BRAF.V600E

available in laboratory, BRAF-Myc.V600E

p3XFLAG-CMV-14

Sigma-Aldrich,
mammalian FLAG expression vector

p3XFLAG-CMV-14-BRAF

prepared by the candidate, BRAF-3xFLAG

p3XFLAG-CMV-14-BRAF.K473Q

prepared by the candidate,
BRAF-3XFLAG.K473Q

p3XFLAG-CMV-14-BRAF.K473R

prepared by the candidate,
BRAF-3xFLAG.K473R

p3XFLAG-CMV-14-BRAF.K475Q

prepared by the candidate,
BRAF-3xFLAG.K475Q

p3XFLAG-CMV-14-BRAF.K475R

prepared by the candidate,
BRAF-3xFLAG.K475R

p3XFLAG-CMV-14-
BRAF.K473Q.K475Q

prepared by the candidate,
BRAF-3XFLAG.K473Q.K475Q
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p3XFLAG-CMV-14-
BRAF.K473R.K475R

prepared by the candidate,
BRAF-3XFLAG.K473R.K475R

p3XFLAG-CMV-14-BRAF.V600E

prepared by the candidate,
BRAF-3xFLAG.V600E

p3XFLAG-CMV-14-
BRAF.K473Q.V600E

prepared by the candidate,
BRAF-3xFLAG.K473Q.V600E

p3XFLAG-CMV-14-
BRAF.K473R.V600E

prepared by the candidate,
BRAF-3XFLAG.K473R.V600E

p3XFLAG-CMV-14-
BRAF.K475Q.V600E

prepared by the candidate,
BRAF-3XFLAG.K475Q.V600E

p3XFLAG-CMV-14-
BRAF.K475R.VV600E

prepared by the candidate,
BRAF-3XFLAG.K475R.V600E

P3XFLAG-CMV-14-
BRAF.K473Q.K475Q.V600E

prepared by the candidate,
BRAF-3XFLAG.K473Q.K475Q.V600E

p3XFLAG-CMV-14-
BRAF.K473R.K475R.VV600E

prepared by the candidate,
BRAF-3XFLAG.K473R.K475R.V600E

pcDNAS/FRT/TO

Invitrogen, mammalian expression vector used
in Flp-In T-REX system

pcDNAS5/FRT/TO-BRAF-3XFLAG

prepared by the candidate,
BRAF-3XFLAG

pcDNAS/FRT/TO-BRAF-
3XFLAG.K473Q.K475Q

prepared by the candidate,
BRAF-3xFLAG.K473Q.K475Q

pcDNAS/FRT/TO-BRAF-
3XFLAG.K473R.K475R

prepared by the candidate,
BRAF-3xFLAG.K473R.K475R

pcDNAS/FRT/TO-BRAF-
3XFLAG.V600E

prepared by the candidate,
BRAF-3xFLAG.V600E

pcDNAS5/FRT/TO-BRAF-
3XFLAG.K473Q.K475Q.V600E

prepared by the candidate,
BRAF-3XFLAG.K473Q.K475Q.V600E

pcDNAS5/FRT/TO-BRAF-
3XFLAG.K473R.K475R.V600E

prepared by the candidate,
BRAF-3xXFLAG.K473R.K475R.V600E

pcDNA3- p300-HA

available in laboratory, p300-HA

pcDNA3- CBP-HA

available in laboratory, CBP-HA

pCMV-HDACI1-FLAG

from Heinz Arnheiter (NIH), HDAC1-FLAG

pCMV-HDAC2-FLAG

from Heinz Arnheiter (NIH), HDAC2-FLAG

pCMV-HDAC3-FLAG

from Heinz Arnheiter (NIH), HDAC3-FLAG

pCMV-HDAC4-FLAG

from Heinz Arnheiter (NIH), HDAC4-FLAG

pCMV-HDACS-FLAG

from Heinz Arnheiter (NIH), HDAC5-FLAG

p3XFLAG-CMV-14-MITF

available in laboratory, MITF-3xFLAG

p3XFLAG-CMV-14-MITF.S69A

prepared by the candidate,
MITF-3xFLAG.S69A

p3XFLAG-CMV-14-MITF.S69E

prepared by the candidate,
MITF-3xFLAG.S69E

p3XFLAG-CMV-14-MITF.S73A

prepared by the candidate,
MITF-3xFLAG.S73A

p3XFLAG-CMV-14-MITF.S73E

prepared by the candidate
MITF-3xFLAG.S73E

p3XFLAG-CMV-14-MITF.M75A

prepared by the candidate,
MITF-3XxFLAG.M75A
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p3XFLAG-CMV-14-MITF.L78A

prepared by the candidate,
MITF-3XFLAG.L78A

p3XFLAG-CMV-14-MITF.L80A

prepared by the candidate,
MITF-3xFLAG.L80A

p3XFLAG-CMV-14-MITF.S298A

prepared by the candidate,
MITF-3xFLAG.S298A

p3XFLAG-CMV-14-
MITF.S397A.S401A.S405A

prepared by the candidate,
MITF-3XFLAG.S397A.S401A.S405A

p3XFLAG-CMV-14-
MITF.S397E.S401E.S405E

prepared by the candidate,
MITF-3XFLAG.S397E.S401E.S405E

p3XFLAG-CMV-14-MITF.1-180

available in laboratory, MITF.1-180-3xFLAG

p3XFLAG-CMV-14-MITF.20-419

available in laboratory, MITF.20-419-3xFLAG

p3XFLAG-CMV-14-MITF.40-419

available in laboratory, MITF.40-419-3xFLAG

p3XFLAG-CMV-14-MITF.60-419

available in laboratory, MITF.60-419-3xFLAG

p3XFLAG-CMV-14-
MITF.100-419

available in laboratory,
MITF.100-419-3XFLAG

pDestTol2CG2-Mitfa

from Elizabeth Patton (University of
Edinburgh), zebrafish expression vector with
Mitfa under mitfa promoter

pDestTol2CG2-Mitfa.S69A

prepared by the candidate, Mitfa.S69A

pDestTol2CG2-Mitfa.S69E

prepared by the candidate, Mitfa.S69E

PEGFP-C1

Clontech, mammalian GFP expression vector

pEGFP-C1-MITF

available in laboratory, GFP-MITF

pEGFP-C1-MITF.S69A

prepared by the candidate, GFP-MITF.S69A

pEGFP-C1-MITF.S69E

prepared by the candidate, GFP-MITF.S69E

pEGFP-C1-MITF.S73A

prepared by the candidate, GFP-MITF.S73A

pEGFP-C1-MITF.S73E

prepared by the candidate, GFP-MITF.S73E

pEGFP-C1-MITF.M75A

prepared by the candidate, GFP-MITF.M75A

pEGFP-C1-MITF.L78A

prepared by the candidate, GFP-MITF.L78A

pEGFP-C1-MITF.L80A

prepared by the candidate, GFP-MITF.L80A

pPEGFP-C1-MITF.S173A

prepared by the candidate, GFP-MITF.S173A

pEGFP-C1-MITF.S298A

prepared by the candidate, GFP-MITF.S298A

pEGFP-C1- prepared by the candidate,
MITF.S397A.S401A.S405A GFP-MITF.S397A.S401A.S405A
pEGFP-C1- prepared by the candidate,

MITF.S397E.S401E.S405E

GFP-MITF.S397E.S401E.S405E

pEGFP-C1-MITF.60-99

prepared by the candidate, GFP-MITF.60-99

PEGFP-C1-GST

prepared by the candidate, GFP-GST

pEGFP-C1-NLS-GST

prepared by the candidate, GFP-NLS-GST

PEGFP-C1-NLS-GST-NES

prepared by the candidate, GFP-NLS-GST-
NES

PEGFP-C1-NLS-GST-
MITF.60-99

prepared by the candidate,
GFP-NLS-GST-MITF.60-99

PEGFP-C1-NLS-GST-
MITF.60-99.M62A

prepared by the candidate,
GFP-NLS-GST-MITF.60-99.M62A

PEGFP-C1-NLS-GST-
MITF.60-99.V65A

prepared by the candidate,
GFP-NLS-GST-MITF.60-99.V65A

PEGFP-C1-NLS-GST-
MITF.60-99.S69A

prepared by the candidate,
GFP-NLS-GST-MITF.60-99.S69A
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PEGFP-C1-NLS-GST- prepared by the candidate,

MITF.60-99.S73A GFP-NLS-GST-MITF.60-99.S73A
pEGFP-C1-NLS-GST- prepared by the candidate,
MITF.60-99.M75A GFP-NLS-GST-MITF.60-99.M75A
pPEGFP-C1-NLS-GST- prepared by the candidate,
MITF.60-99.M77A GFP-NLS-GST-MITF.60-99.M77A
PEGFP-C1-NLS-GST- prepared by the candidate,
MITF.60-99.L78A GFP-NLS-GST-MITF.60-99.L78A
PEGFP-C1-NLS-GST- prepared by the candidate,
MITF.60-99.L80A GFP-NLS-GST-MITF.60-99.L80A
pEGFP-N1-TFEB available in laboratory, TFEB-GFP

GE Healthcare Life Sciences,

PGEX-2TK bacterial GST expression vector
pGEX-2TK-MITF.1-203 prepared by the candidate, GST-MITF.1-203
PGEX-2TK-MITF.1-203.573A gsegamfg’ ;r_]goc;ré(j?gzte,

Promega, mammalian expression vector for
firefly luciferase, lacks promoter

available in laboratory, -300/+80 bp human
TYR promoter driving luciferase expression

pGL3-basic

pGL3-TYR

2.6.5 Antibodies

Dilution
WB

Antibody Type Immunogen Supplier

a-acetylated .

Lysine r?)t:b::tlonal acetylated lysine gie':mlin 1:1000 -

(#9441) poly gnaling

a-Actin mouse Sigma- .

(AC-40) monoclonal SGPSIVHRKCF Aldrich 1:10000 B

a-BRAF mouse amino acids )

(F-7) monoclonal | 12-156 Santa Cruz | 1:2000 B

a-BRAF rabbit amino acids )

(H-145) polyclonal | 12-156 Santa Cruz | 1:2000 -

o-BRN2 Mouse unknown Generated | 1.1000 | 1:500
monoclonal in-house

a-B-catenin | rabbit amino acids .

(ab2365) polyclonal | 768-781 Abcam 1:2000 -

a-Cyclin B1 | rabbit full-length _

(H-433) polyclonal | protein Santa Cruz | 1:1000 B

a-ERK2 rabbit . .

(C-14) polyclonal C-terminus Santa Cruz | 1:10000 —

a-phospho-

ERK1/2 rabbit phospho- Cell ) .

(T202/Y204) | polyclonal | T202/Y204 Signaling | 2000 | 1500

(197G2)

a-FLAG mouse Sigma- ] ]

M2) monoclonal | PYKPDDDK | e 1:10000 | 1:1000
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-FLAG | fabbr DYKDDDDK | >'9ma 1:10000 -
polyclonal Aldrich

a-HA mouse Sigma- )

(HA-7) monoclonal | 17 YPVPRYA | Aldrich 1:2000 B

a-HA rabbit )

(Y-11) polyclonal YPYDVPDYA | Santa Cruz 1:2000 —

a-Lamin B goat . i

(C-20) oolyclonal C-terminus Santa Cruz 1:1000 —

o-MEK1/2 rabbit Cell )

(#9122) polyclonal unknown Signaling 1:1000 B

a-phospho-

MEK1/2 rabbit phospho- Cell 1:2000 B

(S217/S221) | polyclonal | S217/S221 Signaling '

(#9121)

eMITEfmouse | ¢ torminus Generated | 1.5000 | 1:1000

(As9) monoclonal in-house

o-MITF | fabbit C-terminus Generated | 15000 | 1:1000
polyclonal in-house

a-c-Myc mouse Sigma- .

(9E10) monoclonal EQKLISEEDL Aldrich 1:2000 B

a-Myc tag rabbit i

(ab9106) oolyclonal EQKLISEEDL | Abcam 1:2000 -

a-S6

ribosomal rabbit Cell )

protein monoclonal unknown Signaling 1:1000

(5G10)

géphospho- rabbit phospho- Cell 1:1000
polyclonal | S235/S236 Signaling '

(5235/S5236)

a-B-tubulin | rabbit amino acids _

(H-235) polyclonal | 210-444 Santa Cruz | 1:2000 -

a-acetylated

tubulin mouse Sigma- )

(K40) monoclonal | 3etyl-K40 Aldrich 1:1000

(6-11B-1)
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Chapter 3 — Acetylation of BRAF

affects its kinase activity



3.1 Introduction
3.1.1 Feedback loops in ERK signalling

In most biological systems, including signal transduction pathways, negative
feedback loops provide an opportunity to modulate output. In the case of the MAPK
pathway, activation of ERK signalling is similarly limited by a complex network of
negative feedback interactions (Avraham and Yarden, 2011; Lito et al., 2013).

As shown in experiments involving RAF and MEK inhibition in cancer cells, a
change in ERK signalling output causes alterations in the transcriptional profile of a
certain subset of genes, including several that act on the MAPK pathway (Joseph et
al., 2010; Pratilas et al., 2009). Some of the negative feedback loops involved in
modulating ERK output are mediated by ERK-driven transcriptional up-regulation of
genes that have inhibitory effects on the signalling cascade. For example, activated
ERK signalling induces the transcription of dual-specificity phosphatases (DUSPS)
(Amit et al., 2007; Bluthgen et al., 2009; Brondello et al., 1997), which directly
attenuate ERK signalling output by dephosphorylating ERK. An additional level of
reciprocal regulation is provided by ERK phosphorylation of DUSP1l. ERK
phosphorylates DUSP1 on two C-terminal serine residues S359 and S364, which
leads to stabilisation of DUSP1 via a reduction in ubiquitin-dependent degradation,
but does not affect its ability to dephosphorylate ERK (Brondello et al., 1999).
Interestingly, another group has reported that ERK phosphorylation of DUSP1 on
S296 and S323 triggers the ubiquitination and degradation of DUSP1 (Lin and Yang,

2006; Lin et al., 2003).
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Figure 3.1 ERK signalling output is modulated by multiple negative feedback
mechanisms. Direct negative feedback (solid lines) occurs when ERK phosphorylates and
inhibits the activity of upstream components, such as RTK, SOS and CRAF. Indirect
negative feedback (dotted lines) takes place via ERK-driven transcriptional up-regulation of
genes encoding DUSP and SPRY proteins, which have inhibitory effects on the pathway.
Adapted from Lito et al., 2013.

Other than DUSPs, ERK-driven transcriptional activation of the Sprouty
(SPRY) family of proteins (Ozaki et al., 2001) also contributes to negative feedback
regulation of ERK signalling. SPRY's function as adaptor proteins that affect protein-

protein interactions at the level of RTKs and RAS, which allows them to modulate
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RTK signalling in a context-dependent manner (Kim and Bar-Sagi, 2004).
Mechanistically, the phosphorylation of SPRY on a conserved tyrosine residue (Y55
in SPRY2) in response to growth factor stimulation enables it to bind to the SH2
domain of the GRB2 adaptor protein (Hanafusa et al., 2002). In turn, this sequesters
GRB2 away from SOS, thus inhibiting RTK-mediated activation of RAS. SPRY4
has also been shown to bind to CRAF via the cysteine-rich domain in the C-terminus
of SPRY4, which results in inhibition of ERK signalling (Sasaki et al., 2003).
Sprouty-related, EVH1 domain-containing protein (SPRED), another member of the
SPRY family, is also transcriptionally up-regulated by ERK (Joseph et al., 2010;
Pratilas et al., 2009). SPRED1 has been shown to inhibit the MAPK pathway by
inducing the recruitment of NF1, a negative regulator of RAS, to the plasma
membrane (Stowe et al., 2012).

In addition to transcription, negative feedback modulation of ERK signalling is
also mediated by ERK phosphorylation of other upstream components of the
pathway. ERK phosphorylates the RTK epidermal growth factor receptor (EGFR) at
T669 (Takishima et al., 1991), which results in inhibition of EGFR’s kinase activity
(Li et al., 2008). ERK also phosphorylates SOS in conjunction with RSK, another
downstream target of ERK (Corbalan-Garcia et al., 1996; Douville and Downward,
1997). Phosphorylation of SOS reduces its binding affinity towards GRB2 and leads
to the dissociation of the GRB2-SOS complex, thus inhibiting RAS activation (Chen
et al., 1996; Corbalan-Garcia et al., 1996). Downstream of RAS, CRAF is another
target of ERK, which phosphorylates CRAF on S29, S43, S289, S296, S301 and
S642 (Dougherty et al., 2005). Mutation of all six serine residues to alanine, which
cannot be phosphorylated, resulted in an increase in CRAF activity (Dougherty et al.,

2005). In addition, hyperphosphorylation of CRAF by ERK also impeded CRAF’s
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ability to interact with RAS, thus providing yet another avenue for negative feedback
regulation (Dougherty et al., 2005).

ERK phosphorylation is also involved in regulating positive feedback
interactions in addition to negative feedback. Interestingly, in apparent contradiction
of the study mentioned above, phosphorylation of the constitutively active
CRAFS2®A mutant at S289, S296 and S301 by ERK increased CRAF’s kinase
activity (Balan et al., 2005), resulting in a positive feedback loop. Another target of
ERK phosphorylation is NF1 (von Kriegsheim et al.,, 2009). Growth factor-
stimulation of the ERK pathway caused the dissociation of NF1 from RAS (von

Kriegsheim et al., 2009), resulting in a positive feedback loop from ERK to RAS.

3.1.2 Regulation of RAF by phosphorylation

Phosphorylation plays an important role in the regulation of RAF (ARAF,
BRAF, CRAF) activation and function. Phosphorylation-mediated regulation of RAF
predominantly occurs at four main areas within RAF — the negative charge
regulatory region (N-region), the activation segment, and the two 14-3-3 binding
sites at CR2 and the C-terminus.

The N-region comprises of a stretch of four residues located just outside the N-
terminal end of the RAF kinase domain. In CRAF, this corresponds to a SSYY motif
(residues 338-341), compared to SGYY in ARAF (residues 299-302) and SSDD
(residues 446-449) in BRAF. Phosphorylation of the serine and tyrosine residues in
the N-region of CRAF, in particular S338 and Y341, provides the negative charges
required for kinase activity (Diaz et al., 1997; Fabian et al., 1993; Mason et al., 1999).
Mechanistically, the exact role played by these phosphorylation events is not yet

fully understood, although some believe that they affect dimerisation and
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transactivation of RAFs (Hu et al., 2013). Phosphorylation of the tyrosine residues
Y340 and Y341 on CRAF appear to be mediated by the Src family of non-receptor
tyrosine kinases (Fabian et al., 1993; Marais et al., 1995; Tilbrook et al., 2001). As
for S338 of CRAF, it is able to be phosphorylated by p21-activated kinases (PAK) in
vitro (Chaudhary et al., 2000; King et al., 1998). However, the actual in vivo
significance of this finding has been disputed (Chiloeches et al., 2001). More
recently, casein kinase 2 (CK2) has been reported to phosphorylate S338 in CRAF,

as well as the homologous S446 in BRAF (Ritt et al., 2007).
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Figure 3.2 Major phosphorylation sites in all three RAF isoforms. The 14-3-3 binding
sites (S259 and S621), N-region phosphorylation sites (S338 and Y441) and activation
segment phosphorylation sites (T491 and S494) are indicated in CRAF. The equivalent
residues in ARAF and BRAF are also marked. The relative positions of the P-loop (PI), aC
and the activation segment (AS) are indicated. The key residues that make up the C-spine (*)
and the R-spine (*) are also marked. Adapted from Roskoski, 2010.

Like CRAF, ARAF contains tyrosine residues in its homologous N-region. In
contrast, the tyrosine residues in the N-region of CRAF have been replaced by
phosphomimetic aspartic acid residues in the homologous region in BRAF. The
consensus recognition motif of CK2 is S/T-X-X-E/D (Marin et al., 1986), where E/D

in the +3 position can also be replaced with a phosphorylated residue. This means
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that both ARAF and CRAF require priming phosphorylations on their N-region
tyrosine residues before they can be phosphorylated by CK2 on S299 in ARAF and
S338 in CRAF. On the other hand, BRAF can already be phosphorylated by CK2 on
S446 without the need for priming phosphorylation. As a result, ARAF and CRAF
behave similarly in terms of their activation by SRC tyrosine kinases, while BRAF is
not responsive to SRC (Marais et al., 1997). The presence of two aspartic acids in the
N-region of BRAF provides negative charges and enables the constitutive
phosphorylation of S446 in BRAF (Mason et al., 1999) that is necessary for kinase
activity, which allows BRAF to have a much higher basal kinase activity than CRAF.
The activation segment, which lies in the kinase domain, also contains
phosphorylation sites that are important for RAF activation. It has been shown in a
number of studies that phosphorylation of two residues in the activation segment —
T452 and T455 in ARAF (Baljuls et al., 2008), T599 and S602 in BRAF (Zhang and
Guan, 2000), and T491 and S494 in CRAF (Chong et al., 2001), is required for their
respective kinase activities. Based on insights gained from the crystal structure of
BRAF, activation segment phosphorylation events are believed to increase RAF
kinase activity by disrupting inhibitory hydrophobic interactions between the P-loop
and activation segment of RAF, thus allowing it to fold into an active conformation
(Wan et al., 2004). Not much is known about the kinase(s) that are involved in
phosphorylating the activation segment, although a recent study proposed that the
two residues may be phosphorylated via cis autophosphorylation (Hu et al., 2013).
As discussed in Chapter 1, S259 in CR2 and S621 in the C-terminus of CRAF
are 14-3-3 binding sites (Michaud et al., 1995; Muslin et al., 1996). S259 is
phosphorylated by protein kinase A (PKA) (Dhillon et al., 2002; Dumaz and Marais,

2003), as well as AKT (Zimmermann and Moelling, 1999). AKT was also shown to
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phosphorylate the homologous S365 residue in BRAF (Guan et al., 2000).
Phosphorylation of S259 in CRAF and S365 in BRAF is inhibitory towards RAF
activity (Dhillon et al., 2002; Dumaz and Marais, 2003; Guan et al., 2000; Morrison
et al.,, 1993; Zimmermann and Moelling, 1999) as it promotes binding of 14-3-3
proteins, which are thought to stabilise the N-terminal autoinhibition of the C-
terminal kinase domain (Matallanas et al., 2011; Tzivion et al., 1998) and prevent its
interaction with RAS (Dumaz and Marais, 2003).

While S259 phosphorylation is clearly inhibitory, the role of S621
phosphorylation in CRAF is more complex. Phosphorylation at S621 in CRAF leads
to a decrease in kinase activity in vitro (Dhillon et al., 2009; Mischak et al., 1996),
which may be caused by disruption of its interaction with the scaffolding protein
KSR (Shen et al., 2013). However, other studies indicate that the binding of 14-3-3
proteins to S621 in CRAF and the homologous S729 residue in BRAF is essential for
RAF activation (MacNicol et al., 2000; Tzivion et al., 1998; Yip-Schneider et al.,
2000). The exact underlying mechanism behind CRAF S621 phosphorylation-
mediated activation is not known, but C-terminal 14-3-3 interactions are believed to
stabilise heterodimerisation and transactivation between CRAF and BRAF protomers
(Rajakulendran et al., 2009; Weber et al., 2001). In addition to stabilising RAF
heterodimerisation, the C-terminal binding of 14-3-3 proteins can also increase RAF
kinase activity by increasing its affinity for ATP (Dhillon et al., 2009). As for the
identity of kinase, both AMP-activated kinase (AMPK) (Shen et al., 2013; Sprenkle
et al., 1997) and PKA (Mischak et al., 1996) have been linked with phosphorylation
of CRAF S621, although autophosphorylation of this site has been reported as well
(Noble et al., 2008).

