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Abstract

Role and regulation of MITF in melanocytes and melanoma

Robert Siddaway, The Queends Coll ege, D. Ph

One key to understanding how cells integrate and how they respond to diverse
stimuli in orderto direct a transcriptional response is knowing how a transcription factor may
be directed to an appropriate subset of its target genes. One mechanism with which this may
be achieved is by modul at i dranslabohal rodiation r ans c
status. Themicrophthalmiaassociated transcription factor (MITF) is the master regulator of
the melanocyte lineage, and it is also a lineage addiction gene in melanoma. Low or high
levels of MITF expression induce a reversible cell cycle arrestadive behaviour is
characteristic of lowMITF expression; differentiation a product of hiyHTF activity; and
moderate levels dflITF expression promote proliferation. A major, unaddressed problem is
how DNA binding by MITF may be differentially directeslich that it regulates either a
proliferationassociated or a differentiati@ssociated gene expression programme
appropriate to the cellular microenvironment. This thesis explores the function and regulation
of the signalling pathways controlling noyabsttranslational modifications of MITF. One
such modification, in the DNA binding domain of MITF, defines a key switch that controls
MI TF6s DNA binding affinity and specificity.
revealed that extend its coolt beyond pigmentation and cell cycle regulation to implicate

MITF as an overall regulator of cell behaviour in the melanocyte lineage.
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Chaper 1i Introduction

1.1 Melanocytes

Melanocytes are specialised melanin synthesising tielisare responsible
for pigmentation in vertebrates. Cutaneous melanocytes are found in the epidermis of
the skin and in hair folliclegFigure 1A) Noncutaneous melanocytes are found in
other locations such as the iris, the charait the retinal pigment epithelium (RPE)
of the eye; the cochlea and the vestibular oafahe ear; the leptomeninges, which is
a small, pigmented region of the brain; and in the Hdadkson, 1994)n mice, most
melanocytes are to be found in haitlitles located in the dermis, and they undergo
cycles of growth and destruction throughout life (Figure 1.1B). After a period of
growth (anagen), the cells forming the hair matrix lose the ability to proliferate and
enter apoptosis, triggering destruatiof the lower follicle (catagen), followed by a
dormant period (telogen) in which the bulge and dermal papilla are in close proximity
before reentry into anagefAlonso and Fuchs, 2006)

The bulge niche, at the top of the root, contains epithelial stelts
(Blanpain et al., 2004)The bulge also contains a reservoir of quiescent melanocyte
stem cells (MSCs) which divide late in telog@tishimura et al., 2002Y0ne daughter
cell remains in the bulge as an MSC, ready for the end of the next hairwhdke,
the second daughter exits the bulge for the new hair matrix where it proliferates and
differentiates into a melanocytNishimura et al., 2002)

In humans, hair follicles are sparser than in mice, and most cutaneous
melanocytes are epidermal. Withihre epidermis, melanocytes are found amongst the
keratinocytes in the basal layer, which is separated from the dermis by the basement

membrane (Figure 1.1A).
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Figure 1.1. The skin and hair. (A) Structure of the dermis and epiderm
showing the locdon of the hair follicle within the dermis. Adapted froffuchs
and Raghavan, 2002)B) Stages of the hair follicle, showing the variable dista
between the bulge and the dermal papilla (DP). Adapted fAdamso and Fuchs
2003)
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1.1.1 Melanocytes inlevelopment

Cutaneous melanocytes derive from the neural crest, which forms from the
dorsal part of the neural tube early in embryogen@ismas and Erickson, 2008)
Neural crest cells can be neurogenic, ultimately adopting a glial fate. Alternatgly the
can be melanogenic, becoming proliferative melanoblasts before differentiating into
melanocytes (Figure 1.2). Around E9.5 in mice, melanoblasts begin migrating along
the dorsolateral pathway and-tggulate melanoblast markers from E1(QSieel et
al., 1992) Melanoblasts invade the epidermis and hair follicle to differentiate and
commence pigmentation at E16Serbedzija et al., 1990; Steel et al., 199Q2h
arrival in the hair follicle, melanoblasts are segregated between the bulge where they

form MSCs and the hair matrix where they differentiate into melanogeshimura

et al., 2002)
E9.5-10.5 E16.5 P6
WA‘
Melanocyt
Neural/"’ Dct*, Mitf*, te a O?Iy ©
tube Kit*, Pax3, siem ce
Det*, Mitf", Sox10%,
Kit', Pax3" Tyr, Tyrpt
Sox10* Det*, Mitf*, Kit*,
Pax3*, Sox10*,
Tyr*, Tyrp1*
Pre-migratory ~ Migratory Differentiated
melanoblast melanoblast melanocyte

Figure 1.2. Murine melanocytes in developmentAt E9.5, the pramigratory
melanoblasts that have emerged from the neural tube expresses speci
markers (P&3, Sox10, Mitf), and melanocyte markers (dopachrome tautome
[Dct], Kit). Additional melanocyte markers (Tyrosinase [Tyr] and Tyrpl)
added at E16.5 in the migrating melanoblast, on invasive of the epidermis.
hair follicle (E16.5 onwards), fferentiated melanocytes in the hair mat
continue to express these markers. MSCs in the bulge express Pax3 ar
Adapted from Osawa, Stem Book, (http://www.stembook.org/node/581).
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Specification of melanoblasts at the expense of glial cells is iddogdhe
actions of Wntl and Wnt3, which are expressed in the early neura(@test et al.,

2000) Together with their effectdp-catenin, these proteins positively influence the
ability of the embryo to generate melanoblg3@kada et al., 1994, Ikey al., 1997;
Dorsky et al., 1998; Hari et al., 2002)

Two other transcription factors expressed in-igratory melanoblasts are
critical for melanocyte specification and for neural crest development in gehleeal.
first, the pairedbox homeodomain trescription factor PAX3is expressed from the
pre-migratory melanoblast stage; heterozygousPax3 knockout mousehas whie
spots, while a homozygous knaek is embryonically lethal due to defects in
muscular and neural crestvelopmen{Epstein et al.1991; Goulding et al., 1991)n
melanoblasts, Pax3 promotes the adoption of a melanocyte fate, but it paradoxically
represseserminal differentiation in a manner that is relieved byatenin(Lang et
al., 2005) Secondly, SOX10 is a member of the high mobility group family of
transcription factorgSouthardSmith et al., 1998)A homozygousSox10dominant
negative mutant is embryonically lethal in mice due to severe defects in development
of neural crest derivate cells, while the heterozygotic mouse exhibits white spotting
(Potterf et al., 2001)The same has been observed in zebrafish, where SOX10 mutants
fail to develop their neural crest derivati(@itton et al., 2001)

The actions of Wnt, PAX3, and SOXHI converge on the activation of
microphthalmiaassociated transcription factor (MITHi; see Section 1.8)a basic
helix-loop-helix leucine zipper (bHLH.Z) protein (Hodgkinson et al., 1993; Hughes
et al., 1993) Expressed early in the neural crestasponse to the combined action of
these factor¢Watanabe et al., 1998; Dorsky et al., 2000itf is the master regulator

of the melanocyte lineage, and a homozygausull mouse lacks melanocytes
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(Hodgkinson et al., 1993Mitf plays crucial roles in mmoting conversion of neural
crest precursors to melanoblasts, and in influencing their subsequent survival
(Opdecamp et al., 1997; Hornyak et al., 2001)