3.1.3 MAPK feedback loops are mediated by post-translational modifications
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In cancers where downstream MAPK effectors are constitutively activated,
such as in BRAFY®®E melanoma, negative feedback is impaired since the
dependence of the MAPK pathway on a number of upstream components is bypassed
(Yao et al., 2015). Although there would still be negative feedback in the form of
ERK-mediated transcriptional up-regulation of DUSPs, we reasoned that negative
feedback mediated by a transcription response would be relatively slow, and that
additional non-transcription-dependent feedback mechanisms would be necessary to
facilitate short-term flexibility in MAPK output.

In contrast to transcription, post-translational modifications occur on a much
shorter time scale, often in a matter of minutes (Ahmed et al., 2014). As outlined
above, a sizeable number of feedback loops are regulated via phosphorylation,
particularly with regards to RAF. In considering possible alternative mechanisms, we
wondered if other types of post-translational modifications, such as acetylation,
could affect RAF activity. Acetylation is a reversible post-translational modification
which typically involves the transfer of an acetyl group from acetyl-CoA to the -
amino group of a lysine residue (Choudhary et al., 2009), thus neutralising its
positive charge (Figure 3.3). In addition to lysine, acetylation of serine and threonine
residues has been reported as well (Mukherjee et al., 2007). Acetylation is catalysed
by a group of enzymes known as histone acetyltransferases (HATS), such as p300
and PCAF. Conversely, deacetylation is carried out by the family of histone

deacetylases (HDACSs), which includes sirtuins.
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Figure 3.3 Lysine acetylation. Acetylation of lysine residues is characterised by the transfer
of an acetyl group (red) from acetyl-CoA (not shown) to the e-amino group of lysine.
Acetylation is carried out by HATS, while deacetylation is catalysed by HDACs.

Protein acetylation has historically been studied and described in the context of
epigenetics and chromatin remodelling (Allfrey et al., 1964; Grunstein, 1997).
Acetylation of histones neutralises the positive charges on their lysine residues,
which decreases their affinity for DNA by reducing their interaction with the
negatively-charged phosphate groups in DNA. This results in relaxation of the
chromatin structure, thus allowing access to transcription factors and increasing
transcription (Grunstein, 1997). In addition to histones, any other non-histone
proteins are also known to be acetylated (Glozak et al., 2005; Norris et al., 2009). For
example, acetylation of the p53 tumour suppressor protein is known to be required
for its activity (Gu and Roeder, 1997; Tang et al., 2008). The importance of
acetylation as a post-translational modification was underlined when a study to
elucidate the lysine acetylome revealed the existence of over 3600 lysine acetylation

sites on 1750 proteins (Choudhary et al., 2009), which is of a comparable scale to
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phosphorylation with 6600 phosphorylation sites detected in 2244 proteins (Olsen et
al., 2006).

We noted that ERK can phosphorylate the HATs p300 and the closely related
CREB-binding protein (CBP) at their respective C-terminals (Ait-Si-Ali et al., 1999;
Chen et al., 2007; Sang et al., 2003). Both p300 and CBP are well-known
transcriptional co-activators which can also function as acetyltransferases and
catalyse the acetylation of proteins (Ogryzko et al., 1996). ERK phosphorylation of
CBP increased its HAT activity in vitro (Ait-Si-Ali et al., 1999) and enhanced its
transactivation potential (Janknecht and Nordheim, 1996). Similarly, MAPK
signalling also stimulated the HAT activity of p300, which subsequently plays a
major role in inducing keratin 16 expression (Chen et al., 2007). Acetylation was
also involved in regulating kinases such as MEK (Mittal et al., 2006; Mukherjee et
al., 2006; Trosky et al., 2007) and CDK9 (Fu et al., 2007; Sabo et al., 2008), whose
activities were inhibited via acetylation of critical residues in their active site.
Another study reported acetylation at two lysine residues in MEKZ1 which increased
its activity (Yeung et al., 2015). With this in mind, we wondered if there could be a
feedback loop between the MAPK pathway and p300/CBP, especially since MAPK

signalling affects p300/CBP activity.

3.2 Results
3.2.1 Inhibition of p300/CBP activates MAPK signalling

To test whether acetylation could regulate MAPK output, we used C646
(Bowers et al., 2010), a sensitive and selective (Ki = 400 nM) small molecule
inhibitor of p300 and CBP, to treat 501mel melanoma cells bearing a BRAFY600E

mutation and western blotted for phosphorylated ERK (Figure 3.4; data from Robert
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Siddaway). Since C646 can induce a G1/S cell cycle arrest in melanoma cells
(Bowers et al., 2010), and we were interested in effects mediated by acetylation, we
initially limited treatment time to 1 hour in order to prevent cell cycle-related effects
from confounding our results. The results were striking (Figure 3.4), with C646
inducing an increase in the amount of phospho-ERK, as detected by an antibody that
recognises phosphorylated T202/Y204 in ERK1 and T185/Y187 in ERK2, in the

501mel human melanoma cell line.
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Figure 3.4 Short-term inhibition of p300/CBP induced MAPK pathway activation.
Western blot of 501mel cells following treatment with C646. 501mel cells were grown to 80%
confluence and treated with various concentrations of C646 or an equivalent volume of
DMSO for 1 hour. Data from Robert Siddaway.

As little as 5 uM of C646 led to elevated ERK phosphorylation 1 hour after
treatment (Figure 3.4). The increase in the amount of phosphorylated ERK was also
reflected in the blot for ERK2, which demonstrated a mobility shift after C646
treatment. This was accompanied by a decrease in the electrophoretic mobility of

MITF, which is consistent with the well-characterised ERK-dependent
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phosphorylation at S73 in MITF (Hemesath et al., 1998). This result suggests that

C646 treatment leads to activation of the MAPK pathway.
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Figure 3.5 C646-induced MAPK pathway activation could be sustained for at least 5
hours. Western blot of 501mel cells following treatment with C646. Cells were grown to 80%
confluence and treated with two different concentrations of C646 or an equivalent volume of
DMSO for up to 5 hours. Lower concentrations of C646 were also tested but they were not
as effective in activating the MAPK pathway (data not shown). Data from Robert Siddaway.

To further investigate the response to C646, 501mel cells were treated with two
concentrations of C646 over a period of up to 5 hours (Figure 3.5; data from Robert
Siddaway). With 20 uM of C646, an increase in phospho-ERK was observed as
before, along with a shift in MITF mobility. This effect was sustained for at least 5
hours, with the maximum amount of phospho-ERK observed at the 3-hour mark.
Although the 50 pM C646 treatment also elicited an increase in ERK
phosphorylation, this magnitude of this increase was less than that observed with the
lower 20 uM concentration. However, there was still a similar shift in MITF mobility
as was observed with the lower C646 concentration. Based on the above, we decided
to restrict C646 treatment in further experiments to a maximum concentration of 20

MM since this was sufficient to induce a sizeable increase in ERK phosphorylation.
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To confirm that the increase in ERK phosphorylation following C646
treatment is mediated through p300, we did an siRNA knockdown of p300 in 501mel

cells and harvested them after 48 hours (Figure 3.6).
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Figure 3.6 siRNA knockdown of p300 failed to activate the MAPK pathway in 501mel
cells. (a) gPCR analysis of p300 mRNA levels in 501mel cells after siRNA knockdown of
p300, using TBP as the reference gene. Cells were grown to 50% confluence and transfected
with siRNA against p300 or scrambled control siRNA. After 48 hours, cells were harvested
and their RNA was extracted. (b) Western blot of 501mel cells after after sSiRNA knockdown
of p300. Cells were treated as in (a), then harvested for western blotting.
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As shown in Figure 3.6a, we confirmed that the knockdown of p300 was
successful by gPCR, using TATA box binding protein (TBP) as the reference gene.
However, we were unable to detect any increases in ERK phosphorylation by
western blot following p300 knockdown; in fact phospho-ERK levels appeared to
have decreased slightly relative to the control (Figure 3.6b). We postulate that the
disparity in ERK phosphorylation in response to p300 inactivation might possibly be
explained by the difference in time scales between C646 treatment and SiRNA
knockdown of p300. Another plausible reason for the discrepancy would be that

while C646 inhibits both p300 and CBP acetyltransferases, CBP is not targeted by

p300 siRNA.
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Figure 3.7 HDAC inhibition resulted in reduced ERK-phosphorylation of MITF in
501mel cells. Western blot of 501mel cells following treatment with SAHA and C646. Cells
were grown to 80% confluence and treated with 2.5 uM SAHA, 20 pM C646 or an
equivalent volume of DMSO for up to 6 hours.

Since the inhibition of p300/CBP acetyltransferases caused an up-regulation of

the MAPK pathway, we wanted to determine if we could decrease MAPK signalling
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by increasing the amount of acetylation. To investigate this, we treated 50mel cells
with suberoylanilide hydroxamic acid (SAHA) (Richon et al., 1998), a pan-HDAC
inhibitor (ICso < 86 nM) (Figure 3.7).

Treatment with 2.5 pM of SAHA led to diminished MITF expression, as
reported previously (Yokoyama et al., 2008), but also decreased the proportion of
ERK-phosphorylated MITF (Figure 3.7). However, we did not detect any changes in
ERK phosphorylation levels following SAHA treatment. In addition, we also sought
to verify the effects of C646 and SAHA on acetylation by checking the levels of
acetylated o-tubulin, as detected by an antibody recognising acetylated K40 on a-
tubulin. In line with inhibition of HDACs, SAHA treatment increased the amount of
acetyl-tubulin. On the other hand, treatment with C646 led to a decrease in acetyl-
tubulin levels, which is in line with p300/CBP inhibition. The results demonstrate
that C646 treatment inhibits acetylation and increases ERK-mediated MITF
phosphorylation. In contrast, SAHA treatment increases acetylation and inhibits
ERK phosphorylation of MITF.

Cancer cell lines often harbour mutations in multiple signalling pathways,
resulting in the misregulation of these pathways. To verify if C646 treatment was
having a bona fide effect on the MAPK pathway, or whether it was a phenomenon
specific to the 501mel cell line, we examined a panel of cell lines from melanoma
and melanocytes, as well as those from non-melanocytic origins (Figure 3.8; data

from Robert Siddaway).
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Figure 3.8 p300/CBP inhibition activated the MAPK pathway in melanoma, melanocyte and non-melanocyte cell
lines, regardless of BRAF/NRAS mutational status. Western blot of different cell lines following treatment with
C646. Cells were grown to 80% confluence and treated with 20 uM C646 or an equivalent volume of DMSO for 1 hour.
Data from Robert Siddaway.
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Following an hour-long treatment with 20 uM of C646, MAPK signalling was
up-regulated in human melanoma cell lines bearing activating BRAF or NRAS
mutations, as indicated by the increase in phospho-ERK staining (Figure 3.8). Even
in cell lines such as SK-MEL-28 and MDA-MB-435, where the levels of phospho-
ERK were not readily detectable, we were able to use ERK-mediated
phosphorylation of MITF as a sensitive marker for ERK activation induced by C646
treatment. A similar pattern of increase in phospho-ERK was observed in murine
B16F10 and human HBL melanoma cells, both of which do not possess mutations in
BRAF or NRAS. However, MITF expression was not detected in HBL cells in this
experiment. Hermes cells, which are immortalised human melanocytes, also
exhibited increased phospho-ERK levels following treatment with C646, although
there were no apparent changes in MITF mobility.

C646-mediated activation of the MAPK pathway was also observed in cells of
non-melanocytic origin, including HelLa, a human cervical cancer cell line, and
Phoenix, a derivative of the HEK293T human embryonic kidney cell line (Figure
3.8). Both HeLa and Phoenix cells exhibited a discernable increase in phospho-ERK
levels in response to C646 treatment. The results indicate that C646 is able to up-
regulate MAPK signalling in a number of cell lines of melanoma, melanocytic and

non-melanocytic origin, regardless of BRAF and NRAS mutational statuses.
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3.2.2 BRAF is acetylated by p300/CBP
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Figure 3.9 p300/CBP inhibition resulted in rapid induction of MEK phosphorylation.
Western blot of 501mel cells following treatment with C646. Cells were grown to 80%
confluence and treated with 20 pM C646 or an equivalent volume of DMSO for various
periods of time up to 1 hour. Data from Robert Siddaway.

We sought to further understand the kinetics of MAPK activation induced by
C646 treatment. We treated 501mel cells with 20 pM of C646 for various time
intervals up to an hour (Figure 3.9; data from Robert Siddaway), since we already
knew that phospho-ERK was up-regulated following 1 hour of C646 treatment. A
rapid increase in phospho-ERK and ERK-mediated MITF phosphorylation was

observed after just 15 minutes of treatment with C646. The levels of phospho-ERK
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continued increasing, with maximum phospho-ERK levels observed at 40 minutes of
C646 treatment, after which it remained high until at least 60 minutes.

We were conscious that the C646-mediated ERK activation could potentially
occur via the crosstalk with the PI3K pathway. Hence, we also blotted for
phosphorylated S6 ribosomal protein, as detected by an antibody that recognises
phosphorylated S235/S236 in S6 (Figure 3.9). S6 is phosphorylated by S6K (S6
kinase), which is itself phosphorylated by mammalian target of rapamycin (mTOR),
downstream of the PI3K-AKT pathway. No change was observed on S6
phosphorylation or total S6 levels upon C646 treatment, indicating that the effects of
C646 on ERK were not mediated through PI3K signalling.

To identify the potential target for C646 in the MAPK pathway, we also
examined MEK phosphorylation, as detected by an antibody that recognises
phosphorylated S217/S221 in MEK1 and MEKZ2, over time following addition of
C646 (Figure 3.9). The results revealed increased phosphorylation of MEK occurring
after 10 minutes of C646 treatment, prior to activation of ERK. The levels of
phospho-MEK continued increasing until it reached a maximum at 40 minutes of
C646 treatment, after which it appeared to decrease till the 60-minute time point. No
change was observed in the levels of total MEK. This suggests that C646 was acting

on a component of the MAPK pathway that was upstream of MEK.
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Figure 3.10 MEK inhibition prevented C646-induced activation of MAPK. Western blot
of 501mel cells following treatment with C646 and/or the MEK inhibitor U0126. Cells were

grown to 80% confluence and treated with 20 UM C646 for 1 hour and/or 10 uM of U0126
for 3 hours.

Consistent with this, treatment of 501mel cells with the MEK inhibitor U0126
(Favata et al., 1998) (ICso < 72 nM), either on its own or in conjunction with C646,
led to an almost complete abrogation of phospho-ERK levels as detected by western
blot (Figure 3.10). Not only was U0126 pre-treatment able to prevent the effects of
C646 on ERK phosphorylation, it could also decrease the amount of phospho-ERK
below basal levels even in the presence of C646. In fact, the phospho-ERK levels
observed with U0126 and C646 co-treatment were similar to that with U0126 alone.

U0126 was also able to reverse ERK phosphorylation of MITF that was induced by

C646.
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Figure 3.11 BRAF inhibition could only partially abrogate C646-induced activation of
MAPK. (a) Western blot of 501mel cells following treatment with C646 and/or the BRAF
inhibitor PLX4720 (abbreviated as PLX). Cells were grown to 80% confluence and treated
with 20 pM C646 for 1 hour and/or 5 uM of PLX4720 for 3 hours. (b) Western blot of SK-
MEL-28 cells following treatment with C646 and/or PLX4720. Cells were treated as in (a).

Since BRAF lies upstream of MEK, we wondered if C646 was acting on
BRAF. To investigate this, we applied 5 uM of PLX4720 (Tsai et al., 2008), a small
molecule inhibitor of BRAF that is the preclinical analogue of vemurafenib and
exhibits ten-fold selectivity for BRAFV®%E (ICsy = 13 nM) over wild-type BRAF
(ICs0 = 160 nM), to human melanoma cell lines for 3 hours. 501mel (Figure 3.11a)
and SK-MEL-28 (Figure 3.11b) cells, both of which contain activating BRAFY60E
mutations, demonstrated similar responses to C646 and PLX4720 single treatments
and co-treatments. Pre-treatment with PLX4720 was sufficient to reverse the

increase in ERK phosphorylation induced by C646 and return phospho-ERK to
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DMSO-treated basal levels. On the other hand, if we compared co-treatment of
PLX4720 and C646 to C646 treatment alone, we see that C646 was still able to
induce an increase in ERK phosphorylation even in the presence of the BRAF
inhibitor PLX4720, which was not the case with the MEK inhibitor U0126 (Figure
3.10). Hence, we theorised that C646 could be acting on the MAPK pathway by
inducing a change in BRAF acetylation status, and possibly in other RAF isoforms as

well.
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Figure 3.12 Endogenous BRAF was acetylated in melanoma cells. Western blot of SK-
MEL-28 cells following immunoprecipitation of endogenous BRAF. Cells were grown to 80%
confluence, then lysed and incubated overnight with an antibody recognising BRAF or
mouse 1gG, which acted as the negative control.

Subsequently, we sought to examine whether BRAF was acetylated in
melanoma cells by immunoprecipitating endogenous BRAF protein, using an
antibody that recognises BRAF, from SK-MEL-28 cells and probing its western blot
with a pan-acetyl-lysine antibody that could detect acetylated lysine residues. As
Figure 3.12 indicates, endogenous BRAF appears to be acetylated on at least one of

its lysine residues. Acetylated lysine was not detected in the negative control, in
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which immunoprecipitation was carried out with mouse 1gG instead of the anti-

BRAF antibody.
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Figure 3.13 p300 co-immunoprecipitated with BRAFVE, Western blot of Phoenix cells
following co-immunoprecipitation of ectopic FLAG-tagged BRAFVE and ectopic HA-
tagged p300. Cells were grown to 50% confluence before being transfected using Fugene 6.
After 48 hours, cells were lysed and incubated overnight with an antibody against FLAG.

IP: FLAG

To investigate if BRAF could interact with p300, we over-expressed FLAG-
tagged BRAFV50%E together with HA-tagged p300 in Phoenix cells and did a pull-
down with anti-FLAG antibody (Figure 3.13). Consistent with acetylation of BRAF
being mediated by p300, p300-HA co-immunoprecipitated with BRAF-FLAG.
However, expression levels of p300-HA were consistently elevated in the presence
of overexpressed BRAF-FLAG versus the negative control lacking BRAF-FLAG,
across multiple experimental repeats. The presence of disproportionate levels of
p300-HA in the input means that it may be inappropriate to draw conclusions from
the negative control. That said, we were unable to detect any traces of p300-HA in
the negative control immunoprecipitation of BRAF-FLAG even after pro-longed

overexposure of the blots (data not shown). Since we were interested in the presence

96



or absence of p300-HA in the pull-down, rather than its relative levels, we felt quite
confident that p300-HA was not pulled down in the absence of BRAF-FLAG, which

suggests that there is a specific interaction between p300 and BRAF.

BRAFV600E + + + + + +
HDAC 1 2 3 4 5 -

100 kDa — BRAF-Myc
Input
100 kDa — HDAC-
FLAG
50 kDa —
100 kDa — BRAF-Myc IP: FLAG
100 kDa — HDAC- N
FLAG - Y
50 kDa —

Figure 3.14 HDAC3 co-immunoprecipitated with BRAFY®E, Western blot of Phoenix
cells following co-immunoprecipitation of ectopic Myc-tagged BRAFY5%E and various
FLAG-tagged HDACs. Cells were grown to 50% confluence, then transfected using Fugene
6. After 48 hours, cells were lysed and incubated overnight with an antibody against FLAG
or an antibody against Myc.

We were also interested in finding out if BRAF could interact with histone
deacetylases (HDACs). We over-expressed Myc-tagged BRAFVS%E together with

FLAG-tagged HDAC1, HDAC2, HDAC3, HDAC4 or HDACS in Phoenix cells and
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did a pull-down with both anti-FLAG antibody and anti-Myc antibody (Figure 3.14).
BRAFV®%E \was pulled down with both HDAC3 and HDACS5. However, HDAC3
was the only one which co-immunoprecipitated with BRAFY®%E, These results show

that BRAFV%E can interact with HDACS3 specifically.
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Figure 3.15 BRAF could be acetylated by both p300 and CBP. (a) Western blot of
Phoenix cells following immunoprecipitation of ectopic FLAG-tagged BRAFY5%E in the
presence of ectopic HA-tagged p300. Cells were grown to 50% confluence before being
transfected using Fugene 6. After 48 hours, cells were lysed and incubated overnight with an
antibody against FLAG. (b) Western blot of Phoenix cells following immunoprecipitation of
ectopic FLAG-tagged BRAFY®E in the presence of ectopic HA-tagged CBP. Cells were
prepared as in (a), with HA-tagged CBP being used in place of HA-tagged p300.

Next, we asked whether BRAF could be acetylated by p300 or its close relative

CBP. We co-expressed HA-tagged p300 with FLAG-tagged wild-type BRAF or
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FLAG-tagged BRAFY®%E in Phoenix cells (Figure 3.15a). We also did the same with
HA-tagged CBP replacing HA-tagged p300 (Figure 3.15b). We then
immunoprecipitated BRAF-FLAG with an anti-FLAG antibody conjugated to
agarose beads. Acetylation of both wild-type BRAF and the BRAFY®%E mutant was
substantially increased by co-expression with either p300 or CBP, as revealed by
western blotting of immunoprecipitated BRAF with the pan-acetyl-lysine antibody.
On the other hand, in the absence of ectopically expressed p300 or CBP, acetylated
lysines were not detected on either wild-type BRAF or BRAFY%%E However, this
might be an artefact arising from the BRAF overexpression. In terms of relative
abundance, ectopically expressed BRAF might be present in so much excess that
endogenous p300/CBP was unable to acetylate the vast majority of it, and so the

proportion of BRAF that got acetylated was too low to be detected.

3.2.3 BRAF is acetylated at K473 and K475

Mass spectrometry of immunoprecipitated BRAF revealed 4 acetylation sites
on K150, K418, K473 and K475 (Figure 3.16). The K473 and K475 residues were of
particular interest to us as they lay inside the kinase domain of BRAF. Importantly,
rare K475 mutations are found in colorectal cancer (K475R) as well as melanoma
(K475M) in the absence of other activating BRAF mutations, according to the
COSMIC database (Forbes et al., 2015). Both K473 and K475 are also highly
evolutionarily conserved across multiple species (Figure 3.16). Another significant
observation is that both residues are also found in human CRAF, but are substituted
in ARAF by arginine, which functions as a mimic of non-acetylated lysine since it

shares a similar positive charge but cannot be acetylated.
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Figure 3.16 BRAF was acetylated by p300 at the highly conserved K473 and K475
residues. Top: Relative positions of the four acetylated lysine residues in BRAF identified
by mass spectrometry. The key features of BRAF are indicated, including conserved regions
(CR) 1, 2 and 3, as well as the RAS-binding domain (RBD), cysteine-rich domain (CRD), N-
terminal lobe (N-lobe), C-terminal lobe (C-lobe), P-loop (PI), aC and activation segment
(AS). Middle: K473 and K475 are evolutionarily conserved in BRAF across species, as well
as in the CRAF isoform. Mutations (in red) at K475 in BRAF were also found in melanoma
and colorectal patient samples in the COSMIC database. Bottom: Four acetylated lysine
residues were detected in BRAF via mass spectrometry. Phoenix cells were grown to 50%
confluence, then transfected via Fugene 6 with plasmids encoding FLAG-tagged BRAFV600E
and HA-tagged p300. After 48 hours, cells were lysed and incubated overnight with an
antibody against FLAG. Immunoprecipitated BRAFV®E-FLAG was then resolved by SDS-
PAGE and processed for mass spectrometry. Acetylated residues are marked in red on their
respective peptide fragments. The ion score for each peptide is also indicated, with a score
>20 considered statistically significant.
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Figure 3.17 p300-mediated acetylation was abrogated with single and double mutations
of the K473 and K475 residues in BRAF. Western blot of Phoenix cells following
immunoprecipitation of various ectopic FLAG-tagged BRAF mutants in the presence of
ectopic HA-tagged p300. Cells were grown to 50% confluence before being transfected
using Fugene 6. After 48 hours, cells were lysed and incubated overnight with an antibody
against FLAG.

To verify that the BRAF K473 and K475 residues were indeed acetylated, we
mutated the lysine residues at K473 and K475 to arginine residues, which cannot be
acetylated, in both FLAG-tagged wild-type BRAF and FLAG-tagged BRAFY600E,
We then overexpressed these BRAF-FLAG mutants together with p300-HA in
Phoenix cells. Following immunoprecipitation, wild-type BRAF and BRAFY®%E
bearing mutations in K473 and/or K475 were probed with pan-acetyl-lysine
antibodies on a western blot (Figure 3.17). For wild-type BRAF, the single K473R
and K475R mutants both exhibited reduced acetylation, while the double
K473R.K475R mutant was more severely affected. The effect on BRAFY®%E was
even more dramatic, with basal acetylation being higher than wild-type BRAF, most
likely because increased MAPK signalling downstream from this mutant effectively

increases global acetylation by p300 (unpublished data, Robert Siddaway).
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Consistent with BRAFY®%E K473 and K475 being acetylated, mutation of either or
both residues to arginine led to a substantial loss of acetylation, with the residual

acetylation observed presumably reflecting modification of K150 and K418.

3.2.4 K473/K475 acetylation inhibits BRAF kinase activity in vitro
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Figure 3.18 BRAF kinase activity was inhibited by acetylation at K475. In vitro kinase
assay with immunoprecipitated FLAG-tagged BRAF mutants and purified MEK2. Phoenix
cells were grown to 50% confluence before being transfected via Fugene 6 with plasmids
encoding BRAF-FLAG mutants and p300-HA. After 48 hours, cells were lysed and
incubated overnight with an antibody against FLAG. Immunoprecipitated BRAF-FLAG
mutants were incubated with 1 pg of MEK2 and 200 uM ATP at 30°C for 15 minutes. The
amount of MEK2 phosphorylation was subsequently determined by immunoblotting with
phospho-MEK antibody.

To examine the consequences of BRAF acetylation, we initially mutated the
BRAF K475 residue to a non-acetylatable arginine residue, as found in colon cancer
and in ARAF, or to glutamine, which mimics the acetylated form of lysine that has

its positive charge neutralised. We then examined the capacity of the wild-type and
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mutant BRAF proteins to phosphorylate MEK2 in vitro, as detected by western
blotting with a phospho-specific antibody that recognises phosphorylated S217 and
S221 in MEK (Figure 3.18). Immunoprecipitated FLAG-tagged BRAF was able to
efficiently phosphorylate bacterially-expressed and purified MEK2 protein, with
phosphorylation being reduced by the acetyl-lysine-mimicking K475Q mutation, but
not the non-acetylatable K475R substitution. In line with acetylation having an
inhibitory effect on BRAF kinase activity, co-expression of ectopic p300 reduced the
capacity of BRAF to phosphorylate MEK. Similar results were obtained in the
BRAFV%E variant background, though ectopic p300 had a much smaller effect on
MEK phosphorylation in this case. The results suggest that acetylation at K475
inhibits the ability of BRAF to phosphorylate MEK, independent of its mutational
status at the V600 residue.

We were also interested in the effects of acetylation at the K473 residue due to
its proximity to the K475 residue, which we already demonstrated to be a key residue
affecting on BRAF activity. We next compared the effects of the single mutations to
double mutations at the K473 and K475 residues, based on their ability to
phosphorylate MEK in an in vitro kinase assay (Figure 3.19). Consistent with the
results of the BRAF acetylation at both residues, the K473Q.K475Q double mutation
blocked the ability of BRAF to phosphorylate MEK, while the K473R.K475R
double mutant decreased MEK phosphorylation slightly (Figure 3.19a). Both the
K473Q and K475Q single mutants impaired MEK phosphorylation, though a slightly
greater effect was observed with the K473Q mutant. The single lysine to glutamine
mutations were less effective than the double glutamine substitutions in disrupting
MEK phosphorylation. Again, the single lysine to arginine mutations had no major

effect on BRAF kinase activity in vitro, inducing only slight decreases in MEK
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phosphorylation. Similar results were obtained with these mutations in the
BRAFV%E hackground (Figure 3.19b). Thus, surprisingly, the results are consistent
with acetylation-mediated inhibition of BRAF being dominant over the activating

BRAFV®0E mutation, at least in the in vitro context.
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Figure 3.19 BRAF Kkinase activity was inhibited by acetyl-mimicking glutamine
substitutions at K473 and K475. (a) In vitro kinase assay with purified MEK2 in the
presence of K473 and K475 mutants of FLAG-tagged BRAF. Phoenix cells were grown to
50% confluence before being transfected via Fugene 6 with plasmids encoding BRAF-
FLAG mutants and p300-HA. After 48 hours, cells were lysed and incubated overnight with
an antibody against FLAG. Immunoprecipitated BRAF-FLAG mutants were incubated with
1 pg of MEK2 and 200 pM ATP at 30°C for 15 minutes. The amount of MEK2
phosphorylation was subsequently determined by immunoblotting with phospho-MEK
antibody. (b) In vitro kinase assay with purified MEK2 in the presence of K473 and K475
mutants of FLAG-tagged BRAFV%E, Reaction conditions were similar to that in (a).
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3.2.5 K473/K475 acetylation inhibits BRAF kinase activity in cells
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Figure 3.20 The acetyl-mimicking K473Q.K475Q double mutation in BRAF reduced its
kinase activity in Phoenix cells. Western blot of Phoenix cells expressing ectopic K473 and
K475 mutants of BRAF-FLAG. Cells were grown to 50% confluence before being
transfected using Fugene 6. After 48 hours, cells were lysed and processed for western
blotting.

These conclusions were reinforced by examining the phosphorylation of MEK
in cell culture models following transient transfection of Phoenix cells with FLAG-
tagged wild-type BRAF, as well as the K473Q.K475Q and K473R.K475R double
mutants. Western blotting with a phospho-specific antibody revealed reduced
phosphorylation of MEK in the presence of the K473Q.K475Q acetyl-mimic
compared to wild-type BRAF (Figure 3.20). In contrast, phospho-MEK levels were
elevated with the non-acetylatable K473R.K475R mutant relative to the wild-type
protein, although this might be due to the K473R.K475R mutant being expressed in
slightly greater amounts. The results obtained with the K473Q.K475Q mutant in the
stable cell line were consistent with the observations from the in vitro kinase assay
described previously, once again highlighting the inhibitory effect of K473 and K475

acetylation on BRAF kinase activity.
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Figure 3.21 Stable polyclonal HeLa Flp-In T-rex cell lines expressing tetracycline-inducible BRAFV®E-FLLAG mutants. (a) Induction of BRAFVE0E-
FLAG expression, as determined by western blot, over a period of up to 24 hours with 2 ng/mL doxycycline. Each cell line expresses a different mutant, but
to similar levels. (b) Western blot of HeLa Flp-In T-rex cells after 24-hour induction of BRAFV®E-FLAG expression with 2 ng/mL doxycycline. (c) Western
blot of HeLa Flp-In T-rex cells after 24-hour induction of BRAFV®E-FLAG expression with various concentrations of doxycycline.
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We were also curious about the effects of K473 and K475 mutations on the
kinase activity of BRAFV%E the most common BRAF mutation in melanoma, in a
cell culture model. To investigate, we made use of the Flp-In T-rex system from
Invitrogen to generate stable, tetracycline-responsive HelLa cell lines expressing
FLAG-tagged BRAFY®%E as well as its respective K473Q.K475Q and
K473R.K475R double mutants. The HeLa Flp-In T-rex cell line also constitutively
expressed the Tet repressor, which bound to Tet operator sequences in the promoter
driving expression of BRAF and thus repressed BRAF expression in the absence of
tetracycline. In the presence of tetracycline, the Tet repressor is unable to bind to the
promoter driving BRAF expression, thus resulting in derepression and induction of
BRAF expression.

To induce expression of BRAF, we treated the three stable cell lines with 2
ng/mL of doxycycline, a tetracycline analogue that possesses a longer half-life, and
followed BRAF-FLAG levels over a period of 24 hours as detected by western
blotting (Figure 3.21a). Following the addition of doxycycline, BRAF-FLAG levels
increased over time and reached a maximum at 24 hours, the endpoint of the
experiment. This was true for all three cell lines, which were expressing either
BRAFVSQE.ELAG or its respective K473Q.K475Q and K473R.K475R double
mutants but at very similar levels to each other. In the absence of doxycycline,
expression of BRAF-FLAG was not detected, demonstrating that BRAF expression
was tightly controlled by doxycycline.

Subsequently, we treated the stable cell lines with 2 ng/mL of doxycycline for
24 hours and determined MEK and ERK phosphorylation levels by western blot. As
shown in Figure 3.21b, BRAF-FLAG expression was induced to a similar level in all

three cell lines. In line with previous results, expression of the K473Q.K475Q double
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mutant gave the lowest amount of phospho-MEK among the three cell lines, while
the K473R.K475R double mutant induced the largest increase in MEK
phosphorylation. This trend was also true for ERK phosphorylation, although the
differences in phospho-ERK levels were less stark compared to the contrast observed
with phospho-MEK. No differences were observed in both total MEK and ERK2
levels. In addition, phospho-MEK and phospho-ERK levels were also too low to be
detected in the absence of BRAF-FLAG induction by doxycycline, suggesting that
the observed disparities in MEK and ERK phosphorylation were due to differences
in BRAF kinase activity between the mutants.

We also wanted to see whether the inhibitory effect of the K473Q.K475Q
mutation on BRAF kinase activity would hold true regardless of the absolute amount
of BRAF. To investigate this, we treated the three HeLa stable cell lines with varying
concentrations of doxycycline ranging from 0 to 5 ng/mL for a total of 24 hours. As
shown in Figure 3.21c, BRAF-FLAG expression increased as doxycycline
concentration was raised from 0 to 2 ng/mL. However, there was little to no increase
between 2 and 5 ng/mL of doxycycline, which suggested that 2 ng/mL of
doxycycline was sufficient to induce maximum expression of BRAF-FLAG in these
cell lines. In terms of MEK phosphorylation, phospho-MEK levels were closely
correlated to BRAF expression levels, with higher BRAF-FLAG expression inducing
an increase in MEK phosphorylation for all three BRAF mutants. However, despite
expression levels of BRAF-FLAG being uniform across all three cell lines, the
K473Q.K475Q double mutant had consistently lower amounts of MEK
phosphorylation compared to the unmutated one and the K473R.K475R double
mutant, at any given concentration of doxycycline. In contrast, the K473R.K475R

double mutant had consistently higher amounts of MEK phosphorylation at any
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given concentration of doxycycline. As before, these observations also held true for
phospho-ERK levels although differences in ERK phosphorylation were again
slightly less apparent compared to the contrast in the MEK phosphorylation results.
In line with the in vitro data presented previously, the data from the stable cell lines
suggests that BRAF acetylation at K473 and K475 had an inhibitory effect on BRAF

kinase activity regardless of V600 mutational status.

3.2.6 BRAF acetylation inhibits its interaction with MEK
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Figure 3.22 MEK?2 co-immunoprecipitated less efficiently with the K473Q.K475Q
mutant of BRAF-FLAG. Western blot of Phoenix cells following co-immunoprecipitation
of purified MEK2 with ectopic K473 and K475 mutants of BRAF-FLAG. Cells were grown
to 50% confluence before being transfected via Fugene 6 with plasmids encoding BRAF-
FLAG mutants. After 48 hours, cells were lysed and incubated overnight with 1 pg of
purified MEK2 and an antibody against FLAG.
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Although our data is consistent with BRAF acetylation affecting its kinase
activity, the results thus far were devoid of any mechanistic insights. We postulated
that acetylation of BRAF might be affecting its interaction with MEK. To investigate
this theory, we overexpressed FLAG-tagged BRAF and BRAFV%%E along with their
respective K473Q.K475Q and K473R.K475R double mutants, in Phoenix cells.
After lysing the cells, we incubated the lysate with bacterially-expressed MEK2
protein, before doing a pull-down with anti-FLAG antibody. As shown in Figure
3.22, MEK was able to co-immunoprecipitate with all of the BRAF variants tested,
but did so poorly with the K473Q.K475Q double mutant compared to the wild-type
or the K473R.K475R mutant. The acetyl mutants in the BRAFY®%E packground
exhibited a similar trend, with the K473R.K475R mutant co-immunoprecipitating
MEK more efficiently than the K473Q.K475Q mutant. There was a smaller
difference between the BRAFV%E K473Q.K475Q mutant and BRAFY®%% in terms
of the amount of MEK that was co-immunoprecipitated, but this might have been a
result of there being less BRAFY®%E pulled down. In the absence of BRAF-FLAG,
we were unable to detect any co-immunoprecipitation of MEK, indicating that this
interaction was specific to BRAF and MEK. The results demonstrate that acetylation
of BRAF inhibited its ability to bind to MEK, thus providing a mechanism for the

inability of acetylated BRAF to phosphorylate MEK.

3.3 Discussion

The MAPK pathway is traditionally portrayed as a unidirectional pathway in
which extracellular stimuli, such as growth factors, bind to membrane receptors and
induce the activation of downstream effectors of cellular processes via the

RAS/RAF/MEK/ERK signalling cascade. It may be tempting to think of the MAPK
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pathway as a simple, linear pathway, especially since RAF and MEK are generally
considered to have only one substrate each. However, the existence of various
isoforms at each tier of the signalling cascade lends complexity to the pathway. For
example, there are three RAS isoforms (HRAS, KRAS, NRAS), three RAF isoforms
(ARAF, BRAF, CRAF), two MEK isoforms (MEK1, MEK2) and two ERK isoforms
(ERK1, ERK2). Since RAF signals as a dimer, each of the three RAF isoforms can
form homo- and heterodimers with one another, which makes for a total of six
unique dimeric combinations. The presence of these various isoforms makes the
MAPK cascade a highly branched pathway.

In addition, the MAPK pathway is by no means unidirectional, due to the
existence of numerous regulatory feedback loops along the RAS/RAF/MEK/ERK
signalling cascade that serve to modulate MAPK output in a spatiotemporal manner.
The importance of temporal dynamics in MAPK signalling was underlined by
classical studies demonstrating the link between the duration of ERK activation and
cell fate decisions (Marshall, 1995). For example, transient activation of ERK by
epidermal growth factor (EGF) stimulated proliferation in rat pheochromocytoma
PC-12 cells (Huff et al., 1981; Nguyen et al., 1993). On the other hand, sustained
ERK signalling, which was induced by nerve growth factor (NGF), triggered
neuronal differentiation in the same cell type (Cowley et al., 1994; Nguyen et al.,
1993; Traverse et al., 1994). However, the converse may apply in other cell types,
such as in mouse NIH 3T3 fibroblasts where sustained ERK activation is correlated
with proliferation (Cowley et al., 1994; Mansour et al., 1994). This adds a further
layer of complexity to the MAPK pathway.

The great versatility in the magnitude and dynamics of MAPK output derives

from the aggregate effect of regulation at each tier of the signalling cascade by
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multiple mechanisms (Kholodenko, 2006; Kholodenko et al., 2010; von Kriegsheim
et al., 2009; Santos et al., 2007). As outlined in Chapter 3.1, a substantial portion of
their regulation is mediated by post-translational modifications, particularly in the
case of RAF. So far, the regulation of RAF by post-translational modifications have
been mainly described in the context of phosphorylation. Our data suggests that
BRAF is acetylated, and that its acetylation plays an important role in regulating
MAPK output.

We showed by mass spectrometry that BRAF can be acetylated by the p300
acetyltransferase on at least four separate lysine residues — K150, K418, K473 and
K475. In line with this finding, acetylation at K418 was also previously described in
a landmark study of the acetylome (Choudhary et al., 2009), which provided the first
proteome-wide survey of lysine acetylation in human cells. Although the other three
lysine residues were not picked up as acetylation sites in the previous study, we were
not alarmed as this might have been due to the transient nature of the modification,
or technical reasons such as poor antibody specificity resulting in the lack of
sensitivity for low abundance sites.

Our investigations were mainly focussed on the K473 and K475 residues due
to their location in the kinase domain of BRAF. As shown in Figure 3.16, the
sequence at residues 473-475 of BRAF is KGK. This sequence fits the GK
recognition motif that was previously identified as a target of p300/CBP acetylation
in a separate study (Bannister et al., 2000). Notably, BRAF mutations at K475 have
been detected in cancer, although these are extremely rare events. For example,
according to the COSMIC database, there have been three individual cases of
BRAFX4"5R mutations detected in colon cancer, and a single case of BRAFK4*M jn

melanoma (Forbes et al., 2015). The K475R mutation in colon cancer was of
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particular interest to us because the lysine at residue 475 has been substituted for an
arginine, which has similar characteristics as lysine but cannot be acetylated. BRAF
mutations are also known to be drivers of tumorigenesis in colon cancer (Muzny et
al., 2012), and this K475R was the only BRAF mutation found in the three cases.
Both K473 and K475 residues in BRAF are also conserved evolutionarily across
multiple species, as well as in CRAF, another isoform of RAF. Interestingly, K473
and K475 are not conserved in the ARAF isoform, but are instead substituted for the
non-acetylatable arginine residue. Arginine residues are also found at the equivalent
positions in the KSR scaffold protein, which is capable of dimerising with RAF.

Our data shows that by introducing a lysine to glutamine substitution at both
K473 and K475 in BRAF, we can abrogate the ability of BRAF to phosphorylate
MEK both in vitro and in cell culture models. Glutamine is commonly used as a
mimic of acetylated lysine due to their similarities in charge and chemical structure
(Li et al., 2002). Glutamine substitution at either of these residues in BRAF was
sufficient to reduce MEK phosphorylation, while mutating both sites to glutamine
led to an additive effect in terms of even greater inhibition of BRAF kinase activity.
The importance of the K473 and K475 sites has also been highlighted in previous
studies of CRAF (Lu et al., 1998), where kinase activity was completely abrogated
when the equivalent residues in CRAF was mutated to alanine, which can also
potentially mimic acetylated lysine through neutralisation of the positive charge.
However, the reason behind CRAF activity being affected by mutation of these
residues was not determined. Our results would suggest that CRAF, like BRAF, is
also acetylated on these sites and that the presence of a basic residue is critical for

MEK phosphorylation.
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In contrast, an arginine substitution, which mimics the positive charge of lysine
while blocking acetylation, at either one of these sites had little effect on BRAF
kinase activity. Perplexingly, the K473R.K475R double mutants had slightly reduced
kinase activity in vitro compared to the unmutated form, while it exhibited increased
kinase activity in cell lines. However, this may also be a result of there being
different starting levels of BRAF acetylation across the two assays. In the in vitro
assay, BRAF-expressing cells were first lysed before immunoprecipitating BRAF
overnight, during which time a proportion of inhibitory endogenous acetylation
might have been lost.

Downstream of MEK, ERK phosphorylation was also reduced with the
K473Q.K475Q double mutant and elevated with the K473R.K475R double mutant.
However, the differences in ERK phosphorylation were less stark compared to those
observed with MEK phosphorylation. This may be mediated by negative feedback
mechanisms that act directly on ERK to modulate ERK phosphorylation, such as
DUSPs.

Mechanistically, our data suggests that acetylation-mediated inhibition of
BRAF kinase activity was caused by interference of the interaction between BRAF
and MEK, as indicated by results of co-immunoprecipitation experiments. However,
based on the recently elucidated co-crystal structure of the BRAF-MEK1 complex
(Haling et al., 2014), the K473 and K475 residues in BRAF do not appear to be part
of the BRAF-MEK interaction interface. Interestingly, the RAF proteins can
dimerise with each other via a side-to-side interface involving the N-lobe of their
kinase domains, and residues W476 to G478 (in BRAF) form an integral part of this
dimerisation interface (Rajakulendran et al., 2009). The equivalent residues are also

conserved in the KSR organising scaffold protein and participate in the dimerisation
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between KSR and RAF (Rajakulendran et al., 2009). Since RAF dimerisation with
itself and KSR is an important step in MEK phosphorylation (Brennan et al., 2011),
we postulate that lysine acetylation at K473 and K475 may possibly inhibit BRAF
kinase activity by affecting its dimerisation, given the close proximity of the two
lysine residues to W476 in the side-to-side dimerisation interface. Another
possibility is that K473 and K475 acetylation affects the nearby glycine rich P-loop
(G464 — V471 in BRAF), which plays a key role in ATP anchorage and orientation.

Importantly, acetylation of BRAF affects its kinase activity regardless of V600
mutational status. This raises the possibility that altering BRAF acetylation status
may be of therapeutic benefit to patients who possess activating BRAF V600
mutations, as well patients who have mutations in other BRAF residues or even other
members of the MAPK pathway such as NRAS. In line with BRAF acetylation
having an inhibitory effect on MAPK output, p300 expression levels have been
shown to correlate positively with survival in melanoma patients (Bhandaru et al.,
2014). Another study showed that co-treatment with the pan-HDAC inhibitor SAHA
and the BRAFV®%E inhibitor PLX4720 resulted in synergistic killing of BRAFY60E.
positive melanoma cells, but not melanocytes (Lai et al., 2013). However, similar to
what we observed in our own experiments, phospho-ERK levels did not appear to be
affected by SAHA (Lai et al., 2013).

Although BRAF inhibition has been a significant development in the terms of
melanoma therapy, it is rarely curative, with a common occurrence being an initial
dramatic remission of the disease, followed by an equally spectacular relapse in
virtually identical tumour locations (Wagle et al., 2011) (Figure 1.7). The durability
of the response to BRAF inhibition is limited by the acquisition of resistance

mechanisms, often via mutations in other members of the MAPK pathway. In a bid
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to forestall tumour relapse mediated by acquired resistance to BRAF inhibition,
researchers have increasingly turned to combinatorial therapies, such as co-treatment
with both BRAF inhibitors and MEK inhibitors, being employed in many recent

clinical trials (Schadendorf et al., 2015).