The switch between the bipotent glial/melanoblast precursors is in part
controlled by the expressiafr not) of FOXD3, which is expressed in the neural
tube. FOXD3 represses melanoblast formation by interacting with PAX3, preventing

PAX3 from binding and activating thditf promoter(Thomas and Erickson, 2009)

1.1.2 Melanocytes and pigmentation

Melanogtes play a protective role in protecting the body from ultraviolet
(UV) damage. Using tyrosine and phenylalanine as starting compounds, melanocytes
synthesise and package the pigment melanin in melanosomes, which are specialised
lysosomerelated organele(Raposo and Marks, 200 lelanosomes are transported
to the cell surface and transferred through filopodia from epidermal melanocytes to
the keratinocyte cells that form the bulk of the epider(Sisott et al., 2002)All
humans have a similar melanogytensity in their skin, and differences in skin colour
arise from the balance of types of melanin synthesised (eumelanin isbbteak, and
pheomelanin is reglellow), as well as the size, number, and packaging density of
melanosomes(Kadekaro et al., ZB). Black skin has an enhanced rate of
melanogenesis and a greater proportion of eumelanin than white or Asian skin
(Brenner and Hearing, 2008Melanin forms a physical barrier that blocks UV
induced damage of the skin, directly absorbing UV radiatiowels as quenching
reactive oxygen species (ROS) that are generated intracellularly following UV
irradiation(Slominski et al., 2004)

UVA (32071 400 nm) and UVB (280 320 nm) are the primary ranges of

UV wavelengths that damage the body, of which UVBIless prevalent in the
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atmosphere. However, UVB is more mutagenic on account of its potential to be
absorbed directly by DNA, in which it induces thymidine dim@fseeman et al.,

1989) UVA has a longer wavelength and thus penetrates deeper into tharepjder
where it induces ROS that can result in sirgglanded DNA breakgKvam and
Tyrrell, 1997) Melanin in the epidermis is phetxidised on absorption of UV,
which immediately darkens the skin. A slower, longer term tanning response is
triggered by theactions of UVB (Kadekaro et al., 2003; Hirobe, 2005)hich
promotes the release of epidermal mitogenic factors from keratinocytes. One such
factor, bmelanotide stimulating hormong-{ISH), bindsthe melanocortin 1 receptor
(MC1R). This leads to cAMP regonse elemertinding protein (CREB)
phosphorylation; and activated CREB promotes pigmentafigertolotto et al.,
1996b; Busca and Ballotti, 2000\t the same time, UV irradiation leads to an
increase in levels of cytokines such as interledkld a m utru necrosi s f ac
which activate stress signalling through the p38 addrcpathways. These pathways
induce a transcriptional response that promotes cell cycle arrest and apoptosis, which
suggests that the UV response is finely balanced to provablémmal protection
against further damage while removing irreparably damaged cells at the same time

(Kadekaro et al., 2003)

2.1 Melanoma

Melanoma is a cancer arising most commonly from epidermal melanocytes,
but can also occur wherever melanocytes aretfbbnd, such as in the choroid layer
in the eye. The incidence rate of melanoma in the United Kingdom is increasing, and
it has c¢cli mbed rapidly since 2000 to becorm
cancer in 2010 (Figure 1.3; data source: Canceedels UK). However, although

melanoma is being diagnosed more frequently, the mortality rate is not increasing
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linearly with incidence (Figure 1.3), a fact attributed to earlier diagnosis. When early
stage melanoma is diagnosed, surgical excision is frélgueurative but, as the
disease develops, mortality rapidly increases: -ywar survival tumbles from
approximately 880% for all patients to -45% for those with distal metastasis
(Balch et al., 2001; Tawbi and Kirkwood, 2007)

Cancer is a disease Witrising incidence inan aging population It is
characterised by cellular behaviour that becomes progressively moegudated as
its constituent cells escape and evade the controls that would normally direct their
behaviour (Figure 1.4A)In this manne tumour cells become able to sustain
continual growth and proliferation while avoiding grovitiibitory pathways,
avoidng destructiorby the immune system, stimulatiaggiogenesis and, ultimately,
metastasiag (Hanahan and Weinberg, 201Tp developbetter treatments it will be
necessary tonprove ourunderstanding of normal cellular processes and how they are

deregulatedunder pathological conditions
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Figure 1.3. Melanoma incidence is increasing faster than mortalityincidence
of melanoma in the United Kingdom is increasing rapidly in both men and wo
but mortality is lagging behind. Data collected from Cancer Research UK.
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2.1.1 Progression of melanoma

Melanoma progression often displays a pattern of histopathological
behaviour described with the Clark model (Fig 1.4B), in which the melanocytes in
a benign nevus are considered primed for melanoma development. These nevi have
constant pigmentation and regular edges. Malignancy is initiated either from
proliferation originating in a nevus, ole novoat a locatia that did not previously
have a nevus. The dysplastic nevus tends to be larger (greater than 5 mm diameter) in
size, have aberrant colouring, and irregular borders. As a melanoma develops further
and becomes hyperplasic, it first has a radial growth pivhsee melanocytes start
proliferating intraepidermalfy and can also generate some dermal rrilevasion$
followed by a vertical growth phase that forms nodules in the dermis. Finally, as the
tumour continues to penetrate the dermis, cells begin to dissdobm the tumour,
allowing metastasis to distal sites such as the lungs, liver and (@krk et al.,

1984)

To form a nevus, a single activating mutation in a grestimulatory
pathway is required. In the vast majority of patients, this mutatiinoagur in the
mitogen activated protein kinase (MAPK) signalling pathway which, under normal
physiological conditions, drives a growpnomoting cascade of phosphorylation
events in response to extracellular growth signalling (Figure 1.5A). RAS is often
mutated in cancer and, in melanoma, codon GRAS is mutated in 15% of patients
(Bos, 1989; Demunter et al., 2001; Omholt et al., 20BBAF is mutated less
frequently (7%) than RAS across all cancers, but in melanoma is mutated in 66% of
patients, oflvhom 80% will carry a V600E mutatigiDavies et al., 2002)Activating
BRAF mutation drives melanoma cell growth and promotes transformation of

melanocytes(Hingorani et al., 2003; Wellbrock et al., 2004&) mouse models,
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constitutively active BRAF promotes tumour growth and metastasis, demonstrating
the major oncogenic activity of the mutated MAPK pathw@gnkort et al.,2009;

Goel et al., 2009)Furthermore, in tumours where BRAF mutation drives growth,
cells are absolutely dependent on MEK, which is activated by BRAF; MEK inhibitors
have been shown to strongly abrogate growth of BRARfant tumourgSolit et al.,

2006) NRAS and BRAF mutations appear to be mutually exclusive, suggesting that
double activation of the pathway is, at best, not advantageous or, at worst, harmful to
the cell(Gorden et al., 2003; Omholt et al., 2003)

At least 80% of melanoma patients willve constitutively activating MAPK
mutations, with around half of patients carrying BREES However, activating
MAPK alone is insufficient to allow a melanoma to form: as well as promoting
growth, these mutations will also promote senescence in thes ({Bassabeh;ji et al.,
1993; Serrano et al.,, 1997; Bennett, 2003; Michaloglou et al., 2005; Patton et al.,
2005) Indeed, approximately 75% of benign nevi have a BRXE mutation
(Davies et al., 2002; Pollock et al., 2008)cell may become senescerther through
replicative stress associated with progressive telomere shortening, or by orcogene
induced senescence (Ol&hay and Roninson, 2004)1S is a major early barrier to
tumour progression, leaving cells in a staticl®# cell cycle arrest.