Growth factor

Figure 3.23 Proposed negative feedback loop between p300 and the MAPK pathway.
ERK phosphorylates p300, activating its acetyltransferase activity. This results in increased
acetylation of BRAF and/or CRAF, which inhibits their ability to bind to MEK and thus
reduces further ERK phosphorylation of p300.

BRAF acetylation by the p300/CBP acetyltransferases appears to be part of a
negative feedback loop, with ERK phosphorylation of p300/CBP activating their
HAT activity (Ait-Si-Ali et al., 1999; Chen et al., 2007). This in turn leads to the

inhibition of BRAF activity via increased acetylation, thus dampening further ERK
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phosphorylation of p300/CBP (Figure 3.23). Although p300-mediated acetylation of
MEKZ1 has been reported to increase its activity in another study (Yeung et al., 2015),
we believe that the inhibitory effect of BRAF acetylation is dominant, since p300
inhibition with C646 caused demonstrable up-regulation of MAPK output in a
multitude of different cell lines.

With further research to elucidate specific pathways pertaining to BRAF
acetylation, especially with regards to its activators and inhibitors, we think that
BRAF acetylation has the potential to complement existing mechanisms of
controlling MAPK output. For example, since BRAF acetylation results in the
attenuation of its kinase activity, drugs that increase BRAF acetylation can
potentially be used in combinatorial therapies with existing BRAF inhibitors. Since
the BRAF K473 and K475 residues are also conserved in CRAF, BRAF acetylation-
promoting drugs are likely to affect CRAF in a similar manner, and thus may be
useful in circumventing acquired resistance mechanisms to BRAF inhibition that are
mediated via CRAF hyperactivation. With regards to the third RAF isoform, ARAF,
it is unlikely that these drugs would have an effect on its kinase activity, since the
two lysine residues are not conserved in ARAF. However, ARAF has a much lower
basal level of kinase activity compared to BRAF and CRAF (Marais et al., 1997),
due to differences in its RAS-binding domain (Weber et al., 2000) and N-region
(Baljuls et al., 2007). In fact, sSiRNA-mediated depletion of ARAF did not even
affect ERK phosphorylation in melanoma cell lines bearing NRAS or BRAF
mutations (Rebocho and Marais, 2013). Thus, we believe that the theoretical inability
of ARAF to respond to BRAF acetylation-promoting drugs would not significantly

hamper drug efficacy, since the role played by ARAF in melanoma MAPK
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signalling appears to pertain to scaffolding and is largely independent of its kinase
activity (Rebocho and Marais, 2013).

On the opposite end of the spectrum, drugs that inhibit BRAF acetylation and
promote BRAF kinase activity can also be useful therapeutically. Studies involving
patient-derived xenograft models of melanoma have shown drug-resistant tumour
cells becoming addicted to the BRAF inhibitor vemurafenib, such that tumour
regression was observed upon withdrawal of the drug (Das Thakur et al., 2013). The
dependency of these drug-resistant cells on BRAF inhibition for peak proliferation
has led to intermittent dosing being proposed as a way to circumvent tumour relapse
caused by acquired drug resistance (Deuker and McMahon, 2014; Holderfield et al.,
2014). Indeed, a clinical trial investigating the utility of intermittent dosing is already
underway (Deuker and McMahon, 2014). As such, drugs that inhibit BRAF
acetylation and elevate BRAF kinase activity can be potentially employed to kill
drug-resistant tumour cells, particularly in light of studies demonstrating
antiproliferative and cytotoxic effects caused by hyperactivation of the MAPK
pathway in melanoma cells (Petti et al., 2006). The potentially deleterious effects of
MAPK hyperactivation is also reflected by the fact that BRAF and NRAS mutations
tend to be mutually exclusive in patient-derived melanoma samples (Akbani et al.,
2015). By cycling drugs on and off and in combination with each other, we can
potentially manipulate MAPK output such that the bulk of the tumour population

will always remain sensitive to BRAF inhibition.
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In conclusion, our results describe a novel post-translational modification of
BRAF that has a demonstrable effect on its kinase activity both in vitro and in cell
culture models. We believe that BRAF acetylation by p300/CBP constitutes a bona
fide negative feedback loop that can potentially be exploited for melanoma therapy,

pending the outcome of further investigations.
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Chapter 4 — Phosphorylation of MITF

affects its nuclear export



4.1 Introduction
4.1.1 Regulation of MITF by transcription

As noted in Chapter 1, MITF is the master regulator of the melanocyte lineage
as well as a major melanoma oncogene. Importantly, the level of MITF activity is a
crucial determinant of the sub-population identity and phenotype in melanoma cells,
as outlined in the rheostat model (Carreira et al., 2006; Goding, 2011; Hoek and
Goding, 2010).

One of the ways in which MITF activity is regulated is at the level of
transcription. The M promoter, which is melanocyte-specific and controls expression
of the dominant isoform of MITF (MITF-M) in cells of melanocytic origin (Fuse et
al., 1996; Vachtenheim and Novotna, 1999; Yasumoto et al., 1998), is subject to
complex transcriptional regulation through a multitude of different pathways.

Studies have shown that the Wnt (wingless-type) signalling pathway plays a
vital role in pigment cell development in zebrafish (Dorsky et al., 1998) and mice
(Hari et al., 2002; Ikeya et al., 1997). Subsequently, the promoter for nacre, the
zebrafish homolog of the MITF gene, was found to contain three binding sites for the
Tcf/Lef (T-cell factor/lymphoid enhancer-binding factor) family of transcription
factors that form part of the Wnt signalling pathway (Dorsky et al., 2000). TCF/LEF
binding sites were also identified in the M promoter of the MITF gene in humans,
and shown to be necessary for MITF expression via the recruitment of the LEF1
transcription factor, in complex with its coactivator 3-catenin, to these sites (Widlund
et al., 2002). MITF can also directly interact with LEF1 to transactivate its own M
promoter (Saito et al., 2002), as well as MITF target genes such as DCT (Yasumoto
et al., 2002). B-catenin can also interact with MITF at its helix domain to drive

expression of MITF target genes such as TYR and TYRP1 (Schepsky et al., 2006),
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providing yet another level of crosstalk between MITF and the Wnt signalling
pathway.

The PAX3 (paired box 3) transcription factor plays an important role in
melanocyte differentiation (Lang et al., 2005), a large part of which is mediated
through its ability to activate MITF expression. Mechanistically, PAX3 up-regulates
MITF expression by binding the M promoter of the MITF gene at two recognition
sites that are conserved in both humans and mice, which results in transactivation of
the promoter (Bondurand et al., 2000; Potterf et al., 2000; Watanabe et al., 1998).

PAX3 can also cooperate with sex determining region Y-box 10 (SOX10) to
activate MITF expression in a synergistic fashion (Bondurand et al., 2000; Potterf et
al., 2000). SOX10 is another transcription factor that is capable of inducing MITF
expression in various human and mouse cell lines (Bondurand et al., 2000; Lee et al.,
2000; Potterf et al., 2000; Verastegui et al., 2000). In another indirect piece of
evidence for SOX10 regulation of MITF expression, the tyrosine-protein kinase
receptor TYRO3 was shown to induce MITF expression by promoting nuclear
localisation of SOX10 (Zhu et al., 2009). SOX10-mediated MITF expression has also
been validated in animal models. For example, mice bearing Sox10 mutations fail to
express Mitf transcripts (Bondurand et al., 2000). In sox10-mutant zebrafish, which
are also negative for mitfa transcripts, mitfa transcription can be rescued by
microinjecting sox10 RNA (Elworthy et al., 2003). In terms of the mechanism,
several putative SOX10 binding sites have been identified in the M promoter of the
MITF gene (Bondurand et al., 2000; Lee et al., 2000; Potterf et al., 2000), as well as
in a distal enhancer located 14.5 kb upstream of the start codon of MITF-M
(Watanabe et al., 2002). The SOX10 binding sites in the M promoter exhibit

functional redundancy, in the sense that SOX10-mediated transcription was affected
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with mutation of multiple SOX10 binding sites in parallel, but not with independent
mutations of single sites (Lee et al., 2000).

Another important pathway involved in transcription regulation of MITF is the
a-melanocyte  stimulating hormone (a-MSH) and the cyclic adenosine
monophosphate (cAMP) pathway. Binding of a-MSH to the melanocortin 1 receptor
(MC1R) induces activation of adenylyl cyclase, which in turn catalyses the
conversion of adenosine triphosphate (ATP) to cAMP. cAMP stimulates PKA
phosphorylation of the CREB (CAMP responsive element-binding protein)
transcription factor. Phosphorylated CREB binds to a CRE (CAMP responsive
element) motif located in the M promoter of the MITF gene, which results in
transcriptional activation of MITF expression (Bertolotto et al., 1998b; Price et al.,
1998). This is accompanied by the up-regulation of MITF target genes including
TYR, TYRP1 and DCT (Bertolotto et al., 1998a, 1998b; Price et al., 1998). In
addition, phosphorylation of CREB by the stress-responsive p38 MAPK can also
result in up-regulation of MITF and TYR (Saha et al., 2006). However, despite the
CAMP pathway being ubiquitous in many cell types, cCAMP-mediated activation of
MITF was observed in B16 mouse melanoma cells but not in NIH 3T3 mouse
fibroblasts (Bertolotto et al., 1998b). Further research showed that the melanocyte-
specific context of cCAMP-mediated MITF activation can be explained by the obligate
cooperativity between CREB and SOX10, the expression of which is restricted to
cells of neural crest origin, at the M promoter that drives MITF expression in
melanocytes (Huber et al., 2003).

a-MSH can also induce the expression of the transcriptional coactivator PGC-
la (peroxisome proliferator-activated receptor y coactivator la)) via canonical CRE

motifs in the PGC-/a promoter (Shoag et al., 2013). PGC-1a then stimulates MITF

123



expression and ultimately melanogenesis by binding to and coactivating SOX10 on
the M promoter (Shoag et al., 2013). In turn, MITF can also up-regulate PGC-1a
expression by binding to E-box motifs in the PGC-/a promoter (Haq et al., 2013b),
which adds an additional level of complexity to the relationship between MITF and
PGC-1a.

MITF expression can also be induced by the transcription factor ONECUT-2,
which can bind to ONECUT-2 recognition sites on the M promoter of the MITF gene
(Jacquemin et al., 2001).

In addition to the activators described above, several transcriptional repressors
of MITF have also been identified. For example, MITF levels were found to be
inversely correlated to expression of the GLI2 (glioma-associated oncogene 2)
transcription factor, a critical mediator of the Hedgehog signalling pathway
(Javelaud et al., 2011). GLI2 repression of MITF was subsequently confirmed by the
identification of a GLI2 binding site, within the M promoter of the MITF gene,
which was responsible for reduced transcription of MITF (Pierrat et al., 2012).
Another transcription factor involved in transcriptional regulation of MITF is HIF1
(hypoxia-inducible factor 1), which can down-regulate MITF levels in response to
hypoxia by inducing expression of BHLHE40 (class E basic helix-loop-helix protein
40) (Cheli et al., 2012; Feige et al., 2011). BHLHE4O0 is then recruited to a consensus
recognition site in the M promoter where it acts as a transcriptional repressor (Feige
etal., 2011).

MITF repression is also mediated by the POU domain transcription factor
BRN2, which can bind directly to a recognition site in the M promoter of the MITF
gene, as shown by electrophoretic mobility shift assay (EMSA) and chromatin

immunoprecipitation (ChIP) (Goodall et al., 2008). Binding of BRN2 results in
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repression of MITF transcription, which manifests as inverse expression of BRN2
and MITF in melanoma spheres and xenograft tumours (Thurber et al., 2011), as well
as in patient tumour samples (Goodall et al., 2008). However, co-expression of
BRN2 and MITF is observed in melanoma cell lines (Thurber et al., 2011; Wellbrock
et al., 2008). A further layer of complexity is provided by microRNA miR-211 which
is transcriptionally induced by MITF (Levy et al., 2010; Mazar et al., 2010), and
silences BRN2 expression (Boyle et al., 2011), thus forming a positive feedback loop
which can potentially account for the inverse expression states of BRN2 and MITF

in melanoma samples in vivo.

4.1.2 Regulation of MITF by post-translational modifications

In addition to transcriptional regulation, MITF activity is also extensively
regulated at the post-translational level (Figure 4.1). An important post-translational
modification of MITF is the phosphorylation of S73 by the kinase ERK (Hemesath et
al., 1998), which is induced in response to treatment with stem cell factor (SCF).
SCF, a ligand that activates the c-KIT receptor, also induces phosphorylation of
MITF at S409 by the kinase RSK1 (Wu et al., 2000). Phosphorylation at both S73
and S409 is believed to be responsible for increased proteosomal degradation of the
MITF protein following c-KIT stimulation (Wu et al., 2000). A separate study
showed that the mutation of S73 to a non-phosphorylatable alanine residue almost
completely abrogated ubiquitination of MITF (Xu et al., 2000). K201 was identified
as a potential ubiquitination site in MITF in the same study (Xu et al., 2000).

Furthermore, the mutation of S73 to a non-phosphorylatable alanine residue
reduced the ability of MITF to transactivate the TYR promoter in mammalian cells

(Hemesath et al., 1998; Wu et al., 2000). However, in spite of the in vitro data,
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mouse models with the MitfS”*A mutant had normal eye development and coat
pigmentation (Bauer et al., 2009; Bismuth et al., 2008), although this might have
been caused by aberrant splicing following mutation of S73, which is part of a splice
enhancer sequence (Debbache et al., 2012). The S409A mutation and S73A.S409A
double mutation did not result in any abnormal pigmentation phenotypes in vivo
either (Bauer et al., 2009).

RSK1-mediated S409 phosphorylation has also been reported to relieve the
inhibition of MITF transcriptional activity by the E3 SUMO-protein ligase PIAS3
(protein inhibitor of activated STAT protein 3). PIAS3 represses MITF’s
transcriptional activity by binding to its leucine zipper domain (Levy et al., 2003).
RSK1 phosphorylation at MITF S409 interferes with this interaction, thus relieving
PIAS-mediated repression (Levy et al., 2003).

The S298 residue in MITF is another site where phosphorylation reportedly
occurs (Takeda et al., 2000a). This phosphorylation event is believed to be mediated
by glycogen synthase kinase 3 (GSK3) (Takeda et al., 2000a). Phosphorylation by
GSK3 increased the DNA-binding ability of MITF, while an S298A substitution
inhibited its affinity for DNA and reduced its ability to transactivate the TYR
promoter (Takeda et al., 2000a). However, in apparent contradiction to this finding, a
separate study showed that the S298A mutation did not have any significant effects
on MITF’s ability to transactivate the TYR promoter, as well as other downstream
targets such as the TYRP1 and DCT promoters (Grill et al., 2013).

Recently, three additional GSK3 phosphorylation sites (S397, S401 and S405)
were identified on MITF (Ploper et al., 2015). Similar to the well-known GSK3
substrates glycogen synthase and [-catenin, these are consecutive GSK3

phosphorylation sites that are phosphorylated sequentially (Fiol et al., 1990)
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following an initial priming phosphorylation by another kinase. In MITF’s case, the
priming phosphorylation event occurs on S409 and is mediated by RSK1, as
described above. Wnt signalling led to the inhibition of GSK3 activity, which
resulted in stabilisation of the MITF protein (Ploper et al., 2015).

MITF also plays an important role in osteoclast differentiation (Hershey and
Fisher, 2004), although this would presumably involve the MITF-A and MITF-E
isoforms that are abundantly found in osteoclasts (Lu et al., 2010), and not the
melanocyte-specific MITF-M isoform. In committed myeloid precursors, which are
osteoclast progenitors, MITF is phosphorylated on S173 (relative to MITF-M),
probably by C-TAK1 (Cdc25C-associated protein kinase 1) (Bronisz et al., 2006).
Phosphorylation on S173 promotes MITF’s association with 14-3-3 proteins, which
sequesters it in the cytosol and suppresses its ability to transactivate the osteoclast-
specific TRAP (tartrate-resistant acid phosphatase type 5) promoter (Bronisz et al.,
2006). In osteoclasts, MITF is also phosphorylated on S307 by p38 MAPK in
response to stimulation by the RANKL (receptor activator of nuclear factor kB
ligand) cytokine, which increases its ability to transactivate the TRAP promoter
(Mansky et al., 2002). However, both S173 and S307 phosphorylation events have
yet to be demonstrated in the melanocyte context to date.

Other than phosphorylation, MITF is also post-translationally modified by the
addition of SUMO (small ubiquitin-like modifier) on the lysine residues K182 and
K316, an event which is mediated by the SUMO-activating enzyme SAE1/2 and the
SUMO-conjugating enzyme ubiquitin carrier protein 9 (UBC9) (Miller et al., 2005;
Murakami and Arnheiter, 2005). Sumoylation of these residues resulted in the
repression of MITF’s transcriptional activity towards target genes such as TYR, DCT

and transient receptor potential cation channel subfamily M member 1 (TRPM1)
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(Miller et al., 2005; Murakami and Arnheiter, 2005). An E318K mutation in MITF,
which disrupts K316 sumoylation, has been linked to familial melanoma (Bertolotto

etal., 2011; Yokoyama et al., 2011).

ERK
GSK3? CDK1/2? \l/
J/ERK/ C-TAK1 p300/CBP GSK3 p38 GSK3 RSK
S69873 S173 K206 K243 S298 8307 $397 540154055409
(I
MITF AD| bHLH-LZ
K182 K201 K316
SAE1/2 SAE1/2
UBC9 UBC9

Figure 4.1 Map of MITF post-translational modifications. AD — transcription activation
domain, bHLH-LZ — basic helix-loop-helix leucine zipper domain. P — phosphorylation,
Ac — acetylation, S — sumoylation, U — ubiquitination. GSK3 phosphorylation of S69 and
CDK1/2 phosphorylation of S73 (highlighted in red) are described in Chapters 4 and 5
respectively.
4.1.3 MITF s role in melanoma

Like many cancers, melanoma cells exist as a heterogeneous population
(Akbani et al., 2015; Quintana et al.,, 2010; Roesch, 2015), which presents a
significant barrier to targeted therapy. As outlined in the rheostat model described in
Chapter 1, MITF activity plays an important role in determining the sub-population
identity of melanoma cells (Hoek and Goding, 2010). Changes in the level of MITF
activity can potentially sensitise cells to therapeutic treatment by reducing
phenotypic heterogeneity and driving heterogeneous melanoma cells towards certain
therapeutically sensitive phenotypes. In order for that to happen, we must first find
effective ways of manipulating MITF activity, which remains a challenge since

transcription factors such as MITF lack ligand dependency and hence do not present

readily druggable targets. We believe that post-translational modifications represent
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a promising avenue to control MITF activity, since years of research have
culminated in a number of different post-translational modifications being identified
in MITF. However, in spite of MITF’s importance in melanocyte development and
melanoma, there is a significant lack of information on the functional significance of
many of these post-translational modifications and their effects on MITF activity.

We were particularly interested in the potential interplay between MITF and
the MAPK pathway, since MAPK pathway activation is frequently observed in
melanoma, particularly in the context of BRAF or NRAS mutations (Akbani et al.,
2015). While activation of the MAPK pathway would presumably increase ERK-
phosphorylation of MITF at S73, the exact effects appear to be complex, with S73
phosphorylation inducing an increase in MITF activity while promoting its
degradation (Wu et al., 2000). Furthermore, activated BRAFV®%E appears to be
capable of both inducing and repressing MITF expression levels (Wellbrock and
Marais, 2005; Wellbrock et al., 2008). To add a further level of complexity to the
relationship between MITF and the MAPK pathway, both high (Van Allen et al.,
2014; Haq et al., 2013a; Johannessen et al., 2013; Muller et al., 2014; Smith et al.,
2013) and low (Konieczkowski et al., 2014; Muller et al., 2014) MITF levels have
been shown to mediate resistance to MAPK inhibition in melanoma. With all this in
mind, we set out to investigate novel ways of regulating MITF activity via post-
translational modifications, by first characterising the effects mediated by the MAPK

pathway on MITF.
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4.2 Results
4.2.1 MITF sub-cellular localisation is dependent on MAPK signalling

To test if changes in MAPK output had any effects on MITF, we treated
501mel melanoma cells with either tetradecanoyl phorbol acetate (TPA) and/or
U0126. TPA stimulates the MAPK pathway by binding to and activating protein
kinase C (PKC) (Lee et al., 2002), while U0126 inactivates the MAPK pathway by
inhibiting MEK (Favata et al., 1998). We then examined the expression and sub-
cellular localisation of MITF in these cells via immunofluorescence using an anti-
MITF antibody raised against the C-terminus of MITF (Figure 4.2a). In line with
MAPK activation, TPA caused an increase in the amount of phospho-ERK (Figure
4.2a, ), as detected by an antibody that recognises phosphorylated T202/Y204 in
ERK1 and T185/Y187 in ERK2. In conjunction with MAPK activation, TPA
treatment also caused a fraction of MITF, which is typically a nuclear protein, to
translocate to the cytoplasm, with a significant corresponding drop in the proportion

of MITF in the nucleus compared to the DMSO-treated cells (Figure 4.2b).
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Figure 4.2 MITF translocated to the cytoplasm following TPA-mediated MAPK
activation, and was preferentially localised to the nucleus following U0126-mediated
MAPK inhibition. (a) Immunofluorescence images of 501mel cells following MAPK
activation/inhibition. Cells were grown on glass coverslips to 80% confluence and treated
with 200 nM TPA for 1 hour and/or 10 uM of U0126 for 3 hours. After fixation and
permeabilisation, the cells were stained with the nucleic acid stain DAPI (blue) and
antibodies against MITF (green) and phospho-ERK (red). Images were acquired by confocal
microscopy. (b) Quantification of MITF sub-cellular localisation in 501mel cells following
MAPK activation/inhibition. Cells were treated and processed as in (a). A minimum of 100
cells were quantified per condition. Error bars represent standard error of the mean (SEM).
2-tailed t-test: * p<0.05, **** p<0.0001. (c) Western blot of 501mel cells following MAPK
activation/inhibition. Cells were treated as in (a).
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In contrast, treatment with the MEK inhibitor U0126 resulted in a significant
increase in MITF nuclear localisation relative to the DMSO-treated control (Figure
4.2a, b). When cells were co-treated with both TPA and U0126, U0126 was able to
block TPA-mediated ERK phosphorylation (Figure 4.2a, c), and prevent
translocation of MITF to the cytoplasm (Figure 4.2a, b).

In addition, western blotting revealed that MITF phosphorylation status was
altered according to changes in MAPK output (Figure 4.2c). MITF typically appears
as a doublet on western blots, with the upper band corresponding to a species that is
phosphorylated by ERK on S73 (Hemesath et al., 1998). MAPK inhibition with
U0126 resulted in a reduction in the proportion of the upper band, consistent with
MITF dephosphorylation. In contrast, MAPK activation with TPA caused virtually
all of MITF to appear as the upper band, which indicated hyperphosphorylation of
MITF on S73. In co-treatments, U0126 was able to block TPA-mediated MITF
hyperphosphorylation, which could be attributed to the lack of phospho-ERK

induction.