Further mutation is required to escape senescence. In the case of BRAF
OIS is triggered by induction of p6** (Michaloglou et al., 2005; Gra$chopfer et
al., 2006) which is expressed from th€DKN2A tumoursuppressor locus on
chromosome 9. This éwis is inactivated in around 50% of melanoma patients, and has
been identified as being a driver of familial melanoma susceptilftiissussian et
al., 1994; Kamb et al., 1994, Flores et al., 199®)much of the remaining 50%, the

locus is likely to besilenced, for example throughrcatenin mediated repression
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(Delmas et al., 2007)This locus also expresses another, unrelated protein~'p14
(human) or p1&* (mouse), with an alternate exon 1 and different reading frames
from exon 2 onwardQuelle et &, 1995) Both of these proteins inhibit cell cycle
progression, but they do so by different means (Figure 1.5B¥*§18nhibits the
cyclin-dependent kinases (CDK) CDK4 and CDKG6. In turn, they phosphorylate and
inactivate the retinoblastoma tumour stggsor protein (Rb), which permits passage
through the G1/S cell cycle checkpo{errano et al., 1993By removing this block
on cellcycle progression, Rb is constitutively inactivated and the G1/S checkpoint is
bypassed. pT%* binds and inhibits moesdouble minute 2 protein (MDM2), which
sequesters p53 and leads to p53 juddiguitylation and degradatiofiKkamijo et al.,
1998; Pomerantz et al., 1998; Stott et al., 1998; Zhang et al.,.1D983, loss of
p14'*F leads to p53 inactivation. Traditionallp53 has been assumed to not be
mutated at high frequency in melanoma, with its inactivation being brought about by
other means, such as loss of Pf4Chin et al., 2006)However, recent evidence has
identified UV-induced p53 mutations in a group of mmemas that do not harbour
p14**F mutations, suggesting that in fact direct mutation of p53 is another melanoma
controlling mutationHodis et al., 2012)

While CDKNZ2A inactivation in mice fails to cause a developmental
phenotype, it leaves mice highly prone to spontaneous tumour form@emjjo et
al., 1997; Sharpless et al., 2004) mouse melanocytes, singlepy deletion of
CDKN2Asuffices to disrupt senescen&harpless and Chin, 2003; Sviderskaya et al.,

2003) Humans with germling16™ A

mutations develop large numbers of benign
nevi and are highly prone to developing melandimayward, 2000; Bennett, 2003;

Sviderskaya et al., 2003)Collectively, p18"“* and ARF play crucial roles in
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melanoma suppression and their inactivation permits bypass of OIS induced by
MAPK -activation(Chin et al., 1997)

Another tumowsuppressing protein that can be inactivated in many cancers,
including approximately 10% of melamas, is phosphatase and tensin homologue
(PTEN) (Guldberg et al., 1997; Li and Sun, 1997; Li et al., 1997; Steck et al.,.1997)
PTEN is a negative regulator of the phosphatidylinositdindse (PISK)AKT
pathway, which uses phosphatidylinositol phosplaata second messenger, which is
generated in response to growth factor signalling, to activate AKT. In turn, this
promotes ceicycle progression.

While combinations of mutations such as MAR&tivation andCDKN2Aor
p53 inactivation are driving mutatisrin melanomgHayward, 2000; Davies et al.,
2002; Hodis et al., 2012pther proteins can also play important rol€so such
proteins, whichcan suppress senescence in melanoma, eefishe antisenescence
factors Fbox factorsTBX2 (Jacobs et al.2000; Prince et al., 2004; Vance et al.,
2005) and TBX3 (Brummelkamp et al., 2002; Rodriguez et al., 2008X2 and
TBX3 operate by suppressing §21. Progression from the radiab verticatgrowth
phase is often accompanied by loss afddherin andnduction of Ncadherin(Hsu et
al., 1996) E-cadherin expression in melanocytes promotes association with epidermal
keratinocytes, while Madherirexpressing melanoma cells can interact with other N
cadherirexpressing cells such as dermal fibroblasisygating invasive behaviour
(Hsu et al., 2000)E-cadherin is often rexpressed in metastatic melanofDanen et
al., 1996) TBX2 and TBX3 also play a ptiovasive role in melanoma by suppressing
the expression of€adherin, which promotes the epithklmesenchymal transition.

Contact with undifferentiated badalyer keratinocytes inhibits melanocyte

proliferation (Valyi-Nagy et al., 1993) Beyond permitting passage out of the
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epidermis, the Eadherin to Ncadherin switch also disrupts the Wmtaterin

pat hway by -chtenia delogalggatian drombthe plasma membrane to the
cytoplasm and -catemn mamstes meldnenraecell fsurvival and
suppresses apoptosis and senescéricet al., 2001; Qi et al., 2005; Delmas et al.,
2007) Beyondt h e e f f -eatenirsthatorasultbfrom disruptedcEa d h e-r i n,
catenin mutations are found in melanoma that prevent its degradation, thereby leading
to constitutive nuclear localisation and activat{®ubinfeld et al., 1997; Rimm et al.,

1999; Omholet al., 2001)

2.1.2 Targeted melanoma therapy

Conventional chemotherapy works by targeting proliferating cells. Because
tumour cells will typically replicate at a faster rate than healthy cells in the body, they
are selectively depleted. However, unpleassideeffects arise from this treatment
because healthy cells that are dividing will be harmed too. An alternative therapeutic
tactic that has seen substantial recent progress is targeted therapy, which makes use of
the genetic changes in the tumour foedfically target cancer cells while not
interfering with healthy cells.