4.2.2 S73 phosphorylation causes MITF to translocate to the cytoplasm

Since MAPK output appeared to affect both sub-cellular localisation and
phosphorylation status of MITF, we wanted to see if the changes in its localisation
were mediated by a change in phosphorylation at S73. To investigate this, we
mutated the serine residue at S73 in MITF to an alanine residue, which cannot be
phosphorylated, and fused MITF to an N-terminal green fluorescent protein (GFP)
tag. We were aware that MITF was capable of homodimerising with itself (Hemesath
et al., 1994; Pogenberg et al., 2012); thus the presence of endogenous MITF might

confound the results pertaining to the localisation of the ectopic MITF mutant. Hence
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we decided to transiently transfected the GFP-MITF constructs into HelLa cells,
which are of non-melanocytic origin and thus lack endogenous MITF. We then
treated the cells with TPA to stimulate the MAPK pathway, and examined the sub-

cellular localisation of MITF via confocal microscopy (Figure 4.3).
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Figure 4.3 An S73A mutation in MITF prevented TPA-mediated translocation to the
cytoplasm. Fluorescence images of HelLa cells ectopically expressing GFP-MITF mutants
(green). Cells were grown on glass coverslips to 50% confluence before being transfected
using Fugene 6. After 48 hours, cells were treated with 200 nM TPA or an equivalent
volume of DMSO for 1 hour. Cells were then fixed and stained with DAPI (blue). Images
were acquired by confocal microscopy.

Like endogenous MITF in 501mel cells, ectopically expressed wild-type GFP-
MITF translocated to the cytoplasm upon TPA stimulation. In contrast, the S73A

mutant remained in the nucleus after treatment with TPA, indicating that the TPA-
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induced translocation of MITF was dependent on phosphorylation of MITF at the
S73 residue.

We wanted to verify that the MITF localisation effects observed with TPA
treatment was a bona fide effect of the MAPK activation, as opposed to other effects
of PKC stimulation by TPA. Thus, we made use of the stable, tetracycline-
responsive HelLa Flp-In T-rex BRAFY®E-FLAG cell line, in which the expression of
activated BRAFY®%E could be induced by the addition of doxycycline, as described
in Chapter 3. We expressed both wild-type and S73A GFP-MITF variants in the
HeLa Flp-In T-rex BRAFVSE.FL AG cell line, and treated them with the MEK
inhibitor U0126 after doxycycline induction of BRAF V5% expression (Figure 4.4).

As shown in Figure 4.4, doxycycline induction of BRAFV®%E caused wild-type
GFP-MITF to translocate into the cytoplasm. BRAFYE-mediated cytoplasmic
translocation of MITF could be blocked by treating the cells with the MEK inhibitor
U0126. On the other hand, the S73A mutant, in terms of its sub-cellular localisation,
was not responsive to BRAFY®%E expression even in the absence of MEK inhibition.
These results show that the change in MITF localisation was indeed being mediated

via the MAPK pathway, and that S73 phosphorylation was a critical determinant.
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Figure 4.4 Ectopic wild-type MITF translocated to the cytoplasm following doxycycline
induction of BRAFY5%E expression in HelLa cells, while translocation was not observed
the S73A mutant. Immunofluorescence images of HeLa cells ectopically expressing GFP-
MITF mutants (green). Cells were grown on glass coverslips to 50% confluence before being
transfected using Fugene 6. After 24 hours, cells were treated with 2 ng/mL doxycycline for
24 hours. Cells were treated with 200 nM TPA for 1 hour and/or 10 uM of U0126 for 3
hours before fixation and permeabilisation. Cells were then stained with DAPI (blue), and
antibodies against phospho-ERK (red) and FLAG (white). Images were acquired by confocal
microscopy.
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4.2.3 GSK3 inhibition causes translocation of MITF to the nucleus

\ )

DAPI | MITF Nucleus | Cell

Figure 4.5 Automated immunofluorescence-based screening and quantification.
(a) SK-MEL-28s were grown to 80% confluence in 96-well CellCarrier plates, then treated
with 2.5 uM of each compound from the GSK Published Kinase Inhibitor Set for 6 hours.
After fixation and permeabilisation, the cells were stained with DAPI (blue) and an antibody
against MITF (green). Images were acquired by confocal microscopy, with automated
focussing based on the DAPI signal. (b) Segmentation of individual cells in (a) into regions
of interest using CellProfiler. Nuclear outline (green) is based on DAPI staining, cellular
outline (red) is based on MITF staining.

While it was clear that the MAPK pathway was involved in translocation of
MITF, we were also interested in other signalling pathways that might affect MITF’s
localisation, either on their own or via cross-talk with the MAPK pathway. With this
in mind, we carried out a screen using a small molecule library consisting of 367
validated kinase inhibitors from the GSK Published Kinase Inhibitor Set (Drewry et
al., 2014), a gift from Stefan Knapp, SGC. The primary target of the screen was to
look for kinase inhibitors that had an effect on MITF localisation. The screen was
based on automatically acquired immunofluorescence images of SK-MEL-28

melanoma cells following a 6-hour treatment with 2.5 uM of each compound from
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the GSK Published Kinase Inhibitor Set (Figure 4.5a). Once images were acquired,
we made use of the CellProfiler image analysis software (Carpenter et al., 2006;
Kamentsky et al., 2011) to identify individual cells within each image and segment
them into nuclear and cytoplasmic regions of interest (Figure 4.5b). Subsequently,
the amount of MITF signal in each region was quantified after correcting for
background fluorescence. A minimum of 280 cells were quantified per condition.

The main read-out of the assay was the mean intensity of MITF in the nucleus
and the cytoplasm. To get a gauge of whether any translocation of MITF had taken
place, we also calculated the ratio of the staining in the nuclear compartment to that
of the cytoplasmic compartment. All calculated parameters were normalised relative
to the corresponding DMSO-treated internal control located on the same physical
plate.

After analysing the data, we shortlisted a list of 8 hits from the screen, all of
which were inhibitors against the kinase GSK3 (Table 4.1). These 8 GSK3 inhibitors
all increased the intensity of MITF staining in the nucleus while reducing MITF
staining intensity in the cytoplasm, which was consistent with MITF translocation
from the cytoplasm to the nucleus. It should be noted that while there were other
GSKa3 inhibitors in the library that did not give the same phenotype, we were not
overly concerned as the screen was carried out at a single drug concentration, at only

one time point.
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Compound MITF intensity | MITF intensjty MITF intensity '
(nuclear) (cytoplasmic) | (nuclear:cytoplasmic)

SB-725317 1.17 0.61 1.92
SB-686709-A 1.28 0.61 2.11
SB-675259-M 1.33 0.69 1.93
GW814408X 1.22 0.53 2.28
GW806290X 1.22 0.74 1.66
SB-698596-AC 1.09 0.76 1.43
GW811168X 1.25 0.64 1.97
GW784752X 1.24 0.44 2.84
DMSO 1.00 1.00 1.00

Table 4.1 Shortlisted hits from the screen. List of 8 GSK3 inhibitors shortlisted from the
automated screen on SK-MEL-28s, with their respective read-outs colour-coded like a heat-
map (red = higher signal, green = lower signal). Mean signal intensities (total signal in
region of interest/total area in region of interest) are presented, along with a ratio of nuclear
to cytoplasmic intensity (mean nuclear intensity/mean cytoplasmic intensity). All readings
were normalised to the DMSO control.

From the shortlist of 8 compounds, we chose compound SB-675259-M
(Witherington et al., 2003) for further analysis and validation, since it gave the
strongest increase in MITF intensity in the nucleus. To validate the results from the
screen, SK-MEL-28 melanoma cells were again treated with SB-675259-M and
analysed via immunofluorescence (Figure 4.6a). However, we had to decrease the
concentration to 1 uM due to the lack of material. To compensate for the reduced
concentration, we extended the treatment period to 18 hours. As shown in Figure
4.6a, our previous results obtained with the automated screen were validated, with an
increase in MITF staining in the nucleus accompanied by a decrease in MITF

staining in the cytoplasm.
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Figure 4.6 SB-675259-M caused an increase in MITF localisation in the nucleus and a
decrease in MITF localisation in the cytoplasm. (a) Immunofluorescence images of SK-
MEL-28 cells following treatment with SB-675259-M. SK-MEL-28 cells were grown on
glass coverslips to 80% confluence and treated with 1 uM of SB-675259-M (abbreviated as
SB-67) or an equivalent volume of DMSO for 18 hours. After fixation and permeabilisation,
the cells were stained with DAPI (blue) and an antibody against MITF (green). (b) Western
blot of SK-MEL-28 cells following treatment with SB-675259-M. Cells were treated as in
(@), then lysed and fractionated before western blotting. UB — upper band, MB — middle band,
LB — lower band.
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To further corroborate our results, we also analysed MITF levels by sub-
cellular fractionation and western blotting (Figure 4.6b). B-tubulin was used as a
cytoplasmic marker and loading control, while Lamin B was used as a nuclear
marker and loading control. Fractionation of the cells appeared to be successful, with
B-tubulin only present in the cytoplasmic fraction and Lamin B only present in the
nuclear fraction. MITF levels in the cytoplasmic fraction decreased upon treatment
with SB-675259-M, as was observed in immunofluorescence images. However, no
increase in nuclear MITF levels was observed. We also blotted for -catenin, which
accumulated in the nucleus when treated with SB-675259-M, as was expected with
GSK3 inhibition.

We wanted to ensure that the MITF localisation effects we saw with SB-
675259-M were indeed a result of GSK3 inhibition and not due to off-target effects.
Hence, we tried to replicate the results with BIO (Meijer et al., 2003), a selective,
ATP-competitive inhibitor of GSK3 (ICsp = 5 nM). As was the case with SB-
675259-M, BIO induced an increase in MITF levels in the nucleus, as well as a
corresponding decrease in MITF levels in the cytoplasm. This was true for both
immunofluorescence (Figure 4.7a, b) and western blotting after sub-cellular
fractionation (Figure 4.7c). Treatment with BIO also resulted in accumulation of j-
catenin, consistent with GSK3 inhibition (Kimelman and Xu, 2006; Wu and Pan,
2010). These results show that the increase in nuclear localisation of MITF was

probably a bona fide effect of GSK3 inhibition.
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Figure 4.7 GSK3 inhibition caused an increase in MITF localisation in the nucleus and
a decrease in MITF localisation in the cytoplasm. (a) Immunofluorescence images of SK-
MEL-28 cells following treatment with BIO. SK-MEL-28 cells were grown on glass
coverslips to 80% confluence and treated with 1 uM of BIO or an equivalent volume of
DMSO for 18 hours. After fixation and permeabilisation, the cells were stained with DAPI
(blue) and antibodies against MITF (green) and B-catenin (red). (b) Quantification of MITF
sub-cellular localisation in SK-MEL-28 cells following treatment with BIO. Cells were
treated and processed as in (a). A minimum of 70 cells were quantified per condition. Error
bars represent SEM. 2-tailed t-test: **** p<0.0001. (c) Western blot of SK-MEL-28 cells
following treatment with BIO. Cells were treated as in (a), then lysed and fractionated before
western blotting. UB — upper band, MB — middle band, LB — lower band.
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4.2.4 S69 phosphorylation by GSK3 affects MITF localisation
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Figure 4.8 GSK3 inhibition caused a shift in MITF electrophoretic mobility. (a) Western
blot of SK-MEL-28 cells following treatment with SB-675259-M. SK-MEL-28 cells were
grown to 80% confluence and treated with 1 uM of SB-675259-M (abbreviated as SB-67) or
an equivalent volume of DMSO for 18 hours. UB — upper band, MB — middle band,
LB — lower band. (b) Western blot of SK-MEL-28 cells following treatment with BI1O. SK-
MEL-28 cells were grown to 80% confluence and treated with 1 uM of BIO or an equivalent
volume of DMSO for 18 hours. (c¢) Protein sequence alignment of MITF, TFEB and TFES3.
S69 (red) in MITF fits the recognition motif of GSK3, and is evolutionarily conserved across
multiple species, as well as in TFEB and TFE3. X = any amino acid.
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In addition to the localisation effects on MITF, we observed that treatment with
SB-675259-M or BIO also caused a shift in the electrophoretic mobility of MITF as
detected by western blotting (Figures 4.6b, 4.7c, 4.8a, 4.8b). BIO also caused a
decrease in levels of phospho-p-catenin, as detected by an antibody that recognises
phosphorylated S33/S37/T41 on B-catenin (Figure 4.8b). Since B-catenin is a direct
phosphorylation target of GSK3, this further confirmed that the results obtained with
B10O were a bona fide effect of GSK3 inhibition.

As noted earlier, MITF typically appears as a doublet on western blots, with
the upper band (UB) corresponding to a species that is phosphorylated by ERK on
S73 (Figure 4.8a, b). GSK3 inhibition with either SB-675259-M or BIO led to a
downwards shift in the upper band to an intermediate position, which we have
marked as the middle band (MB). This downward shift in electrophoretic mobility of
the upper band was consistent with a dephosphorylation event. Interestingly, the
lower band (LB), which corresponds to a species that is not phosphorylated at S73,
did not exhibit the same downward electrophoretic shift upon GSK3 inhibition. This
led us to theorise that GSK3 phosphorylation of MITF could be dependent on the
phosphorylation status of MITF at S73.

The consensus recognition motif for GSK3 is S-X-X-X-pS, with the first
serine being phosphorylated by GSK3 after a priming phosphorylation on the serine
in the +4 position (Cohen and Frame, 2001; Fiol et al., 1987, 1990; ter Haar et al.,
2001). Upon examining the sequence of MITF, we noticed that the region between
S69 and S73 would fit the GSK3 consensus recognition motif perfectly. The pattern
of phosphorylation we observed upon GSK3 inhibition was consistent with GSK3
phosphorylation of S69 in MITF, with S73 being the site of priming phosphorylation.

Importantly, we also noted that S69 and S73 were highly evolutionarily conserved
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across multiple species, as well as in the related members of the MiT family, TFEB
and TFE3 (Figure 4.8¢c).

To verify if the S69 site was also involved in regulating localisation of MITF,
we mutated the serine residue at S69 in MITF to a non-phosphorylatable alanine
residue. We then expressed the GFP-MITF mutants in 501mel melanoma cells and
determined their sub-cellular localisation via confocal microscopy (Figure 4.9a, b).
Both S69A and S73A mutants were significantly more nuclear compared to wild-
type MITF, with S73A having the highest proportion located in the nucleus among
all the variants tested.

As described previously in Chapter 4.1.2, MITF is also known to be
phosphorylated by GSK3 on S298 (Takeda et al., 2000a) and S397, S401 and S405
(Ploper et al., 2015). To determine if the MITF localisation effects we observed
following GSK3 inhibition were mediated via these four reported GSK3
phosphorylation sites, we also generated alanine mutants at these residues in GFP-
MITF and analysed their sub-cellular localisation by immunofluorescence. We did
not observe any significant changes in localisation with either the S298A single

mutant or the S397.S401A.S405A triple mutant in GFP-MITF (Figure 4.9a, b).
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Figure 4.9 S69A mutagenesis caused an increase in GFP-MITF nuclear localisation,
while S69A mutagenesis recapitulated the MITF mobility shift observed with GSK3
inhibition. (a) Fluorescence images of 501mel cells ectopically expressing GFP-MITF
mutants (green). Cells were grown on glass coverslips to 50% confluence before being
transfected using Fugene 6. Cells were fixed 48 hours post transfection, before being stained
with DAPI (blue). Images were acquired by confocal microscopy. (b) Quantification of the
sub-cellular localisation of GFP-MITF mutants in 501mel cells. Cells were transfected and
processed as in (a). A minimum of 40 cells were quantified per mutant. Error bars represent
SEM. 2-tailed t-test: **** p<0.0001, NS (not significant) p>0.05. (c) Western blot of
501mel cells ectopically expressing MITF-FLAG mutants. Cells were grown to 50%
confluence before being transfected using Fugene 6. After 48 hours, cells were lysed and
immunoblotted with an antibody against FLAG.
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We also analysed the electrophoretic mobility of these mutants in MITF-FLAG
via western blot (Figure 4.9c). The mobility of the S298A mutant looked very similar
to that of wild-type. For the S397.S401A.S405A triple mutant, both upper and lower
bands shifted downwards by a similar amount, while the separation between the two
bands remained unchanged. Neither of these two mutants could recapitulate the
mobility shift seen with GSK3 inhibition in Figure 4.8a, b.

On the other hand, when analysed by western blot, S69A mutagenesis in
MITF-FLAG recapitulated the shift in MITF electrophoretic mobility observed with
GSKa3 inhibition. As shown in Figure 4.9c, the upper band in the S69A mutant had
shifted downwards to an intermediate position, similar to the middle band in Figure
4.8a, b. The position of the lower band the S69A mutant remained unchanged. In
comparison, the S73A mutant only had a single band at the lower position. This led
us to believe that the upper, middle and lower bands represented MITF with different
combinations of phosphorylation status at S69 and S73. The upper band would
correspond to MITF that was phosphorylated on both S69 and S73, while the middle
band was phosphorylated on S73 but not S69 (Figure 4.9c). The lower band would
represent a species that was not phosphorylated at either residue. The fact that the
majority of endogenous MITF typically appears as either the upper band or the lower
band, but not the middle band, suggests that S73 phosphorylation is the limiting
factor. Since there appears to be very little MITF that is phosphorylated on S73 but
not S69, this indicates that any MITF has a priming phosphorylation on S73 will
invariably also get phosphorylated by GSK3 on S69, which indicates that GSK3

activity is present in excess in the system.
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We also wanted to investigate the effects of TPA treatment on the sub-cellular
localisation of the S69A mutant. Unlike the S73A mutant which did not demonstrate
any significant response to TPA stimulation, TPA treatment caused the both wild-
type GFP-MITF and the S69A mutant to translocate significantly to the cytoplasm
(Figure 4.10a, b). However, translocation occurred to a lesser extent in the case of
the S69A mutant compared to wild-type GFP-MITF, with a 12% decrease in nuclear
localisation of the S69A mutant after TPA treatment versus a 29% reduction in
nuclear localisation in the case of wild-type GFP-MITF (Figure 4.10b). These results
suggest that phosphorylation events at both S69 and S73 residues play a critical
functional role in mediating MITF translocation, with two phosphorylation events
having an additive effect that is stronger than one phosphorylation.

Next, we carried out an in vitro kinase assay in order to verify that the S69
residue in MITF was indeed being phosphorylated by GSK3. However, we were
unable to utilise bacterially-expressed MITF protein as the substrate since GSK3
phosphorylation requires a priming phosphorylation on S73. To address this issue,
we made use of SPOT technology (Winkler et al., 2009) to synthesise 21 residue-
long peptides corresponding to the region between MITF residues 61 and 81,
including ones that were phosphorylated at S73. These peptides were immobilised on
a cellulose support membrane, after which they were incubated with purified GSK3
kinase and radioactive [y-*P]-ATP. We then analysed the membrane for

incorporation of radioactive ATP using a phosphorimager system (Figure 4.11).
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Figure 4.10 Unlike the S73A mutant, the S69A mutant responded to TPA-mediated
cytoplasmic translocation, but to a lesser extent than than wild-type GFP-MITF.
(a) Fluorescence images of 501mel cells ectopically expressing GFP-MITF mutants (green).
Cells were grown on glass coverslips to 50% confluence before being transfected using
Fugene 6. After 48 hours, cells were treated with 200 nM TPA or an equivalent volume of
DMSO for 1 hour. Cells were then fixed before being stained with DAPI (blue). Images
were acquired by confocal microscopy. (b) Quantification of the sub-cellular localisation of
GFP-MITF mutants in 501mel cells. Cells were transfected and processed as in (a). A
minimum of 45 cells were quantified per condition. Error bars represent SEM. 2-tailed t-test:
**** n<0.0001, NS (not significant) p>0.05.
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Figure 4.11 A peptide SPOT kinase assay demonstrated GSK3 phosphorylation of
MITF at S69 following a priming phosphorylation at S73. 21 residue-long peptides
corresponding to MITF residues 61 to 81, and incorporating various mutations and
modifications, were immobilised on a cellulose support membrane. The membrane was then
incubated with 100 ng of purified GSK3 kinase and 5 uCi [y-*?P]-ATP at 30°C for 30
minutes. After washing, incorporation of 3P was detected by phosphorimager (top, right
panel). The membrane was imaged in UV light to show the relative size of the peptide spots
(top, middle panel). A map showing the identity of the 10 tested peptides is also provided
(top, left panel and bottom list).

As shown in Figure 4.11, we tested various mutations and modifications,
including phosphorylation, at the key residues. Spot 6, highlighted in red, was the
only spot that gave a positive signal demonstrating phosphorylation by GSK3. The
identity of spot 6 corresponded exactly to the S-X-X-X-pS consensus recognition
motif of GSK3, with S69 phosphorylated after a priming phosphorylation at the +4
position on S73. Comparing spots 6 and 9, we see that GSK3 phosphorylation was
abrogated upon mutation of S69 to the non-phosphorylatable alanine residue,
demonstrating that the positive signal observed with spot 6 was indeed due to

phosphorylation at S69 and not at other residues. A comparison of spots 6 and 5

reveals that GSK3 phosphorylation at S69 was abrogated in the absence of S73
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phosphorylation. Comparing spots 6 and 7, we see that a glutamic acid substitution,
which is typically used as a phospho-serine mimic, at S73 was not sufficient to
induce S69 phosphorylation by GSK3. The results of this in vitro kinase assay
indicated that GSK3 can phosphorylate the S69 residue of MITF, with a priming

phosphorylation at S73 being a prerequisite for this to occur.

4.2.5 TPA-mediated MITF cytoplasmic translocation is not dependent on DNA
binding and 14-3-3 interaction

While we were aware that phosphorylation at S69 and S73 in MITF could
affect MITF localisation, the exact mechanism of action was still unknown to us. We
wondered if the localisation effects seen with TPA treatment could be mediated by a
change in the ability of MITF to bind DNA. To investigate this further, we mutated
E213, a key residue involved in binding M-box and E-box DNA elements
(Pogenberg et al., 2012), to an alanine residue in the MITF-FLAG construct. We
then expressed this mutant in 501mel melanoma cells and treated them with TPA
before analysing MITF’s sub-cellular localisation via immunofluorescence (Figure

4.12).
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Figure 4.12 Lack of DNA binding ability did not affect localisation of MITF.
Immunofluorescence images of 501mel cells ectopically expressing both wild-type MITF-
FLAG and the non-DNA binding E213A mutant. Cells were grown on glass coverslips to 50%
confluence before being transfected using Fugene 6. 48 hours later, cells were treated with
200 nM TPA or an equivalent volume of DMSO for 1 hour. Cells were fixed and
permeabilised, before being stained with DAPI (blue) and an antibody against FLAG (green).
Images were acquired by confocal microscopy.