One such therapy, vemurafenib, targets BIfAE. V600 is in the activation
loop of BRAF, which undergoes a translocation when BRAF is activated, moving
towards the active site oheé kinase. Mutation of this loop, particularly V600E,
stimulates BRAF by locking the activation loop in the active, flippedonformation.
Vemurafenib selectively and tightly binds BREEE fails to bind the wiletype,
inactive protein, and shows onlyeak binding to wiletype, active proteifTsai et al.,

2008; Bollag et al., 2010)it has shown significant artimour effects in mouse

models and clinical trials, leading to tumour shrinkage and increased progifession
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survival, and has been approved use in the treatment of metastatic melanoma
(Flaherty et al., 2010; Chapman et al., 2011; Sosman et al.,.2012)

However, while vemurafenib has beneficial effects in the dieom,
BRAF'°E patients treated this way ultimately relapse becausettirurs become
resistant to therapy. There are a number of ways in which this has been observed to
occur, including activating mutations of NRAS or the receptor tyrosine kinases that
form the beginning of the MAPK cascaff¢azarian et al., 201pBRAF ampification
(Shi et al.,, 2012)or upregulation of CRAF(Montagut et al., 2008) These
mechanisms all overwhelm the restraint placed on the pathway by vemurafenib
treatment, and they lead to the reactivation of MAPK signalling. Vemurafenib
treatment can alsenhance growth of BRAF wiltype or RASmutant tumours, and
vemurafenib binding to mutant BRAF can transactivate a-typeé RAF protomer
with which it has dimerise(Halaban et al., 2010; Hatzivassiliou et al., 2010; Heidorn
et al., 2010; Poulikakos et.22010) These studies have demonstrated that, while
vemurafenib can be highly effective for a period of time, it is necessary to genotype a
patient before embarking on treatment. Future work will be required to counter the

secondary effects of the thesa

2.1.3 Melanoma heterogeneity

Tumours are comprised of heterogeneous populations of cells, which places
an additional barrier on targeted therapy. In melanoma, it has been demonstrated that
tumours contain at least two subpopulations of cells, expgessuwo different
transcription factors, BF2 and MITF, in a mutually exclusive pattgf@oodall et al.,

2008; Pinner et al., 2009k is highly likely that other subpopulations could also be
present. Two competing theories attempt to explain this phermmgioek and

Goding, 2010) In one theory, the genetic model describes an irreversible acquisition
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of mutations as the tumour develops until one cell collects all the necessary invasive
advantages to permit metastasis. At this point, the cell can migraienew site,

giving it a chance to generate a metastasis that would have a distinct genetic makeup
when compared to the parental tumour (Figure 1.6A).

In the second theory, tumour cells could either adopt a proliferative
phenotype or a melanobldgte migratory one, in response to changing cues from the
microenvironment (Figure 1.6B). This is the phenotgp&ching model, which is
gaining growing support from the field. It has been observed that-taellierini N-
cadherin switch that takes place onrgrid the vertical growth phase can be reversed
in metastasigDanen et al., 1996and that metastatic melanoma cells can remodel the
extracellular matrix, reprogramming healthy melanocytes to become reversibly

invasive (Seftor et al., 2005)Gene expreson profiling of melanoma cell lines has

(irgsggigle) Primary tumour Invasive cell Metastasis
e Pro-metastasis mutation

Founding mutations
e.g. BRAF, CDKN2A

(irreverisible)
S
B-— o~ &8

Phenotype switchin
(rggrsime) 9 Phenotype switch Phenotype switch

Figure 16. Genetic versus phenotype switching model for tumoul
progression. After founding mutations in the tumour to permit growth and ev
senescence, there are two competing possibilities. First, invasiy@oessting
mutations are acquired in the genetic model that eventually permit migration
the parental tumour and mastasis to form a genetically distinct daughter. In
phenotypeswitching model, the tumour microenvironment is key, and
promote cells to switch to advantageous phenotypes, which will encourage s
of cells to reversibly adopt an invasive statel migrate out of the original tumou
When they reach a new site, the invading cell can revert to a prolifer
phenotype to generate a metastasis. Adapted from Hoek and Goding (2010).
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revealed two major expression signatufeeek et al., 2006)Ore was associated

with proliferative, weakly invasive cells that are sensitive to growth inhibition by
TGFb, and the other was associated with highly migratory and invasive cells that are
slow replicating and are TGB-insensitive. Transplantation assayghwthese cell

lines have revealed that each class of cell line could generate heterogeneous tumours
with cells matching both expression profiles, which provides strong evidence for the

phenotypeswitching mode(Hoek et al., 2008)

1.3 Transcriptional regulation

Eukaryotes must process and respond to a wide range of extracellular stimuli
to allow them to successfully function in their environment as well as to react to
intracellular signals (Figure 1.7). Thus, the cell must continually receive and ietegrat
signals simultaneously from different compartments to determine the appropriate
biological response for its present situation. Once a response has been selected, it can
be enacted in several ways. Protein levels,-prasslational modification statusr o
subcellular localisation may be regulated. For example, Wnt signalling prevents
cytoplasmic degradation di-catenin, allowingb-catenin into the nucleus where it
activates Wnt target genes, and plays crucial developmental (béésale and
Beachy, 20@). In the absence of Wnt signallin;catenin is localised in the
cytoplasm and bound to-&adherin at adherens junctions. Excess protein is targeted
for proteasomal degradation in a process started by a complex comprised of axin,
adenomatous polyposislc (APC) and glycogen synthase king3fe(GSK-3b) (Hart
et al., 1998) On stimulation of the transmembrane receptor Frizzled by Wnt
molecules, Dishevelled is recruited to the membrane where it binds and inhibits the
axin complex(Kishida et al., 1999; Srilay et al., 1999)b-catenin is released from

the axin complex, whereupon it translocates to the nucleus and activates transcription
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of Wnt target genes by interaction with the TCF/LEF family of transcription factors
(Behrens et al., 1996)

Gene expressio patterns are frequently modified in response to signalling
pathways. This can be achieved in a number of ways. Cells can relax or compress
chromatin structure, to activate or repress transcription respectively, by dynamically
reconfiguring the podtrandational modification status of histone tails and
nucleosome deposition patterns. A large number of histone taitrpastational
modifications have been identified, including phosphorylation, acetylation,
methylation and SUMOylation. Histone tail lysiaeetylation is generally positively

associated with transcription (Figure 1.8). It neutralises the positive charge of the

Environmental cues

l

Signal transduction pathways

Chromatin ) .
Biological
e
output
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Figure 1.7. Cells are able to respond to multiple simultaneous intracellular
and extracellular signals in a variety of waysCells integrate environmental cut
via signal transduction pathways, which converge on transcription factors (1
induce a response. The transcription factors in turn drive a biological outp
activating a gene expression programme. Transcriptionbearegulated at thi
chromatin level by altering pestanslational modifications found on histone tai
Histones form nucleosomes (black), the positioning of which can also reg
transcription. Transcription factors may be regulated at the exprdssiein by
altering their DNA binding activity or target gene specificity, or by modulai
interactions with cdactors.
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lysine side chain, which can interfere with chadgpendent DNAistone
interactions or interactions with other histones, with tle¢ effect that the DNA
becomes more accessible to the transcription machinery. It has been hypothesised that
cumulative charge neutralisation can be important in activating transcr(fMignmin
et al., 2004) In cancer, it has been revealed that depwositb posttranslational
modifications on histone tails is frequently aberrant, allowing for altered patterns of
transcription(Fraga et al., 2005)