As shown in Figure 4.12, compared to wild-type MITF-FLAG, an alanine
substitution at E213 in MITF did not seem to affect its localisation with either TPA
or DMSO treatment. Despite being theoretically incapable of binding DNA, the
E213A MITF-FLAG mutant was still mainly nuclear in the DMSO-treated control.
Following TPA stimulation, the E213A mutant also exhibited a similar amount of

cytoplasmic translocation as wild-type MITF-FLAG.
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Figure 4.13 TPA-mediated cytoplasmic translocation of MITF was observed despite the
lack of 14-3-3 binding. Fluorescence images of 501mel cells ectopically expressing both the
S173A mutant and wild-type GFP-MITF (green). Cells were grown on glass coverslips to 50%
confluence before being transfected using Fugene 6. At 48 hours post transfection, cells were
treated with 200 nM TPA or an equivalent volume of DMSO for 1 hour. After fixation, cells
were stained with DAPI (blue). Images were acquired by confocal microscopy.

We also suspected that MITF translocation to the cytoplasm could be mediated
via interactions with 14-3-3 proteins, which are known to be molecular chaperones
that can sequester their binding partners in the cytoplasm (Mhawech, 2005). As
outlined previously in Chapter 4.1.2, phosphorylation at S173 in MITF is required
for its interaction with 14-3-3 proteins in osteoclasts (Bronisz et al., 2006). Hence,
we mutated S173 to a non-phosphorylatable alanine residue in GFP-MITF to abolish
its association with 14-3-3 proteins, and analysed its localisation in 501melanoma
cells via confocal microscopy (Figure 4.13). In the absence of TPA, there were no

visible differences in the localisation of the wild-type GFP-MITF and the S173A
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mutant. TPA treatment was still able to induce cytoplasmic translocation of the
S173A mutant despite its inability to bind to 14-3-3 proteins in the cytoplasm.
However, compared to wild-type GFP-MITF, there seemed to be slightly less
translocation to the cytoplasm in the S173A mutant. These results were consistent
with TPA-mediated MITF cytoplasmic translocation not being mediated via changes

in DNA binding and interactions with 14-3-3 proteins.

4.2.6 TPA-mediated MITF cytoplasmic translocation is regulated by the region
between MITF residues 60 and 99

We also wondered if intra-molecular interactions could be playing a role in
TPA-mediated MITF cytoplasmic translocation, particularly in terms of nuclear
import being affected by potential intra-molecular interactions between the nuclear
localisation signal (NLS) located in the basic region of MITF (Takebayashi et al.,
1996) and S73 in the N-terminus. To address this question, we fused the N-terminus
in MITF, comprising of the first 180 amino acids, to a FLAG tag and expressed it in
501mel melanoma cells in the presence of TPA. We then analysed its sub-cellular
localisation via immunofluorescence (Figure 4.14).

The MITF N-terminal fragment was responsive to TPA stimulation, with a
similar degree of cytoplasmic translocation observed compared to the full-length
protein. This led us to conclude that TPA-mediated cytoplasmic translocation of
MITF was not being mediated via intra-molecular interactions with the NLS, nor did
it require dimerization since the N-terminus appeared to be sufficient for cytoplasmic

localisation on its own without the basic region.
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Figure 4.14 The MITF.1-180 N-terminal fragment was localised to the cytoplasm
following TPA treatment. Immunofluorescence images of 501mel cells ectopically
expressing both full-length (FL) MITF-FLAG and an N-terminal fragment comprising of the
first 180 amino acids (1-180) in MITF. Cells were grown on glass coverslips to 50%
confluence before being transfected using Fugene 6. After 48 hours, cells were treated with
200 nM TPA or an equivalent volume of DMSO for 1 hour. After fixation and
permeabilisation, cells were stained with DAPI (blue) and an antibody against FLAG (green).
Images were acquired by confocal microscopy.

We knew that S69 and S73 were the key residues in mediating the cytoplasmic
localisation of MITF in response to TPA treatment, but we wanted to know if other
regions were also required. Since the N-terminus appeared to be sufficient for
cytoplasmic translocation, we made N-terminal deletion mutants to determine more

precisely the region involved in MITF translocation to the cytoplasm.
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Figure 4.15 TPA-mediated MITF cytoplasmic translocation was dependent on MITF residues
60 to 99. Immunofluorescence images of 501mel cells ectopically expressing full-length (FL) MITF-
FLAG as well as various N-terminal deletion mutants with up to the first 99 residues being removed.
Cells were grown on glass coverslips to 50% confluence before being transfected using Fugene 6.
After 48 hours, cells were treated with 200 nM TPA or an equivalent volume of DMSO for 1 hour.
Following fixation and permeabilisation, cells were stained with DAPI (blue) and an antibody against
FLAG (green). Images were acquired by confocal microscopy.
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We generated MITF fragments encoding residues 20-419, 40-419, 60-419 and
100-419, which represented MITF lacking the first 19, 39, 59 and 99 amino acids
respectively. We then appended these mutants with a C-terminal FLAG tag and
analysed their sub-cellular localisation in 501mel melanoma cells in response to TPA
treatment via immunofluorescence (Figure 4.15). MITF fragments lacking the first
19, 39 and 59 residues were still able to translocate to the cytoplasm following TPA
treatment. However, the MITF fragment encoding residues 100-419 remained in the
nucleus after TPA stimulation. These results were consistent with TPA-induced
MITF cytoplasmic translocation was being mediated by the specific region between

MITF residues 60 and 99.

4.2.7 MITF cytoplasmic translocation is mediated by nuclear export

Since TPA-induced cytoplasmic localisation of MITF did not appear to involve
its NLS and, by extension, the process of nuclear import, we postulated that it might
be a result of increased nuclear export. To investigate this theory, we expressed wild-
type GFP-MITF in 501mel melanoma cells and treated them with TPA in the
presence of leptomycin B (LMB), a small molecule which inhibits nuclear export by
binding to exportin 1 (Fornerod et al., 1997). We then analysed the sub-cellular

localisation of GFP-MITF via confocal microscopy (Figure 4.16a, b).
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Figure 4.16 Inhibition of nuclear export with leptomycin B blocked TPA-induced
cytoplasmic translocation of MITF. (a) Fluorescence images of 501mel cells ectopically
expressing wild-type GFP-MITF (green). Cells were grown on glass coverslips to 50%
confluence before being transfected using Fugene 6. After 48 hours, cells were treated with
200 nM TPA for 1 hour and/or 20 nM LMB for 3 hours. Cells were then fixed before being
stained with DAPI (blue). Images were acquired by confocal microscopy. (b) Quantification
of GFP-MITF sub-cellular localisation in 501mel cells. Cells were transfected and processed
as in (). A minimum of 45 cells were quantified per condition. Error bars represent SEM.
2-tailed t-test: **** p<0.0001, NS (not significant) p>0.05.
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As shown in Figure 4.16b, relative to the DMSO-treated control, LMB
treatment caused a significant increase in the proportion of GFP-MITF present in the
nucleus. Inhibition of nuclear export with LMB also completely blocked TPA-
mediated cytoplasmic translocation of GFP-MITF (Figure 4.16a), with no significant
differences observed in the proportion of GFP-MITF present in the nucleus when
cells were co-treated with LMB and TPA compared to treatment with LMB alone
(Figure 4.16b). These results were consistent with TPA-induced MITF cytoplasmic

translocation being mediated by an increase in nuclear export.
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Figure 4.17 BIO and Leptomycin B caused TFEB to translocate to the nucleus.
Fluorescence images of 501mel cells ectopically expressing wild-type TFEB-GFP (green).
Cells were grown on glass coverslips to 50% confluence before being transfected using
Fugene 6. After 48 hours, cells were treated with 1 uM BIO for 1 hour, 20 nM LMB for 3
hours or 250 nM Torin 1 for 3 hours. Cells were then fixed before being stained with DAPI
(blue). Images were acquired by confocal microscopy.
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We were also curious to know if the localisation of TFEB, a related member of
the MIT family, could be regulated in a similar manner as that of MITF, given that
the S69 and S73 residues in MITF are both conserved in TFEB (Figure 4.8). We
expressed wild-type TFEB-GFP in 501mel melanoma cells and treated the cells with
either BIO, LMB, or Torin 1. Torin 1 is a potent and selective inhibitor of mMTOR
(ICs0 = 3 nM) (Thoreen et al., 2009). We then examined the sub-cellular localisation
of GFP-MITF via confocal microscopy (Figure 4.17).

As shown in the DMSO-treated control in Figure 4.17, the majority of TFEB
was typically localised in the cytoplasm. TFEB is known to be a cytoplasmic protein
that translocates to the nucleus upon dephosphorylation of S142 (Settembre et al.,
2012), the equivalent residue to S73 in MITF. Since S142 is phosphorylated by
mTOR, treatment with the mTOR inhibitor Torin 1 causes TFEB to translocate into
the nucleus (Settembre et al., 2012). Thus, we utilised Torin 1 treatment as the
positive control for nuclear translocation of TFEB. Inhibiting nuclear export with
LMB also resulted in TFEB being translocated into the nucleus, to a similar extent as
that observed with Torin 1 treatment. GSK3 inhibition with BIO also resulted in
nuclear translocation of TFEB, but to a lesser extent compared to LMB and Torin 1.
These results suggest that, as is the case with MITF, the localisation of TFEB can

also be affected by nuclear export as well as GSK3 phosphorylation.
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4.2.8 MITF contains a functional NES between MITF residues 60 and 99

MITF
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MITF
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Figure 4.18 MITF contains many hydrophobic residues in the vicinity of S69 and S73.
Protein sequence alignment of MITF, TFEB and TFE3. S69 and S73 in MITF highlighted in
red, hydrophobic amino acids highlighted in blue.

The results obtained with LMB treatment indicated a key role for nuclear
export in mediating TPA-induced cytoplasmic translocation of MITF. Together with
the previous data, this suggested to us that there was a functional nuclear export
signal (NES) located between MITF residues 60 and 99, probably centred around
S69 and S73 residues. Thus, we took a closer look at the protein sequence around
S69 and S73 in MITF (Figure 4.18). We noted the presence of multiple hydrophobic
residues in this region of MITF, many of which are conserved across multiple
species, and also in the related MiT family members TFEB and TFE3. Since NES
motifs typically consist of a series of hydrophobic residues (Guittler et al., 2010;
Kosugi et al., 2008; Kutay and Guttinger, 2005), this strengthened our suspicion that

the region between MITF residues 60 and 99 contains a functional NES.
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Figure 4.19 A functional NES was present in the MITF.60-99 fragment.
(a) Fluorescence images of 501mel cells ectopically expressing fragments tagged with GFP-
GST (green). Cells were grown on glass coverslips to 50% confluence before being
transfected using Fugene 6. After 48 hours, cells were treated with 200 nM TPA or an
equivalent volume of DMSO for 1 hour. Cells were then fixed before being stained with
DAPI (blue). Images were acquired by confocal microscopy. (b) Quantification of the sub-
cellular localisation of GFP-GST fragments in 501mel cells. Cells were transfected and
processed as in (a). A minimum of 35 cells were quantified per condition. Error bars
represent SEM. 2-tailed t-test: **** p<0.0001.

To investigate further, we cloned the region between MITF residues 60 and 99
(MITF.60-99), and tagged it with GFP for visualisation. We also added a Glutathione
S-transferase (GST) tag to increase the size of the fusion protein and prevent
background diffusion from affecting our results, since the size limit for passive
diffusion across the nuclear pore complex is believed to be between 40 and 60 kDa
(Weis, 2003). However, in order to investigate nuclear export, we needed the protein
in the nucleus. Hence, we also included a classical NLS, PKKKRKY, from the
simian virus 40 (SV40) T-antigen (Kalderon et al., 1984) to promote nuclear import
in our fusion protein.

We expressed the fusion proteins in 501mel melanoma cells and analysed their
sub-cellular localisation via confocal microscopy (Figure 4.19a, b). As expected, the

GST-GFP fusion protein on its own is predominantly cytoplasmic as its size (56
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kDa) is at the limit of passive diffusion across the nuclear pore complex. The
addition of the SV40 NLS makes the GST-NLS-GFP fusion protein significantly
more nuclear compared to GST-GFP (Figure 4.19b). As a positive control, we
appended a putative NES, LALKLAGLDI, from cAMP-dependent protein kinase
inhibitor (PKI) (Wen et al., 1995) to the GST-NLS-GFP fusion protein. In line with
an increase in nuclear export, the addition of the putative NES makes the GST-NLS-
GFP-NES fusion protein significantly more cytoplasmic compared to GST-NLS-
GFP.

Results obtained with the GST-NLS-GFP-MITF.60-99 fusion protein were
similar to that of the positive control, with GST-NLS-GFP-MITF.60-99 significantly
more cytoplasmic compared to GST-NLS-GFP lacking the additional MITF.60-99
fragment. Importantly, treatment with TPA caused GST-NLS-GFP-MITF.60-99 to
become significantly more cytoplasmic, an effect not observed with any of the other
fusion proteins tested. These results were consistent with the existence of a
functional NES between MITF residues 60 and 99, whose functionality was

significantly enhanced by TPA stimulation.
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Figure 420 The NES within MITF.60-99 responded to GSK3 inhibition, MAPK
activation/inhibition and nuclear export inhibition. (a) Fluorescence images of 501mel
cells ectopically expressing GFP-NLS-GST-MITF.60-99 (green). Cells were grown on glass
coverslips to 50% confluence before being transfected using Fugene 6. After 48 hours, cells
were treated with 1 uM BIO for 1 hour, 10 uM of U0126 for 3 hours, 20 nM LMB for 3
hours and/or 200 nM TPA for 1 hour. Cells were then fixed before being stained with DAPI
(blue). Images were acquired by confocal microscopy. (b) Quantification of GFP-NLS-GST-
MITF.60-99 sub-cellular localisation in 501mel cells. Cells were transfected and processed
as in (a). A minimum of 40 cells were quantified per condition. Error bars represent SEM.
2-tailed t-test: **** p<0.0001.

Next, we wanted to find out if the NES contained within MITF.60-99 was
responsible for the response of full-length MITF to GSK3 inhibition, MAPK
activation/inhibition and nuclear export inhibition. We expressed the GFP-NLS-
GST-MITF.60-99 fusion protein in 501mel melanoma cells and treated them with
BIO, U0126, LMB and/or TPA. We then analysed the sub-cellular localisation of the
fusion protein via confocal microscopy (Figure 4.20a, b).

Similar to full-length MITF, MAPK activation with TPA resulted in a
significant increase in cytoplasmic localisation of GFP-NLS-GST-MITF.60-99
compared to the DMSO-treated control (Figure 4.20b). In contrast, MEK inhibition
with U0126 caused a significant increase in nuclear localisation of GFP-NLS-GST-

MITF.60-99, while inhibition of nuclear export with LMB resulted in an even greater

increase in nuclear localisation, as was the case with full-length MITF. However,
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GSKa3 inhibitor BIO had no significant effects on the localisation of GFP-NLS-GST-
MITF.60-99. Both U0126 and LMB were able to prevent TPA-mediated cytoplasmic
translocation, while BIO could only block the effects of TPA partially. These results
were consistent with the NES between MITF residues 60 and 99 mediating the
localisation phenotypes observed with full-length MITF in response to MAPK

activation/inhibition and nuclear export inhibition.

4.2.9 S69, S73, M75, L78 and L80 are the key residues that make up the MITF NES
Since we had shown that MITF contained a functional NES between residues
60 and 99, we wanted to locate the critical residues that define this NES. To this end,
we mutated S69 and S73, along with some of the hydrophobic residues in the
vicinity of S69 and S73 that were outlined in Figure 4.18. In particular, we chose to
mutate M62, V65, M75, M77, L78 and L80 as these residues were highly conserved.
These candidate sites were mutated to alanine, a significantly less hydrophobic
residue compared to leucine, methionine and valine. We incorporated these
mutations into the GFP-NLS-GST-MITF.60-99 fusion protein and expressed them in
501mel melanoma cells. We then treated the cells with TPA and analysed the sub-

cellular localisation of the mutants via confocal microscopy (Figure 4.21a, b, c).
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Figure 4.21 S69, S73, M75, L78 and L80 are the key residues in the MITF NES.
(a) Fluorescence images of 501mel cells ectopically expressing wild-type GFP-NLS-GST-
MITF.60-99 (green), as well as its S69A and S73A mutants. Cells were grown on glass
coverslips to 50% confluence before being transfected using Fugene 6. After 48 hours, cells
were treated with 200 nM TPA or an equivalent volume of DMSO for 1 hour. Cells were
then fixed before being stained with DAPI (blue). Images were acquired by confocal
microscopy.
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Figure 4.21 (b) Fluorescence images of 501mel cells ectopically expressing M62A, V65A,
M75A, M77A, L78A and L80A mutants in GFP-NLS-GST-MITF.60-99 (green). Cells were
grown on glass coverslips to 50% confluence before being transfected using Fugene 6. After
48 hours, cells were treated with 200 nM TPA or an equivalent volume of DMSO for 1 hour.
Cells were then fixed before being stained with DAPI (blue). Images were acquired by
confocal microscopy.
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Figure 4.21 (c) Quantification of GFP-NLS-GST-MITF.60-99 sub-cellular localisation in
501mel cells. Cells were transfected and processed as in (a) and (b). A minimum of 40 cells
were quantified per condition. Error bars represent SEM. 2-tailed t-test: **** p<0.0001,
NS (not significant) p=>0.05. (d) Summary of the key residues that make up the MITF NES.
S69 and S73 in MITF highlighted in red, key hydrophobic residues of NES highlighted in
green. ® =L, M, I, V or F; X =any amino acid.

The results indicate that, similar to full-length MITF, the S69A mutant in GFP-

NLS-GST-MITF.60-99 was significantly more nuclear than the wild-type variant

(Figure 4.21a, c). The S73A mutant had an even greater degree of nuclear

localisation than the S69A mutant, which was also the case with full-length MITF.
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The S69A mutant translocated to the cytoplasm upon TPA stimulation, but to a lesser
extent than the wild-type. The S73A mutant did not respond to TPA.

Among the six candidate hydrophobic residues tested, three of them failed to
give a phenotype when mutated to alanine. There were no significant differences in
the localisation of the M62A, V65A and M77A mutants compared to wild-type GFP-
NLS-GST-MITF.60-99 (Figure 4.21b, c), and they responded to TPA-stimulation by
translocating to the cytoplasm. On the other hand, the M75A, L78A and L80A
mutants were significantly more nuclear compared to the wild-type variant. These
three mutants also failed to translocate to the cytoplasm upon TPA stimulation.

As shown in Figure 4.21d, the M75, L78 and L80 residues are all
evolutionarily conserved in MITF across multiple species, as well as in TFEB and
TFE3. Importantly, these three residues appear to match 75% of the classical NES
consensus motif, @-X-X-X-O-X-X-O-X-O (O =L, M, I, V or F; X = any amino
acid), including the specific spacing intervals (Guttler et al., 2010; Kosugi et al.,
2008; Kutay and Giittinger, 2005). Taken together, these observations suggested that
M75, L78 and L80, together with S69 and S73, were important components of the
MITF NES.

As a further verification step, we investigated if the M75, L78 and L80
residues were also implicated in the localisation of full-length MITF. We mutated
these three residues to alanine in GFP-MITF, and expressed them in 501mel
melanoma cells. We then treated the cells with TPA and examined the sub-cellular

localisation of these mutants via immunofluorescence (Figure 4.22a, b).
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Figure 4.22 Mutations of the M75, L78 and L80 residues also affected the localisation of
full-length MITF (a) Fluorescence images of 501mel cells ectopically expressing GFP-
MITF mutants (green). Cells were grown on glass coverslips to 50% confluence before being
transfected using Fugene 6. After 48 hours, cells were treated with 200 nM TPA or an
equivalent amount of DMSO for 1 hour. Cells were then fixed before being stained with
DAPI (blue). Images were acquired by confocal microscopy. (b) Quantification of GFP-
MITF sub-cellular localisation in 501mel cells. Cells were transfected and processed as in (a).
A minimum of 35 cells were quantified per condition. Error bars represent SEM. 2-tailed t-
test: **** p<0.0001. (c) Western blot of 501mel cells expressing ectopic MITF-FLAG
mutants, following treatment with SB-675259-M. Cells were grown to 50% confluence
before being transfected using Fugene 6. After 48 hours, cells were treated with 200 nM
TPA or an equivalent amount of DMSO for 1 hour, then lysed and immunoblotted with an
antibody against FLAG.

In line with the results obtained with the MITF.60-99 fragment, the M75A,
L78A and L80A mutants in full-length GFP-MITF all had significantly increased
nuclear localisation relative to wild-type variant (Figure 4.22b). Importantly, all three
mutants were resistant to TPA and failed to translocate to the cytoplasm upon TPA
treatment.

Given the close proximity of M75, L78 and L80 to the S73 residue, we were

concerned that localisation phenotypes we observed after mutating sites were a result
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of altered ERK phosphorylation at S73. To investigate if the M75A, L78A and L80A
mutants could still be phosphorylated at S73, we introduced these mutants into
MITF-FLAG and expressed them in 501mel melanoma cells. We then treated the
cells with TPA to induce MAPK activation, and did a western blot on the cell lysates
(Figure 4.22c). Similar to wild-type MITF-FLAG, the M75A, L78A and L80A
mutants all appeared as a doublet on western blot, indicating that they were being
phosphorylated on S73. In contrast, the S73A mutant appeared as a single lower
band that was not phosphorylated on S73. MAPK activation with TPA induced an
electrophoretic mobility shift in the case of the wild-type, M75A, L78A and L80A
variants, with an enrichment of the upper band observed in all the variants tested
except for S73A. These results indicated that the mutagenesis at M75, L78 and L80
in MITF did not affect ERK phosphorylation at S73, which suggested that the
increase in nuclear localisation of the M75A, L78A and L80A mutants was a bona
fide effect of a change in nuclear export. As such, we concluded that S73, M75, L78,
L80, and, to a lesser extent, S69 were the critical residues involved in mediating

nuclear export of MITF.

4.2.10 In vivo and in vitro functional effects of S69 and S73 mutagenesis in MITF
We were interested to see if mutation of the S69 and S73 residues could affect
the activity of MITF. To test this, we transfected HelLa cells with plasmids encoding
the S69A and S73A mutants in MITF-FLAG, together with a firefly luciferase
reporter whose expression was driven by the TYR promoter. The relative level of
luciferase expression was determined by measuring the amount of luminescence
following the addition of luciferase substrate, and used as a proxy for activation of

the TYR promoter. The luminescence readings were then normalised against
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expression levels of MITF-FLAG, as determined by western blot and quantified by

densitometry.
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Figure 4.23 S69A and S73A mutants activated the TYR promoter significantly more
than wild-type MITF-FLAG. Luciferase assay with MITF-FLAG mutants and TYR
promoter-FLuc in HelLa cells. Cells were grown to 50% confluence before being transfected
using Fugene 6. After 48 hours, cells were lysed and luminescence was measured with a
luminometer. Readings were normalised to protein levels of MITF-FLAG, as determined by
western blot. Error bars represent SEM. 2-tailed t-test: **** p<0.0001.