Histones are acetylated by histone acetyltransferases and deacetylated by
histone deacetylases (HDACs), eamhwhich have different substrate specificities.
Turnover of histone lysine acetylation is extremely rapid, suggesting that histone

acetyltransferases and the histone deacetylases (HDACS) that deacetylate histones are
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Figure 1.8. Histone modificatiors change in cancerln healthy cells, actively
transcribed regions are associated with post translational histone tail modific
such as H3 and H4 acetylation, and H3K4me3 while heterochromatic region:
as subtelomeres and repetitive regions asp@ated with modifications such ¢
H3 K9 me 2, H3K27me3 and H4K20me3. I n
are often lost from genech regions, disrupting gene expression; and repres
modifications are often lost from previously heterochromatyores, leading to &
more relaxed chromatin structure here. Adapted fiesteller, 2007)
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responsible for facilitating nucleosome mobilisation and subsequent restoration
following passage of the transcription machinéiatanKhaykovich and Struhl,
2002;Wang et al., 2009)

Histone lysine acetylation can also provide a binding site for other proteins,
and it is recognised by bromodomaiflsamkun et al., 1992)These domains are
found in a range of chromatassociated proteins and have a conservedhdioal
bundle structure, with two variable loops that form the binding site for agstyke
(Filippakopoulos et al., 2012)n contrast to their overall structure, bromodomains
have poor sequence homology and highly variable surface electrostatic hotentia
which influences their substrate specificity. Further, adjacent-tpastlational
modifications such as phosphorylation heavily influence bromodomain substrate
recognition(Filippakopoulos et al., 2012)

Histones may be monodi-, or trimethylated a both lysine and arginine
residues with varied effects. Methylation has no effect on the lysinelale charge.

For example, H3K4me3 has been shown to be highly associated with transcriptional
start sites at actively transcribed gefBernstein et al.2002; Bernstein et al., 2005)
H3K36 methylation represses histone turnover at transcribed genes, which in turn
represses gene express{denkatesh et al., 2012)

For a tanscriptionfactor to activate or repress transcription, it must be
present in thenucleus, bind to promoters or enhancer regions either directly or
indirectly via another DNAound transcription factor, and be able to influence the
basal transcription machinery. Transcription factors can also be regulated by changing
their subcellular localisation or blocking their degradation, or both, such as with the

accumulation of nucledr-catenin on activation of Wnt signalling.
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1.3.1 Basic helioop-helix transcription factors

The basic helixoop-helix (bHLH) family of transcription factors a well
conserved family of proteidsfrom yeast to multicellular organism#tchley and
Fitch, 1997) The bHLH motif was first identified in 1989, and it plays important roles
in DNA binding and dimerisatioiMurre et al., 1989)The basic region binds the
maj or groove of a consenGANNTGBéx amwhel @o tNi de
any base, termed theliox (Voronova and Baltimore, 1990The predicted structure
of the motif was confirmed when the crystal structure ofMyc/Myc-associated
factor X (MAX) heterodimer was solved, revealing that the bHLH protomer forms a
structure of two alpha helicesh(c ont ai ns the basic region
contains helix 2fonnected by a loop regidierreD'Amare et al., 1993)The dmer
forms a parallel, lefhanded, 4 helical bundle and the helices in these proteins are
amphipathic; when DN#ound, the proteins form a hydrophobic pocket that is
shielded from the solvent. Protomers are Dbdund such that they bind
perpendicular to ananother, on opposite sides of thdéddx (FerreD'Amare et al.,
1993) The structure of the bHLH is well conserved between different family
members (Figure 1.9).

A carboxyterminal addition to the bHLH is sometimes present, which plays
roles in dimerisatin and mediating extrdimeric proteirprotein interactions. Some
family members, including the hypoxiaducible factors have a RARNT-SIim
(PAS, ARNT, aryl hydrocarbon receptor nuclear translocator) dogGews et al.,
1988; Nambu et al., 1991pPAS dmains share poor sequence homology but are 260
300 amino acids in length, comprised of several alpha helices andgaeaitel beta
sheets, and play a role in mediating bHEXAS protein dimerizatioriZelzer et al.,

1997; Erbel et al., 2003)
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USF PHO4

Figure 1.9. Structure of bHLH proteins. Atomic coordinates were obtained fro
the Protein Data Bank and visualised in Chimera v1.8. The basic region anc
1 bind across the duplex; helix 2 (and where present, the leucine zipper) «
toward the top of th page. (A) eMyc (red)/MAX (grey) heterodimer, INKNair
and Burley, 2003) (B) MYOD, 1MDY (Ma et al.,, 1994) (C) Upstream
stimulatory factor (USF), a ubiquitous transcriptional activator, 1ANdrre
D'Amare et al., 1994)Note that this structure doast show the LZ of USF. (D
PHOA4, a transcriptional activator froBaccharomyces cerevisjabAOA (Shimizu
et al., 1997)Note that MYOD and PHO4 are bHLH proteins, whidslgc, MAX,
and USF are bHLH.Z proteins.
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In some bHLH proteins such asMyc and MAX (Murre et al., 1989)the
bHLH may be extended by placing leucine residues, or other hydrophobic amino
acids, at approximately 7 amino acid intervals. These residues contact a leucine at the
equivalent position in the second protomer, thus playing @e laole in protein
dimerization.U, may be extended into the leucine zipper (LZ), which, like the bHLH,
is amphipathic; it extends the hydrophobic pocket and overall coiled coil structure of
the motif.

bHLH proteins bind DNA either as homodimers or asefwtimers with
other members of the family; this interaction is mediated by the HLH. When present,
a PAS or LZ motif plays a role in this. Heterodimerization provides the potential for
altered DNA binding specificity, either within the corebBx or in theflanking
regions. For example;Myc is a proteoncogene that promotes cell cycle progression
and can induce apoptos{g€van et al., 1992; Amati et al., 1993} must be
heterodimerised with MAX in order to bind DN@lackwood and Eisenman, 1991;
Prendegast et al., 1991; Amati et al., 1992 deed, in cells most-klyc is found
heterodimerised with MAXBlackwood et al., 1992; Littlewood et al., 199R)AX
can homodimerise and repress transcrip({loato et al., 1992; Kretzner et al., 1992;
Prendergastteal., 1992)as well as activate {fFisher et al., 1993)The dimerisation
partner of MAX determines its DNA binding specificity. A MAX homodimer can
bi nd t+T€CACEGTGADO mot i f, -MychMIAX beterodimer cannot
(Fisher et al., 1993; Solomon et.,al993) Because there are many
CANNTG-3 06 el e me nwide thgnecoubdnpessibly be bound by any one
transcription factor, heterodimerisation thus represents a mechanism for redirecting

molecules to a subset of these locations.
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1.3.2 Lineagespecific transcription factors

Genesis of different cell types requires pluripotent stem cells to commit to
lineages, which is achieved by expression of cell-gypecific genes. A cell will often
transit through a number of progressively differentiated steps before arriving at the
final, terminally differentiated cell, which requires fine temporal and spatial control of
gene expression in response to extracellular signals. This can be achieved through
lineagespecific restriction of transcription. Many transcription factors can
theoretcally bind a particular motif in a given regulatory region, and understanding
how signalling pathways bring about binding of the correct transcription factors to the
correct motif, at the correct time, is a major question.

One way to lineageestrict trascription is through interaction of lineage
specific transcription factors with ubiquitously expressed ones. For example,
Glycophorin B is expressed specifically in erythroid cells and, along with
Glycophorin A, is responsible for the MNS antigen syst&ebert and Fukuda,
1987) Spl is ubiquitously expressed and binds to an element iGlyltdphorin B
promoter, but the gene is expressed only in erythroid cells where the erythroid
specific transcription factor GATA also binds to a promoter element and interacts
with Sp1 to activate transcriptigRahuel et al., 1992; Gregory et al., 1996)

Alternatel, lineagespecific transcription factors can directly induce
transcriptional programmes themselves. Skeletal muscle development is controlled by
4 myogenic bHLH transcription factors: myoblast determination protein (MYOD),
myogenic factors 5 and 6, and Mg e ni n, of which MYOD i s
(Lassar et al., 1986; Lassar et al., 1989; Braun and Gautel,. 20Jdgreement with

in vitro studies investigating MYOD DNA binding, genoméde MYOD profiling
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revealed than vivo MYOD consensus Box to ke -GAJC/G]CTG-3 @Blackwell
and Weintraub, 1990; Blais et al., 2005; Cao et al., 2006; Cao et al., 2010)

Id is an HLH protein lacking a basic region and cannot bind DNA as
homodimers. When heterodimerised with bHLH transcription factors, including
MYOD, Id inhibits the transcriptional activity of the bHLH protein by preventing the
heterodimers from binding DNfBenezra et al., 1990; Sun et al., 1991, Kreider et al.,
1992) However, upon commitment to myogenic differentiation, MYOD levels
increase whilehtose of Id do not, thus allowing MYOD to outcompete Id and activate
skeletal musclespecific gene expression patterns.

MYOD interacts with the histone acetyltransferase protein p300, which
stimulates activation of transcription by MYOQ'uan et al., 1996)Further, p300
recruits p300/CBP associated factor (PCAF) to MYOD, which is subsequently
acetylated at K99 and K102 both vitro and in vivo (Sartorelli et al., 1999;
Polesskaya et al., 2000; Duquet et al., 20@&etylation of MYOD enhances its
transcrptional activity and, in mice, MYOD K99/102R was sufficient to impair
regeneration of skeletal muscle, demonstrating that acetylation at these sites is

important for skeletal muscle differentiatiduquet et al., 2006)

1.4 Microphthalmia-associated transription factor

The microphthalmia(mi) locus was first identified in 1942, and gives rise to
pigmentation and other phenotypic defects such as reduced eye size and mast cell
counts(Hertwig, 1942) Twenty years aganicrophthalmiaassociated transcription
factor (Mitf) was cloned and identified as the bHLH transcription factor whose
mutation was responsible for the phenotype imtihenouse(Hodgkinson et al., 1993;
Hughes et al., 1993The human homologue was cloned the following year, expressed

from chromosome 3p12 to 141, and was named MITH achibana et al., 1994)
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MITF has a complex gene structure with multiple promoters (Figure 1.10).
Exons 2 through 9 are common between the 10 isoforms that have been identified in
humans, which have short altate sequences for exon 1. In nine isoforms, the variant
exon 1 is spliced onto a later part of exon 1b (exon 1B1b), before fusion to the shared
exons. In contrasITF-M, which is the most proximal to the joint exons, has exon
1m fused directly to exof (Fuse et al., 1996)Translation is initiated at exon 1 of
MITF-A (Amae et al.,, 1998)MITF-B (Udono et al., 200Q0)MITF-C (Fuse et al.,
1999) MITF-CM (Shiohara et al., 200MITF-H (Steingrimsson et al., 199MITF-
J (Hershey and Fisher, 20QWITF-M (Fuse et al., 1996 andMITF-Mc (Takemoto
et al., 2002) However, MITF-D and MITF-E lack an initiating ATG at their
respective exon 1d and 1e, and so initiate translation within exon 1B1b and encode the
same protein product as each ot{@boki et al.,2002; Takeda et al., 2002Z)jo date,

there have been no regions found in these alternate initiating exons that play roles in

Exont Exons
2 1314 1516|178
[maD]
mre [TaD] B-HLH-Zip LS|

|
|
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1

b1b

MITF-C

MITF-MC  1me [ [tAD] B-HLH-Zio )
MITE-cM  1om [ [TaD] g-HLH-Zip S
mTF-E  1e [ “[TAD] 8-HLH-zip )
MITF-H  1h L [taD] 8-HLH-Zip IS
MITF-D  1d [taD] B-HLH-Zip ftap] |
MITF-B  1b1a [ [raD] B-HLH-Zip )
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Figure 1.10. MITF gene structure and mutant phenotypesStructure of the
characterised isoforms of human MITF, showing ad@ue exon 1 and commo
exons 29. TAD: transactivation domain. Adapted frghevy et al., 2006)
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MITF function. Different isoforms oMITF display different expression patterns,
with MITF-M restricted to melanocytes, where it is the dominantly expresetatm.

MITF is also subject to internal splicing at exon 6a, which may or may not be
included. Exon 6a inclusion encodes a 419 amino acid protein termed MITF(+), while
lack of exon 6a leads to the 413 amino acid MiJTKHemesath et al., 1994;
Steingrimsen et al., 2002)The relative expression of these isoforms is regulated by
MAPK signalling, which promotes inclusion of exon @G&imot et al., 2010)Unless
otherwise noted, MITF refers to MITH(+) from this point on, whichs expressed
from the Mpromder and has been the main focus of study for the MITF field to date,
and also to generic MITF where the authors of a paper have failed to state which
isoform they worked with. Whengitf/Mitf is used, it refers specifically to the mouse
gene and protein, e MITF/MITF refers mostly to the human gene and protein, but
also to MITF in general (as MITF protein structure and function is very well

conserved between mouse and human).

1.4.1 MITF: master regulator of the melanocytes

MITF is essential for maintenae of the melanocyte lineage, and it acts as
the master regulator. Imi mice, loss of an arginine in the basic region of Mitf puts
the basic region out of register with helix 1, preventing the mutant protein from
binding to DNA(Hodgkinson et al., 1993jughes et al., 1993; Hemesath et al., 1994;
Steingrimsson et al., 1994)he homozygoumi mouse contains no melanocytes. It is
completely white, with small, unpigmented ey@sodgkinson et al., 1993)The
absence of melanocytes in the eye indicates aréaibf the nomeural crest
originating RPE cells to develop, showing that the phenotype is not ‘uzesal
specific but melanocytspecific. It was subsequently shown that Mitf is necessary for

melanocyte development, playing crucial roles in promoting tonversion of
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precursor cells derived from the neural crest to melanoblasts and in influencing their
subsequent survivdOpdecamp et al., 1997; Hornyak et al., 2004)the absence of
Mitf, conversion to melanoblasts fails to occur.