As Figure 4.23 indicates, both S69A and S73A mutants activated the TYR
promoter significantly more than wild-type MITF-FLAG, with the S73A mutant
having the highest amount of activity. The lack of TYR promoter activation in the
absence of ectopic MITF-FLAG indicated that there was relatively little background
endogenous MITF activity, as was expected with the non-melanocytic HelLa cells.
Since MITF is a nuclear transcription factor, the increased activation of TYR
promoter with the S69A and S73A mutants was consistent with these mutants having

a higher proportion of nuclear localisation relative to the wild-type.
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Figure 4.24 The S69A mutant was able to rescue melanophore development in nacre
zebrafish embryos, while the S69E mutant failed to do so. (a) Representative images of
nacre embryos injected with plasmids encoding Mitfa mutants, taken 5 days post fertilisation
(dpf). (b) Quantification of the number of rescued melanophores per embryo. Data from
Zhigiang Zeng, University of Edinburgh, Edinburgh, UK.
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We were also interested to know the effects of S69 mutagenesis on MITF
activity in vivo. To investigate, we mutated the equivalent of the S69 residue in Mitfa
to alanine, which mimics non-phosphorylation, as well as glutamic acid, which
mimics constitutive phosphorylation. We then injected plasmids encoding these
mutants into Mitfa-null nacre zebrafish embryos, and determined if the mutants
could rescue melanophore development in these embryos (Figure 4.24a, b; data from
Zhigiang Zeng, University of Edinburgh, Edinburgh, UK).

The S69A mutant could rescue melanophore development (number of embryos
= 29, mean number of melanophores per embryo = 6.1), as did wild-type Mitfa (n =
11, mean = 9.9). However, even though there were fewer melanophores per embryo
with the S69A mutant compared to the wild-type, there were no significant
differences between the two Mitfa variants as determined by one-way ANOVA test
(95% confidence interval: [-0.876, 8.418]). On the other hand, the phospho-mimetic
S69E mutant failed to rescue melanophore development in all injected embryos (n =
25, mean = 0). These results suggest that phosphorylation of the S69 residue in MITF

might have an inhibitory effect on MITF activity during melanocyte generation.

177



4.3 Discussion

Our results describe a novel phosphorylation site in MITF, S69, which is
implicated in the nuclear export of MITF together with the nearby S73 residue, also a
phosphorylation site. We first observed that activation of the MAPK pathway
resulted in significant relocalisation of MITF, a nuclear protein, to the cytoplasm.
Conversely, inhibition of the MAPK pathway resulted in increased MITF nuclear
localisation. This was also supported by other studies, which showed that MAPK
inhibition in HelLa cells caused TFEB, a closely related member of the MiT family,
to relocalise to the nucleus following dephosphorylation of S142 in TFEB, the
equivalent residue to S73 in MITF (Settembre et al., 2011).

We also found increased nuclear localisation of MITF upon GSK3 inhibition.
In line with our results, other studies have also noted that GSK3 inhibition caused an
increase in nuclear localisation of MITF and stimulated melanogenesis (Bellei et al.,
2008). Inhibition of GSK3 had an even greater effect on the localisation of TFEB,
which was found to translocate from the cytoplasm to the nucleus following GSK3
inhibition (Marchand et al., 2015; Parr et al., 2012), again consistent with our
observations.

We were aware that GSK3 inhibition would up-regulate MITF transcription via
the accumulation of B-catenin in the nucleus (Takeda et al., 2000b; Widlund et al.,
2002). However, an increase in MITF transcription would not account for the
decrease in MITF cytoplasmic localisation upon GSK3 inhibition, suggesting that the
observed effects of GSK3 inhibition on MITF were not mediated through B-catenin
alone. We identified a novel phosphorylation site in MITF, S69, that is
phosphorylated by GSK3. We showed that the increase in nuclear localisation and

decrease in cytoplasmic localisation of MITF upon GSK3 inhibition was due to
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dephosphorylation of the S69 residue, as opposed to other previously identified
GSK3 phosphorylation sites in MITF.

As shown in our results, GSK3 phosphorylation of S69 in MITF required a
priming phosphorylation at the nearby S73 residue, which is known to be
phosphorylated by ERK (Hemesath et al., 1998). Our results showed that the
increased cytoplasmic localisation of MITF following S69 and S73 phosphorylation
was mediated by an up-regulation of MITF nuclear export. We also identified three
other key residues that made up the NES, M75, L78 and L80. However, these three
hydrophobic residues were only a partial 75% match for the classical NES consensus
motif, O-X-X-X-O-X-X-O-X-® (®d =L, M, I, Vor F; X =anyamino acid) (Gttler
et al., 2010; Kosugi et al., 2008; Kutay and Giittinger, 2005). As for the role of S69
and S73 phosphorylation in the NES, we believe this is related to the fact that acidic
amino acids are preferred in the spacers between the N-terminal hydrophobic
residues in the NES (Guittler et al., 2010). We believe that following phosphorylation
at S69 and S73, the negative charges of the additional phosphate groups confer an
increase in acidity, thus enhancing the functionality of the NES.

Functionally, the increase in MITF nuclear localisation following
dephosphorylation at S69 and S73 led to an increase in MITF activity, as indicated
by luciferase assays measuring MITF transactivation of the TYR promoter. This is
supported by other studies, which demonstrated that MITF activity is influenced by
its localisation. MITF with mutations or deletions in its NLS became cytoplasmic
and displayed reduced functionality in terms of its ability to transactivate
downstream transcriptional targets such as the TYR promoter (Grill et al., 2013;

Zhang et al., 2012).
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In other studies, functional assays in cell culture indicate cooperativity between
MITF and BRAF in oncogenesis, with melanocytes and neural crest progenitor cells
being transformed by ectopic co-expression of MITF and activated BRAFV60E
(Garraway et al., 2005; Kumar et al., 2014). In zebrafish models expressing a
temperature-sensitive variant of mitfa, the zebrafish ortholog of MITF, low levels of
Mitfa were found to promote tumorigenesis together with activated human
BRAFVS%E (L jster et al., 2014). Critically, the tumours regressed upon ablation of
Mitfa activity following an increase in temperature, while BRAF V6% fish expressing
wild-type Mitfa at normal levels did not develop any melanoma (Lister et al., 2014).
These findings indicate an important role for MITF in BRAFV®E-mediated
oncogenesis and, more importantly, point to the existence of threshold levels of
MITF activity which confer different outcomes in melanoma, in line with the
rheostat model.

Our results demonstrate an additional way of regulating MITF activity by
controlling its localisation. MITF nuclear export following MAPK activation can
also provide a rational explanation for oncogene-induced senescence upon the
acquisition of activating mutations in BRAF. As highlighted in Chapter 1, BRAF
mutations are extremely common in both malignant melanoma as well as benign
naevi. However, on their own, BRAF mutations are insufficient for tumorigenesis
due to the onset of oncogene-induced senescence (Michaloglou et al., 2005, 2008).
When the constitutively active BRAFY%F variant was expressed in primary human
melanocytes, it was only able to induce a transient increase in proliferation before
cell cycle arrest occurred (Michaloglou et al., 2005). In light of the complex effects
exerted by different levels of MITF activity in determining melanoma sub-population

identity, particularly with regards to cell cycle-arrested and senescent phenotypes, we
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theorised that MITF could potentially play a crucial role in mediating oncogene-
induced senescence following BRAF activation in melanocytes.

In the rheostat model outlined in Chapter 1, low MITF activity is associated
with a growth-arrested and senescent phenotype, as evidenced by the fact that the
siRNA-mediated silencing of MITF resulted in senescence (Giuliano et al., 2010) in
melanoma cells due to the down-regulation of genes associated with mitosis, as well
as DNA replication and repair (Strub et al., 2011).

In line with oncogene-induced senescence by BRAF being mediated via MITF,
MITF expression was down-regulated following ectopic expression of BRAFY®E jn
melanocytes, as shown in numerous independent studies (Borgdorff et al., 2014;
Garraway et al., 2005; Haq et al., 2013b; Wellbrock and Marais, 2005). As MITF
plays an important role in regulating pigmentation genes, BRAF-mediated loss of
MITF expression was also accompanied by a dramatic loss of pigmentation
(Wellbrock and Marais, 2005). Conversely, MITF levels increased following siRNA-
mediated depletion of BRAFY®®E in melanoma cells, while the pigmentation
enzymes TYR and TYRP1 downstream of MITF were also up-regulated (Rotolo et
al., 2005). This occurred together with elevated production of melanin and
melanosomes, which culminated in an increase in pigmentation (Rotolo et al., 2005).
BRAFV®%E jinhibition with the small molecule inhibitor PLX4720 led to similar
results as well, with an increase in mRNA levels of the melanocyte specific MITF-M
isoform in melanoma cells accompanied by the induction of MITF target genes such
as TRPM1 and DCT (Haq et al., 2013b). An increase in pigmentation was also
observed following BRAFY®%E inhibition in melanoma cells (Haq et al., 2013b).

These various studies were all consistent with our theory that low MITF

activity following BRAF activation could be mediating the oncogene-induced
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senescence response in melanocytes. In addition to BRAF’s effects on MITF mRNA
and protein levels, the results in Chapter 4.2 describe an additional level of MITF
regulation by BRAF via a reduction in MITF nuclear localisation.

In line with this, alterations in the MITF gene, the vast majority of which are
amplifications, tend to co-occur with BRAF mutations (p = 0.006, Fisher’s exact test)
in patient-derived melanoma tumour samples (Akbani et al., 2015; Cerami et al.,
2012). MITF amplification could potentially provide a mechanism for senescence
bypass by increasing MITF activity to induce a proliferative phenotype according to

the rheostat model.
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Figure 4.25 Model of how phosphorylation-dependent MITF nuclear export can
potentially mediate oncogene-induced senescence (OIS) and senescence bypass. The
acquisition of an activating BRAF mutation in a melanocyte causes nuclear export of MITF
(indicated in green) to the cytoplasm following ERK-mediated phosphorylation of S73. This
results in low MITF activity, which causes the cell to go into cell cycle arrest and eventually
senescence. However, if the cell also acquires secondary mutations in PTEN, GSK3 activity
will be inhibited, reducing phosphorylation at S69 in MITF. This decreases MITF nuclear
export and increases MITF activity in the nucleus, thus inducing a proliferative phenotype
which eventually manifests as melanoma.
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Our results provide an additional mechanism for senescence bypass, whereby
GSK3 inhibition leads to an increase in MITF nuclear localisation, thus increasing
MITF activity towards its target genes and bypassing senescence (Figure 4.25). This
is supported by the fact that BRAF mutations were insufficient for tumorigenesis in
mice unless accompanied by secondary mutations in PTEN (Dankort et al., 2009).
Since PTEN mutations inactivate GSK3, our model provides a novel explanation of
how PTEN mutations lead to bypass of oncogene-induced senescence following
BRAF activation — PTEN loss leading to GSK3 inactivation would prevent nuclear
export of MITF upon BRAF activation, with nuclear retention of MITF providing a
potential mechanism to bypass BRAF-induced senescence.

So far, our discussion has been limited to the implications of our findings for
MITF function during melanoma oncogenesis. In the context of development, MITF
is also known to play an important role in melanocyte stem cell maintenance
(Nishimura et al., 2005) and differentiation (Lang et al., 2005), processes which are
linked to MITF’s regulation of the cell cycle (Carreira et al., 2005; Du et al., 2004;
Loercher et al., 2005).

The Wnt signalling pathway plays a pivotal role in controlling stem cell
maintenance and cell fate decisions during tissue regeneration and renewal (Clevers,
2006; Clevers et al., 2014; Nusse, 2008; Reya and Clevers, 2005). However, unlike
most stem cells in which Wnt signalling leads to self-renewal and re-establishment of
stemness, activation of the Wnt signalling pathway induces proliferation and
differentiation of melanocyte stem cells into melanoblasts and melanocytes (Dorsky
et al., 1998; lyengar et al., 2015; Rabbani et al., 2011; Yamada et al., 2013).

Studies have also shown that MITF is a downstream target of the Wnt

signalling pathway during development. For example, Wnt signalling results in the
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transcriptional up-regulation of MITF, by promoting the recruitment of the Wnt
(Dorsky et al., 2000; Takeda et al., 2000b; Widlund et al., 2002). Wnt signalling is
also known to cooperate with MITF during melanocyte differentiation, via the
interaction between B-catenin and PAX3 (Lang et al., 2005). In addition, MITF can
also interact physically with B-catenin to redirect its transcriptional activity away
from LEF1-regulated genes towards MITF downstream targets (Schepsky et al.,
2006).

With regards to the interplay between Wnt signalling and MITF during
development, our results provide a potential phosphorylation-dependent mechanism,
involving nuclear export, for the regulation of MITF activity by Wnt signalling. We
propose a model of melanocyte stem cell renewal and differentiation that involves
this mechanism (Figure 4.26). In the bulge region of the hair follicle, Wnt ligands
secreted by neighbouring epithelial stem cells can activate the Wnt signalling
pathway in a melanocyte stem cell (Rabbani et al., 2011). Wnt pathway activation
turns on MITF transcription via B-catenin. In addition, Wnt signalling also inhibits
GSK3 phosphorylation of MITF S69, thus promoting increased nuclear localisation
of MITF. This causes an increase in MITF activity, which relieves p27<P-mediated
G1 arrest (Carreira et al., 2006) and results in re-entry into the cell cycle. The Wnt
signal also orients the plane of mitotic division, such that the stem cell undergoes
asymmetric cell division (Habib et al., 2013), producing two daughter cells with
distinct cell fates. The daughter cell close to the source of Wnt retains MITF in the
nucleus since GSK3 remains inhibited, and will continue to proliferate and ultimately
differentiate. On the other hand, due to the short, localised range of the Wnt signal,
the distal daughter cell away from the Wnt source now has high GSK3 activity. This

results in phosphorylation of MITF S69, which promotes nuclear export of MITF
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into the cytoplasm. Consequently, MITF activity decreases in the distal daughter cell,
which causes it to re-enter quiescence and regenerate the melanocyte stem cell. In
support of this model, our results demonstrate that a phospho-mimetic glutamic acid
substitution at S69, the site of GSK3 phosphorylation in MITF, resulted in significant

abrogation of melanophore development in a zebrafish model.
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Figure 4.26 Model of how phosphorylation-dependent MITF localisation can
potentially mediate melanocyte stem cell regeneration. Wnt pathway activation leads to
transcriptional up-regulation and nuclear localisation of MITF (indicated in green), via
GSKa3 inhibition, in an MITF-low melanocyte stem cell. This causes the stem cell to re-enter
the cell cycle and undergo asymmetric cell division, producing two daughter cells with
different cell fates. The daughter cell closer to the Wnt source retains MITF in the nucleus,
and continues to proliferate and ultimately differentiate. The distal daughter cell has GSK3
activity, which promotes MITF nuclear export and down-regulates MITF activity.
Consequently, the distal daughter cell re-enters quiescence to regenerate the melanocyte
stem cell.

In conclusion, our results describe a novel post-translational modification of
MITF that is part of a previously undescribed NES located within the MITF N-
terminus. We also show that this post-translational modification affects MITF
activity and has potential implications in melanoma oncogenesis and melanocyte

stem cell differentiation.
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Chapter 5 — Cell cycle regulation of

MITF phosphorylation



5.1 Introduction

MITF regulates cell cycle progression by affecting a number of different
cyclin-dependent kinase (CDK) inhibitors. For example, MITF is known to inhibit
the protein stability of the CDK inhibitor p27"" by up-regulating expression of the
DIAPH1 gene, which encodes the diaphanous-related formin-1 (DIAPH1) protein
(Carreira et al., 2006). DIAPH1 regulates expression of S-phase kinase-associated
protein 2 (SKP2) (Mammoto et al., 2004), which in turn promotes ubiquitination and
degradation of p27X! (Carrano et al., 1999; Tsvetkov et al., 1999). Hence, siRNA-
mediated depletion of MITF in melanoma cells results in decreased expression of
DIAPH1 and SKP2, which causes stabilisation and accumulation of p27¥?* (Carreira
et al., 2006). Since p27K"P! binds to and inhibits CDK2/cyclin E (Polyak et al., 1994),
which plays a critical role in G1/S transition, accumulation of p27KP! after
knockdown of MITF results in cell cycle arrest in G1 (Carreira et al., 2006).

In addition to its indirect effects on degradation of p27KPl, MITF also
activates transcription of the CDKN1A and CDKN2A genes, which encode the
p21°P1 and p16'™K4 CDK inhibitors respectively, by binding directly to their
respective promoters (Carreira et al., 2005; Loercher et al., 2005). Like p27Ki,
p21°"*1 s an inhibitor of CDK2/cyclin E (Gu et al., 1993; Harper et al., 1993). In
comparison, p16™NK4 inhibits CDK4/cyclin D and CDK®6/cyclin D (Serrano et al.,
1993), thus preventing them from phosphorylating RB (Koh et al., 1995). This
results in the accumulation of hypophosphorylated RB that inhibits cell cycle
transition from G1 to S phase. Thus, overexpression of MITF in cells also led to cell
cycle arrest in the G1 phase via up-regulation of p21°®* and p16'NK#2 (Carreira et al.,

2005; Loercher et al., 2005).
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In addition to CDK inhibitors, MITF can also regulate cell-cycle progression
by binding to the promoter of the CDK2 gene to activate its transcription (Du et al.,
2004). MITF regulation of CDK2 expression appears to be specific to cells of
melanocytic origin, since MITF did not regulate CDK2 transcription in non-
melanocytes (Du et al., 2004). Functionally, expression of dominant-negative MITF
resulted in repression of CDK2 transcription and growth suppression in melanoma
cells, which could be rescued by ectopic expression of CDK2 (Du et al., 2004).

Given MITF’s role as a key regulator of the cell cycle, it was not inconceivable
that cell cycle progression could regulate MITF in a feedback loop. In particular, we
noted that there are several serine-proline (S-P) motifs within MITF, including the
S73 residue. These can be potential phosphorylation targets of cyclin-dependent
kinases (CDKs), which along with MAPKs are proline-directed kinases that
phosphorylate serine or threonine residues preceding proline (Pinna and Ruzzene,

1996).

5.2 Results
5.2.1 MAPK inhibition does not completely abrogate MITF S73 phosphorylation

To get a better idea of whether the S73 residue in MITF could be
phosphorylated by other kinases in addition to ERK, we treated 501mel melanoma
cells, which contain an activating BRAFY®%E mutation, with the small molecule
inhibitors PLX4720 and U0126 for various periods of time up to 24 hours. As
mentioned in Chapter 3, PLX4720 and U0126 are ATP-competitive small molecules
that respectively inhibit activated BRAFV®%E and MEK upstream of ERK in the
MAPK pathway. We then examined the phosphorylation status of MITF at S73 by

determining its electrophoretic mobility via western blot (Figure 5.1).
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Figure 5.1 MITF retained some degree of S73 phosphorylation following MAPK
inhibition. Western blot of 501mel cells following MAPK inhibition with PLX4720 or
U0126. Cells were grown to 50% confluence and treated with 5 uM of PLX4720, 10 uM of
U0126 or an equivalent volume of DMSO for the indicated period of time. Cells were then
lysed and immunoblotted with an antibody against MITF.

MAPK inhibition with PLX4720 and U0126 for an extended period of 24
hours resulted in a sharp decrease in MITF protein levels relative to the DMSO-
treated control, with a greater decrease observed with U0126 treatment (Figure 5.1).
The decrease in MITF levels was not observed with previous experiments involving
shorter periods of U0126 treatment (Figures 3.10, 4.2¢).

As mentioned previously, MITF migrates as a doublet on western blots, with
the upper band corresponding to a species that is phosphorylated on S73, while the
lower band is not phosphorylated at that residue. In general, MEK inhibition with
U0126 resulted in a stronger response on MITF S73 phosphorylation compared to
BRAF inhibition with PLX4720, probably because MEK can also be activated by
other isoforms of RAF in addition to BRAF. BRAF inhibition with PLX4720 proved
to be ineffective in reducing phosphorylation of MITF at S73, as indicated by a slight
decrease in the ratio of the upper to lower bands in the MITF western blot (Figure
5.1). U0126 elicited a stronger response, with a larger decrease in the upper MITF

band relative to the lower MITF band.
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It is possible that the remaining MITF S73 phospho-species were a result of
basal ERK activity following incomplete inhibition of the MAPK pathway.
However, both U0126 and PLX4720 proved to be very effective at inhibiting ERK
phosphorylation in 501mel melanoma cells in previous experiments (Figures 3.10,
3.11 and 4.2c). Hence, we considered the possibility that there could be other kinases
targeting the S73 residue in MITF, particularly CDKs. We reasoned that if CDKs
were targeting MITF, then MITF phosphorylation patterns would vary over the

course of the cell cycle.

5.2.2 MITF phosphorylation and protein levels vary throughout the cell cycle

To investigate, we synchronised 501mel melanoma cells at various stages of
the cell cycle by treating them with thymidine or nocodazole (Figure 5.2a, b). High
thymidine concentrations disrupt deoxynucleotide metabolism, thus blocking DNA
synthesis and inducing cell cycle arrest in S-phase (Xeros, 1962). Nocodazole is a
microtubule poison that interferes with microtubule polymerisation, thus arresting
cells in prometaphase during mitosis (De Brabander et al., 1976).

As expected, a 24 hour-long treatment with thymidine resulted in an
enrichment of cells in S phase, with 64% of the cells in S phase compared to 29% in
the DMSO-treated control (Figure 5.2a). Treatment with nocodazole for 24 hours
induced a G2/M phase block, with 52% of cells in G2/M versus 18% in the DMSO-
treated control.

In terms of its effects on MITF, hyperphosphorylation of MITF at S73 was
observed upon enrichment of G2/M cells with nocodazole treatment, as indicated by
an increase in the ratio of the upper to lower MITF bands compared to the DMSO-

treated control (Figure 5.2b). G2/M arrest with nocodazole also resulted in a decrease
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in total MITF protein levels, despite equal protein loading as indicated by the actin
loading control. On the other hand, S phase enrichment with thymidine did not result

in any noticeable effects on MITF phosphorylation or total protein levels.
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Figure 5.2 MITF was hyperphosphorylated at S73 during the G2/M phase. (a) Cell
cycle profile of 501mel cells following cell cycle synchronisation with thymidine and
nocodazole. Cells were grown to 50% confluence and treated with 2 mM thymidine
(abbreviated as thy), 1 uM nocadazole (abbreviated as noco) or an equivalent volume of
DMSO for 24 hours. Their cell cycle profiles were analysed by flow cytometry after fixation
and staining with the nucleic acid stain propidium iodide (PI). (b) Western blot of 501mel
cells following cell cycle synchronisation with thymidine and nocodazole. Cells were treated
as in (a), then lysed and immunoblotted with an antibody against MITF.
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We were aware that chemically-induced cell cycle synchrony had drawbacks in
terms of cell toxicity, particularly in the case of nocodazole where a significant
amount of cell death was observed (data not shown). These harsh and artificial
methods of synchronising cells might produce artefacts and false positives in the
data. To address this issue and minimise physiological perturbations, we made use of
the mitotic shake-off method to synchronise cells (Jackman and O’Connor, 2001).
First described in 1963 (Terasima and Tolmach, 1963), mitotic shake-off is a method
of detaching mitotic cells from their growth surface via simple mechanical agitation.
It makes use of the observation that adherent cells tend to round up thus attach less
firmly to their culture vessel surface during mitosis.