MITF is also requred to maintain the MSC population. Hair greying results
from loss of MSCs, and a D222N mutation of Misiff'") significantly accelerates
this procesgLerner et al., 1986; Nishimura et al., 200Bpcause coat colour is an
easy phenotype to observejnmerousMitf mutant mice have been derived, often by
spontaneous mutatiqi$teingrimsson et al., 2004)Vhere the mutant alleles result in
a heterozygote, they show either no pigmentation phenotype or a whitesjoaily
White bellyspotted mice carry basiregion Mitf mutations. Therefore, while the
mutant proteins could still dimerise, they could not bind DNA, as in the case of the
original mi mouse(Steingrimsson et al., 1994)he belly spot results from impaired
migration through the neural crest of lar@blast precursor cell®©pdecamp et al.,
1997)

As well as mice and ma(Hodgkinson et al., 1993; Hughes et al., 1993;
Tassabehji et al., 1994bMITF has been found to be welbnserved throughout
multiple animal species, including chicken, quail, h@msrat, and dog, with
mutations in these homologues all resulting in defective pigmentation phenotypes
(Hodgkinson et al., 1998; Mochii et al., 1998; Opdecamp et al., 1998; Weilbaecher et
al., 1998; Karlsson et al., 2007; Minvielle et al., 20IDhe zebafish Danio rerio
contains twaMlITF-related genesjacreandmitfb. nacreis expressed in both eye and
neural crest melanocyte precursors, but-tifs&inction mutations affect only neural
crest melanophored.ister et al., 1999)The second genaitfb, is homologous to
MITF-A, and is expressed in eye precursors but not in the neural(cisst et al.,

2001) In lower species, two isoforms of 8iTF homologue have been identified in
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Xenopus laevigKumasaka et al., 2005pnd anMITF homologue has atsbeen
described inDrosophila melanogasterwhere it plays a similar role in eye
development as it does in mamm4lsallsson et al., 2004)Other invertebrates
expressing atMITF homologue include ascidiarf¥ajima et al., 2003and jellyfish
(Kozmik et &, 2008) This conservation of MITF indicates that the gene must have
arisen in common ancestors that existed before the division of vertebrates and
invertebrates and that, with its functions in Desophilaeyg its original function

could have been iaye development.

Waardenburg syndrome is the collective name for a series of genetic
conditions in which congenital hearing loss and changes in hair, skin and eye
pigmentation occur. Not all individuals are affected in the same way and hearing can
be unafected, or deafness may occur in one or both ears and range from moderate to
total. Pale blue or differently coloured eyes are common, along with prematurely
greying hair or a white patcfWaardenburg, 1951; Read and Newton, 199here
are four main type of Waardenburg syndrome, defined by their symptoms, and they
correlate well with different mutations that have been identified. Type | and Type 1lI
are caused biAX3mutation(Baldwin et al., 1992; Tassabehiji et al., 1992; Hoth et
al., 1993; Zlotogoreet al., 1995) Type IIA can be caused by mutation MITF
(Hughes et al., 1994; Tassabehiji et al., 199%gpe IIC/D can be caused ISNAI2
mutation(SanchezMartin et al., 2002)and Type IV can be caused by mutations in
the SOX10 EDN3 or EDNRBgenes(Puffenberger et al., 1994; Attie et al., 1995;
Edery et al., 1996; Kuhlbrodt et al., 1998b; Pingault et al., 1998 proteins
controlling Waardenburg syndrome also regul®déTF expression, as will be

discussed later, suggesting that MITF could be tapnplayer in these conditions.
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MITF is necessary and sufficient to induce melanocytic differentiation
(Tachibana et al., 1996; Planque et al., 1999)lifferentiated melanocytes, MITF is
responsible for induction of the pigmentation programme (FigLre) lupregulating
genes that play roles at each stage of the pr¢Cdedi et al., 2010)Three of the key
genes involved in synthesis of melanlyrosinasgLowings et al., 1992; Bentley et
al., 1994; Yasumoto et al., 1994; Galibert et al., 200YRF (Yavuzer et al., 1995;
de la Serna et al., 2006ndDCT (Bertolotto et al., 1998c; Lang et al., 2008)e
directly regulated by MITF. In the case Byrosinaseand TYRP1 MITF recruits the

SWI/SNF ATRdependent chromatremodelling complex to the pmooter to activate

Whnt a-MSH

TGF-B MITF l . l
AR

GLI2 B-catenin/LEF-1 CREB

T Tt T 1

bHLHb2 SOX10 PAX3 Brn-2 0OC2 ],
/ /\ CA(C/T)GTG
TYRO3 BCSC-1
HIF1a PGC-1 G/B Differentiation Survival ProIiFeration
Tyrosinase APE-1 DIAPH1 (p27KeT)

TYRP1 HIF1a TBX2
PMEL BCLI2 p21Cip1
RAB27A Dl
DIAPH1

Figure 1.11. Roles and regulation of MITFM. MITF-M is subject to complex
transcriptional regulation, as outlined in the text. At the top is showMIRE-M
gene (thick bar) with the promoter to the left (thin bar). The transamigtiart site
is marked by the arrow at the junction. The various transcription factors that
been shown to bind to tITF-M promoter, and either stimulate or reprb3F
expression, are illustrated. Distances to the transcription start site dacesuaie.
MITF-M binds to CA(C/T)GTG elements in the promoters and enhancers
target genes (middle). MITM regulates a wide range of processes, incluc
genes regulating differentiation (red box), survival (orange box), and prolifer
(green box It also represses Bih expression, and can promote its o
expression by binding to LEE which is bound to th®IITF-M promoter.
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transcription(de la Serna et al., 200aDCT expression is more complex, and the
activities of CREB, SOX10 and LEE, whch are all recruited to thBCT promoter
by MITF, combine to activatBCT expressior(Bertolotto et al., 1998b; Yasumoto et
al., 2002; Ludwig et al., 2004yvhile PAX3 represses activation DT by MITF or
SOX10(Lang et al., 2005)

MITF also regulates genes that play a role in melanosome biogenesis and
transport. For example, PMEL, the human Silver homologue required for
melanosomal matrix formation, is upgulated by MITF binding to an enhancer in
intron 1(Baxter and Pavan, 200Bu et al., 2003)RAB27A is a small GT®inding
protein, embedded in the melanosome membrane, that complexes with Mgasin
permit the actin cytoskeleton to transport the melanog@akadoran et al., 2001)
and it is upregulated by MITHChiaverini etal., 2008) Finally, MITF induces the
DIAPH1 gene, promoting actin polymerisation and melanocyte dendricity, and
increasing the melanocyte surface area available for melanosome @©gqoeira et
al., 2006)

Differentiating cells frequently undergo a eelicle arrest, or reduce their
progress through the cell cycle, and melanocytes are no exception. MITF induces
G1/S arrest in melanocytes by the-negulation of CDKN2A and CDKN1A which
encode either p1¥“A and p14"F or p21T** respectively(Carreira et al., 2005;
Loercher et al., 20050n differentiation, MITF ugegulates the DICER subunit of
the RNA induced silencing complex (RISC), which processesniiRNAS into their
mature form(Levy et al., 2010a)

Underscoring the white phenotypes of varying severity observeditin
mutant mice, MITF is capable of inducing a pattern of gene expression in

melanocytes that drives the production and export of melanin Mithenutant, Mi®
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carries Mitf?44€

mutation(Steingrimsson et al., 19965244 lies in the loop region,
and mutation here was found to interfere with DNA binding and produced a mouse
with a brown coat rather than the usual black found in-tyibd mice(Steingrimsson

et al., 1996)