To verify our results from the thymidine and nocodazole-induced cell cycle
synchronisation, we synchronised adherent 501mel human melanoma cells via the
mitotic shake-off method. Briefly, mitotic cells growing in T175 flasks were
harvested by tapping the sides of the flasks, and collecting the floating cells that had
detached. The mitotic cells were then spun down and plated out for fixed periods of
time before being harvested for immunoblotting and cell cycle analysis via flow
cytometry (Figure 5.3a, b, c, d).

Mitotic shake-off of 501mel cells resulted in an enriched population of cells in
the G2/M phase of the cell cycle, with flow cytometry analysis revealing 41% of
cells in G2/M at the point of shake-off compared to 21% in the unperturbed control
(Figure 5.3a). Within 4 hours, 91% of cells had moved on to the G1 phase. They
transitioned into S phase at approximately 12 hours (38% S phase), continuing into

G2/M at around the 18-hour mark (46% G2/M phase).
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Figure 5.3 MITF phosphorylation and protein levels in 501mel cells varied throughout
the cell cycle. (a) Cell cycle profile of 501mel cells at various stages of the cell cycle
following mitotic shake. Cells were grown to 80% confluence, then subject to mitotic shake
and re-plated for the indicated periods of time. Their cell cycle profiles were analysed by
flow cytometry after fixation and staining with PI. (b) Western blot of 501mel cells various
stages of the cell cycle following mitotic shake. Cells were grown as in (a), then lysed.
Sample protein concentrations were normalised after measuring with BCA protein assay,
then processed for western blotting. (c) Quantification of total MITF protein levels in (b) via
densitometry. (d) Quantification of the upper MITF band : lower MITF band ratio in (b) via
densitometry.
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As a validation of the flow cytometry readings, the expression pattern of cyclin
B1, which is up-regulated during mitosis, was consistent with the cell cycle profile of
the cells obtained via flow cytometry analysis. Following mitotic shake-off at Oh,
levels of cyclin B1 decreased and remained at a basal level throughout G1, before
increasing again and reaching a maximum during the next round of the G2/M phase
at 18 hours (Figure 5.3b). Actin was used as the loading control.

Western blots of MITF in 501mels revealed two distinct patterns throughout
the cell cycle (Figure 5.3b). Firstly, total MITF protein levels were highest just after
mitotic shake-off and in the early G1 phase (up to 4h after mitosis) (Figure 5.3c).
MITF protein levels dropped back to basal levels during the late G1 and S phases
before increasing again during the next round of mitosis at 18 hours. However, these
observations were in contrast to results obtained with nocadazole-induced mitotic
arrest, which showed down-regulation of MITF levels during the G2/M phase.

Secondly, the upper band of MITF also increased in intensity relative to the
lower band during the G2/M phase, independent of the overall protein level (Figure
5.3d). This indicates an increase in MITF S73 phosphorylation during G2/M,
reaffirming the observations made with nocadazole treatment.

To further confirm our results, we also carried out synchronisation of SK-
MEL-28, another adherent human melanoma cell line, via the mitotic shake-off
method (Figure 5.4a, b). Due to the fact that SK-MEL-28 cells were more adherent
than 501mel cells, we were able to achieve better enrichment of cells in the G2/M
phase, with 72% of SK-MEL-28 cells in G2/M at the point of shake-off versus 22%

in the unperturbed control according to flow cytometry analysis (Figure 5.4a).
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Figure 5.4 MITF phosphorylation and protein levels in SK-MEL-28 cells varied
throughout the cell cycle. (a) Cell cycle profile of SK-MEL-28 cells at various stages of the
cell cycle following mitotic shake. Cells were grown to 80% confluence, then subject to
mitotic shake and re-plated for the indicated periods of time. Their cell cycle profiles were
analysed by flow cytometry after fixation and staining with PI. (b) Western blot of SK-
MEL-28 cells various stages of the cell cycle following mitotic shake. Cells were grown as
in (a), then lysed. Sample protein concentrations were normalised after measuring with BCA
protein assay, then processed for western blotting. (¢) Quantification of total MITF protein
levels in (b) via densitometry. (d) Quantification of the upper MITF band : lower MITF band
ratio in (b) via densitometry.
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Compared to 501mel cells, SK-MEL-28 cells were observed to have a longer
cell cycle of around 22 hours (67% G2/M), with entry into S phase at around the 16-
hour mark (39% S phase) (Figure 5.4a). As an additional verification step, cyclin B1
expression, as detected by western blot (Figure 5.4b), was consistent with the cell
cycle profiles obtained by flow cytometry.

An examination of the western blot of SK-MEL-28 cells throughout the cell
cycle revealed the same two patterns of MITF expression that we observed with
501mel cells (Figure 5.4b). As with the 501mel cells, MITF protein levels were up-
regulated following mitotic shake-off and in early G1 (up to 4h after mitosis) (Figure
5.4c). This was followed by a decrease in MITF levels during late G1 at 8 hours,
before increasing again in the lead-up to the next round of mitosis at 22 hours.

As was also the case with 501mel cells, an elevation in the ratio of the upper
MITF band to lower MITF band was observed during the G2/M phase, independent
of the overall protein level (Figure 5.4d). This suggests that MITF S73 was
hyperphosphorylated during G2/M, again reconfirming the results obtained with
nocadazole treatment. Importantly, the phosphorylation pattern of MITF did not
appear to match phospho-ERK levels throughout the cell cycle. For example,
relatively low amounts of MITF S73 phosphorylation were present at the 4-hour and
26-hour time points (Figure 5.4d) although phospho-ERK levels were relatively high
(Figure 5.4b). In comparison, there was more S73 phosphorylation at 16 hours,
despite having a lower amount of phospho-ERK. This suggests that MITF could be
phosphorylated at S73 by a kinase other than ERK during the G2/M phase of the cell

cycle.
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Since nocodazole treatment and mitotic shake-off gave contrasting results with
regards to the change in MITF levels during mitosis, we sought to examine this by
other methods. We looked at MITF staining in SK-MEL-28 cells via
immunofluorescence, paying particular attention to mitotic cells (Figure 5.5a). We
also analysed both 501mel and SK-MEL-28 cells by flow cytometry, examining their

MITF expression at various stages of the cell cycle (Figure 5.5b).
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Figure 5.5 MITF levels were up-regulated during mitosis. (a) Immunofluorescence
images of SK-MEL-28 cells. After fixation and permeabilisation, the cells were stained with
DAPI (blue) and antibodies against BRN2 (green) and MITF (red). Images were acquired by
confocal microscopy. Arrow indicates a mitotic cell. (b) Flow cytometry analysis of MITF
expression in 501mel and SK-MEL-28 cells at different stages of the cell cycle. Cells were
grown to 80% confluence, then fixed and stained with the nucleic acid stain TO-PRO-3 and
an antibody against MITF. A minimum of 1600 cells were quantified per condition. Error
bars represent standard error of the mean (SEM). 2-tailed t-test: **** p<0.0001.
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MITF levels were up-regulated in the mitotic SK-MEL-28 cell that appeared to
be in prometaphase, as shown in immunofluorescence images (Figure 5.5a).
Interestingly, MITF appeared to be excluded from the DNA, as opposed to
neighbouring non-mitotic cells where it co-localised with the DNA. We also stained
for BRN2, another nuclear transcription factor. In contrast to MITF, expression of
BRN2 was down-regulated during mitosis.

Up-regulation of MITF levels was also apparent in 501mel and SK-MEL-28
cells in the G2/M phase, as shown by flow cytometry (Figure 5.5b). Compared to
501mel cells in the G1 and S phases, 501mel cells in G2/M had significantly
elevated expression of MITF. This was also true in the case of SK-MEL-28 cells.
These results validate the increase in MITF levels of 501mel and SK-MEL-28 cells

following mitotic shake-off.

5.2.3 MITF S73 phosphorylation is decreased following CDK inhibition

Since the variation of MITF S73 phosphorylation levels throughout the cell
cycle did not correlate with phospho-ERK levels, we reasoned that CDKs might be
involved in phosphorylating this residue. We were particularly interested in CDK1,
whose activity is up-regulated during G2/M (Pines and Hunter, 1989), and CDK2,
whose activity is elevated during the S and G2 phases (Rosenblatt et al., 1992).

To investigate, we treated 501mel melanoma cells with CVT-313 (Brooks et
al., 1997), an ATP-competitive inhibitor of CDK2 (ICso = 0.5 uM) and CDK1
(ICso = 4.2 uM). We limited treatment time to a short period of 30 minutes since
prolonged inhibition of CDKs with CVT-313 was known to induce cell cycle arrest.
To verify that short-term treatment with CVT-313 did not cause any cell cycle-

related effects, we analysed the cell cycle profile of the cells via flow cytometry
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(Figure 5.6a). The results showed that the cell cycle profile of the CVT-313-treated

cells was very similar to that of the DMSO-treated control.

100

80 - —

70 —E—

0 o @ EG2/M
50 A
40 -
30 - mGl

20 A
10 -

a

% 501mel
(V2]

DMSO  CvT

b DMSO CVT
- -
— — MITF

- s  Actin

Figure 5.6 MITF S73 phosphorylation decreased following CDK inhibition. (a) Cell
cycle profile of 501mel cells after treatment with CVT-313. Cells were grown to 80%
confluence and treated with 1 uM CVT-313 (abbreviated as CVT) or an equivalent volume
of DMSO for 30 minutes. Their cell cycle profiles were analysed by flow cytometry after
fixation and staining with PIl. (b) Western blot of 501mel cells following treatment with
CVT-313. Cells were treated as in (a), then lysed and immunoblotted with an antibody
against MITF.

Next, we analysed MITF expression in 501mel cells after CDK inhibition with
CVT-313, as indicated by western blot (Figure 5.6b). A 30-minute treatment with
CVT-313 was sufficient to induce a reduction in the upper band of MITF, while the
lower band remained unchanged relative to the DMSO-treated control. The results

indicate that CDK inhibition with CVT-313 caused a decrease in MITF S73
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phosphorylation, which was consistent with MITF S73 being phosphorylated by

CDK1 or CDK2.

5.2.4 Both CDK1 and CDK2 can phosphorylate MITF S73 in vitro

To ascertain whether MITF S73 could be phosphorylated by CDK1 or CDK2,
we carried out an in vitro kinase assay. We generated a bacteria expression vector
comprising of the first 203 amino acids of MITF and a GST tag. We also made an
S73A mutant in this vector. Next, we expressed the mutant and wild-type proteins in
BL21 E. coli, and pulled down the proteins with glutathione beads after lysing the
cells. We then incubated the proteins on the beads with purified CDK1/cyclin B or
CDK2/cyclin A in the presence of radioactive [y->2P]-ATP. Incorporation of 32P was
subsequently detected by X-ray film (Figure 5.7a, b).

As shown in Figure 5.7a, the wild-type GST-MITF.1-203 fragment was
demonstrably phosphorylated by CDK1/cyclin B, as indicated by 3P incorporation.
On the other hand, there was only a very slight amount of CDK1/cyclin B-mediated
phosphorylation detected with the S7T3A mutant, despite equal expression of both
protein variants as detected by Coomassie staining of the SDS-PAGE gel.

The wild-type GST-MITF.1-203 fragment was also appreciably
phosphorylated by CDK2/cyclin A (Figure 5.7b). In contrast, CDK2/cyclin A
phosphorylation of the S73A mutant was virtually undetectable despite equal
abundance of both protein variants as measured by Coomassie staining. The results
indicate that both CDK1 and CDK?2 are capable of phosphorylating the S73 residue

in MITF, at least in the in vitro context.
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Figure 5.7 MITF S73 can be phosphorylated by both CDK1 and CDK2 in vitro. (a) An
in vitro kinase assay demonstrating CDK1/cyclin B phosphorylation of MITF at S73. GST-
MITF.1-203 mutants on glutathione beads were incubated with 50 ng of purified
CDK1/cyclin B and 2.5 uCi [y-*?P]-ATP at 30°C for 1 hour. After resolving the proteins by
SDS-PAGE, the gel was stained with Coomassie to determine protein levels (right panel).
Incorporation of 32P was subsequently detected by X-ray film (left panel). (b) An in vitro
kinase assay demonstrating CDK2/cyclin A phosphorylation of MITF at S73. Reaction
conditions were similar to (a), with 50 ng of purified CDK2/cyclin A being used as the
kinase instead.
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5.3 Discussion

The results demonstrated that mitotic shake-off was a useful method of
obtaining a synchronised population of the adherent melanoma cell lines 501mel and
SK-MEL-28. The more commonly used chemical-based methods of inducing cell
cycle arrest may introduce artifacts into the data since they often involve prolonged
arrest of cells at a particular stage of the cell cycle. In contrast, mitotic shake-off is
less disruptive as it relies on simple physical agitation to separate mitotic cells from
non-mitotic ones (Jackman and O’Connor, 2001). However, the degree of synchrony
is not a perfect 100%, which can be explained by the inherent deficiencies of the
mitotic shake-off method. The floating cells that are collected during the shake-off is
a heterogeneous population consisting of cells that are just entering mitosis and cells
that have just completed mitosis, but have yet to reattach to the growth surface
following cytokinesis. Hence, a sizeable proportion of the cells that were collected
by mitotic shake-off were in the G1 phase of the cell cycle. We were able to obtain a
higher degree of synchrony with SK-MEL-28 cells than with 501mel cells, possibly
because SK-MEL-28 cells were more adherent and hence detached less easily and/or
attached more readily compared to 501mel cells. Furthermore, as the duration of the
G1 phase tends to be variable (Jackman and O’Connor, 2001), a further degree of
synchrony is lost as the cells progress through the cell cycle after the shake-off.

Both 501mels and SK-MEL-28s exhibited similar profiles of increased MITF
levels during and just after mitosis. Although MITF levels were down-regulated in
mitotic 501mel cells following nocodazole treatment (Figure 5.2b), we believed this
to be an artefact arising from prolonged cell cycle arrest, since the western blot data
from mitotic shake-off of both 501mel and SK-MEL-28 cells indicated increased

MITF expression during the G2/M phase of the cell cycle (Figure 5.3c, 5.4c).
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Immunofluorescence and flow cytometry analysis of untreated 501mel and SK-
MEL-28 cells also showed elevated MITF levels during G2/M. This is interesting
because transcription is known to be globally repressed during mitosis (Gottesfeld
and Forbes, 1997; Johnson and Holland, 1965), with the majority of transcription
factors being displaced from the condensed mitotic chromatin (Egli et al., 2008;
Martinez-Balbas et al., 1995). While MITF appeared to be displaced from the
condensed chromatin during mitosis (Figure 5.5a), total MITF levels were elevated
as compared to non-mitotic cells, with MITF levels remaining high throughout the
G2/M phase to early G1 (Figure 5.3, 5.4). In contrast, some transcription factors,
including BRN2 (Figure 5.5a), are down-regulated during mitosis (D’ Annibale et al.,
2014; Lindon et al., 1998). This suggests that MITF may be involved in mitosis
itself, for example to regulate cyclin B, and/or play an important role in events that
occur right after mitosis. Maintaining elevated levels of MITF during mitosis ensures
that MITF is poised for reloading onto its transcriptional targets by mass action (Egli
et al., 2008), which allows for rapid reestablishment and reactivation of the
melanocyte-specific transcription programme upon exit from mitosis and re-entry
into G1.

The results also demonstrated that hyperphosphorylation of MITF during the
G2/M phase of the cell cycle, which was consistent with increased phosphorylation
at the S73 residue, probably by a kinase other than ERK. Our results indicated that
S73 phosphorylation in MITF was reduced upon treatment with CVT-313, a small
molecule inhibitor whose primary target is CDK2 but also possesses activity against
CDK1, suggesting that CDK1 and CDK2 could potentially be phosphorylating the
MITF S73 residue. The consensus phosphorylation motif for CDKs has been

biochemically determined to be S/T-P-X-R/K (Songyang et al., 1994), a requirement
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which MITF S73 does not completely fulfill. However, some CDK targets can also
be phosphorylated on a minimal motif containing only a serine or threonine residue
followed by proline (S/T-P) (Errico et al., 2010; Rudner and Murray, 2000; Ubersax
et al., 2003), which matches the S-P motif at the S73 residue in MITF. We were
subsequently able to show that MITF could be phosphorylated at its S73 residue by
both CDK1 and CDK2 in vitro. Given that the activity of CDK1 in complex with
cyclin B at its highest during mitosis (Hochegger et al., 2008), we are inclined to
believe that CDK1 is the main kinase responsible for the increased phosphorylation
of S73 residue in MITF seen during the G2/M phase. However, we would not rule
out CDK2 phosphorylation of MITF in other phases of the cell cycle, given that it
would form a feedback loop in light of CDK2 being a transcriptional target of MITF
in melanocytes (Du et al., 2004).

In conclusion, our results describe regulation of MITF by the cell cycle, in
terms of MITF protein levels as well as its phosphorylation status. MITF was found
to have elevated expression in addition to being hyperphosphorylated at the S73
residue during G2/M phase of the cell cycle. We were also able to show
phosphorylation of MITF S73 by both CDK1 and CDK?2 in vitro, which was a novel

discovery.
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Chapter 6 — Concluding Discussion



In this study, we have identified novel sites of post-translational modifications
in two oncogenic proteins that are known to play pivotal roles in driving

tumorigenesis in melanoma.

6.1 Acetylation of BRAF at K473 and K475

We were able to detect acetylation in BRAF, the most commonly mutated
oncoprotein in melanoma with approximately 50% of patients bearing activating
genetic alterations in the BRAF gene. We showed that BRAF can be acetylated at
two residues, K473 and K475, by the p300/CBP acetyltransferases. Treatment of
melanoma cells with C646, an inhibitor of p300/CBP, resulted in dramatic activation
of the MAPK pathway as shown by an increase in MEK and ERK phosphorylation.
Mechanistically, p300/CBP-mediated acetylation of BRAF on K473 and K475
affected its interaction with MEK, hence blocking BRAF-mediated activation of
MEK. Importantly, the inhibitory effect of BRAF acetylation appeared to be
dominant over the activating V600E substitution, the most common mutation hotspot
in BRAF. In addition, querying the COSMIC database revealed cases of colorectal
cancer patients harbouring a BRAFK4°R mutation. Since the K475R substitution
mimics constitutive non-acetylation at the K475 residue in BRAF, it suggests that
acetylation at this site may play an important physiological role in cancer.

Since MAPK signalling can also activate the p300 acetyltransferase activity of
p300/CBP, BRAF acetylation provides a potential negative-feedback mechanism,
which in non-cancer cells can potentially act as a rheostat that dictates the kinetics of
MAPK signalling downstream from RTKSs. In cancer, BRAF acetylation presents a
new and promising target for therapeutic action, since it provides us with a novel

way of manipulating MAPK activity that is effective on both V600 and non-V600

206



mutated BRAF. For example, inhibition of BRAF acetylation can potentially elevate
MAPK signalling to levels poorly tolerated by cancer cells harbouring BRAF or
NRAS mutations, but not in non-malignant cells where MAPK signalling is not
driven by activating mutations in the pathway. On the other hand, up-regulating
BRAF acetylation will conceivably lead to inhibition of MAPK signalling, thus
providing an additional way of counteracting the constitutive MAPK activation seen
in the majority of melanomas. Thus, drugs that target BRAF acetylation can
potentially be used to augment treatment regimes, in conjunction with existing
BRAF inhibitors such as vemurafenib, as well as newer “feedback buster” type MEK
inhibitors that are able to mitigate rebound activation of the MAPK pathway in
response to MAPK inhibition-induced relief of negative feedback mechanisms
(Caunt et al., 2015).

Future work will be directed towards developing a zebrafish model of
melanoma bearing mutations in the two BRAF acetylation sites in order to further
investigate the functional significance of acetylation at these residues in vivo with
regards to tumorigenesis. In addition, we will also like to find effective and specific
ways of manipulating acetylation at the two BRAF residues without affecting global
acetylation. This can potentially be achieved by developing specific antibodies
against acetylated K473 and K475 in BRAF, and utilising these antibodies to carry
out a small molecule library screen to identify active compounds with effects on

acetylation at these two residues.
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6.2 Phosphorylation of MITF at S69 and S73

We were able to identify a novel phosphorylation site, S69, in MITF, the
master regulator of the melanocyte lineage that also plays an important role in
melanoma tumorigenesis. We showed that phosphorylation at the S69 residue in
MITF was mediated by the kinase GSK3. GSK3 phosphorylation of S69 was also
demonstrated to cooperate with ERK phosphorylation of S73 in promoting nuclear
export of MITF, with inhibition of GSK3 or MAPK signalling inducing an increase
in MITF nuclear localisation. MITF nuclear export was mediated by a previously
undescribed NES, which was found to comprise of the residues S69, S73, M75, L78
and L80. We also showed that MITF protein levels and phosphorylation status were
varied throughout different stages of the cell cycle, with elevated MITF levels
observed during the G2/M phase in conjunction with hyperphosphorylation at the
S73 residue. Subsequently, we showed that S73 in MITF could also be
phosphorylated by both CDK1 and CDK2 in addition to ERK.

Functionally, dephosphorylation at the S69 and S73 residues was associated
with a significant increase in MITF activity in vitro. In addition, a phospho-mimetic
glutamic acid substitution at S69 also disrupted melanophore development in
zebrafish, suggesting that S69 phosphorylation had an inhibitory effect on MITF
activity during development.

MITF nuclear export following GSK3 phosphorylation of S69 and ERK
phosphorylation of S73 provides a framework and potential mechanism that explains
oncogene-induced senescence in the context of BRAF activation. Following the
acquisition of an activating BRAF mutation, MITF activity decreases due to
increased ERK-mediated S73 phosphorylation resulting in nuclear export. Low

MITF activity is associated with senescence and p27<'*'-mediated cell cycle arrest in
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G1. Acquisition of a PTEN mutation reduces GSK3 activity and causes
dephosphorylation of S69 in MITF, thus inhibiting nuclear export and increasing
MITF activity, which culminates in bypass of senescence.

GSK3 phosphorylation of S69 in MITF may also be important in melanocyte
stem cell differentiation downstream of Wnt signalling. In our proposed model, the
presence of Wnt inhibits GSK3 phosphorylation of S69, thus promoting increased
MITF localisation in the nucleus via a decrease in nuclear export. This increases
MITF activity, which induces melanocyte proliferation and ultimately differentiation
by turning on genes involved in melanogenesis.

Future work will involve further investigations into oncogene-induced
senescence and senescence bypass. We would like to know if oncogene-induced
senescence in melanocytes is mediated via MITF. To investigate this, we will obtain
a tetracycline-inducible human melanocyte cell line that expresses BRAFY®%E in the
presence of tetracycline. We will then ectopically express nuclear-export defective
MITF in these melanocytes and measure the amount of senescence after inducing
BRAFVS%E expression. We are also in the process of generating zebrafish with a
L80A mutation in Mitfa, which will allow us to further investigate the importance of
MITF nuclear export in melanocyte stem cell differentiation and melanoma

oncogenesis.
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6.3 Conclusion

In conclusion, we have identified novel sites of post-translational modifications
in BRAF and MITF and demonstrated their functional consequences in these two
important drivers of tumorigenesis in melanoma. This information allows us to gain
a better understanding of the mechanisms underlying melanoma tumorigenesis,
which will potentially aid us in developing novel therapeutic options for melanoma

treatment.
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