1.4.2 MITF: regulation of its expression

In mice, Mitf expression changes throughout development. It is first detected
at the 22somite stage (approximately E9.5) throughout the optical vesicle; it is
restricted to the proximal optic vesicle by thestfinite stage; once éhoptic cup is
present, it is expressed solely in cells that will go on to form the (RIgEyen and
Arnheiter, 2000)Mitf is first expressed in neural cratdrived precursors that initially
appear close to the head and express DCT and Kit, markers arfiahklsts; these
cells later migrate towards the tépdecamp et al., 1997; Nakayama et al., 1998)
Later still Mitf will be found in the choroid of the eye and in whisker follicles
(Nakayama et al., 1998Newborn mice restridvlitf expression to hairoflicles and
the RPE, while, in adult mice, melanocytes, osteoclasts mast cells, heart cells and
skeletal muscle all expredditf (Hodgkinson et al., 1993; Weilbaecher et al., 1998;
King et al., 2002)

The MITF-M promoter is highly conserved between mioel dumans, with
85% identity for the first 400 nucleotides upstream of the transcription start site
(Potterf et al., 2000)In both species, MITH is melanocytespecific, while the
expression pattern of other isoforms varies by tigfuese et al., 1996)dono et al.,
2000) which shows that lineagestricted factors must play a key role in inducing
MITF-M. Mitf is induced by a number of different transcription factors (Figure 1.11),
many of which can subsequently cooperate with MITF to execute itshratelucing

pigmentation. Wnt3a is expressed before Mitf in the developing embryo. Together
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with Wntl, Wnt3a is required for efficient generation of cells originating from neural
crest precursors, in part bitf up-regulation(Takada et al., 1994; Ikeya &, 1997,
Dorsky et al., 1998; Nakayama et al., 1998)nt3a overexpression in melanocytes
can upregulateMITF through TCF/LEF, complexed withrcatenin, binding to three
sites in theMITF promoter(Dorsky et al., 2000; Takeda et al., 2000b; Widlundlet
2002) To date, no MITF binding site in its own promoter has been described, but
MITF has been shown to positively influence its own transcription by bindinglLEF
that is bound to th&ITF promoter(Saito et al., 2002; Yasumoto et al., 2Q0&)nt
signalling also plays a role in MITF function, stimulating bindinghafatenin to helix
2 of MITF (Schepsky et al., 2006 MITF recruitsb-catenin to melanocyispecific
MITF target genes such agrosinasewhere it stimulates their expressig@chepsky
etal., 2006)

PAX3 is also required for melanocyte specification from the neural crest
(Galibert et al., 1999; Lang et al., 2008)up-regulatesMITF by bindingto onesite
in the MITF promoterthat is conserved between mice and hun{aviatanabe et al.,
1998; Potterf et al., 2000andto a secondsite that is humaspecific(Bondurand et
al., 2000) SOX10 inducesMITF expression, binding and activating tiITF
promoter(Lee et al., 2000; Potterf et al., 200@s well as a more distant enhancer
element(Watanabe et al., 2002 glial cells,PAX3 and SOX10act synergistically
to transactivate their targe(&uhlbrodt et al., 1998a)and the same is true the
melanocyte lineagethey act together to drivBlITF expression(Bondurand et al.,
2000) The tyosineprotein kinase receptor TYRO3 promotes SOX10 nuclear
localisation, triggering a strong®tITF induction(Zhu et al., 2009)Finally, binding
of breast cancer suppressor candidate SOX10 inhibited its ability to upegulate

MITF, promoting migrabn of melanoma cellGAnghel et al., 2012)
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Early work showed that cAMBignallingin melanocytesi$ nduced by U
MSH binding MC1R leading to CREB activatiotCREB promotes pigmentation in
an MITRdependent fashioriBertolotto et al., 1996b; Busca arhllotti, 2000)
Taking this one step furthev)ITF is upregulated by stimulation of cAMP signalling
in both melanocytes and melanoma cé@srtolotto et al., 1998a; Price et al., 1998b)
Because CREB is ubiquitously expressed, its role in indudifdr is restricted to the
melanocyte lineage by the actions of SOX10, which binds 100 bp upstream from
CREB (Huber et al., 2003)Both proteins are required for a robust activation of
MITF.

In conjunction with feedorward induction ofMITF by UMSH and cAMP
signalling, UMSH has recently been demonstrated to induce the mitochondrial
biogenesis promoting PPAR coact i viak owhi(chhGC)adllpupg wi t h F
regulatesMITF in conjunction with SOX10(Shoag et al., 2013)MITF, in turn,
inducesP G C 1pdomotingoxidative phosphorylation in melanoma celitaq et al.,
2013) Onecwt2, a cuthomeodomain transcription factor expressed in melanocytes,
has also been reported to bind and activateMhEF promoter(Jacquemin et al.,
2001)

The transcription factor AR, which mediates Hedgehog signallittGasper
et al., 2006) promotes melanoma cell invasiveness in response tobTGFS MA D
signalling(Dennler et al., 2007; Javelaud et al., 20@3).12 is able to represdlITF
(Javelaud et al., 201AMITF can also be repssed by hypoxic environments.
Hypoxia induci bl e -feguatedoon inductignof Wydoklgd in i s up
melanoma cells which, in turn, upgulates a number of transcription factors

including the bHLH protein bHLHbZOIbryt et al., 2006) Consequenyl bHLHb2
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has been demonstrated to bind and represdthi& promoter(Feige et al., 2011;
Cheli et al., 2012)

The POU domain containing transcription factor Brrinduced in response
to b-catenin and whose activity is stimulated by MAPK signalling, s
melanoma cell growtliGoodall et al., 2004b; Goodall et al., 20Q4Rj)n-2 directly
binds and represses tMiTF promoter(Goodall et al., 2008)However, BrR2 has
also been reported to activate MITF expression in certain melanoma cell lines

(Wellbrock et al., 2008Yyeflecting apotentially complexegulatory relationship.

1.43 MITF: protein structure and function

MITF is a member of the Myc superfamily of bHHEZ transcription factors
(Hodgkinson et al., 1993; Hughes et al., 1993%e other members of this family, it
bi nds-CAAINTG-06 -b B x (s pecCAEGTGa O | WCADEG3 06)
elements in the promoters of its target gefientley et al., 1994; Hemesath et al.,
1994; Yasumoto et al., 1994) I n t h e-CAT&ET@E3 6o fmo&t 6 5f6 | aanki ng T
residue is required for strong MITF binding, while there is no such requirement for a
5 &ACGTG3 6 m@Kksanfand Goding, 1998) T hTECAT&®E®G3 6 has been
termed an Mbox because it was conserved in all melanesptecific promoters. A
reent review article compiled all confirmed MITF binding sites and found that
among them the consensudCACAGTG-B §Chetiett e f or
al., 2010) in agreement with the previous studies. However, the molecular
mechanism controlinghoM!| TF i s abl e t o -GACSTG3ndg uainsdh bet
5&ATGTG36 binding sites, and how the presen
affects this, remains to be determined.

Like other bHLH proteins, MITF can bind to its target DNA motifs either as

homodmers or as heterodimers with other members of the MiT subfamily of bHLH
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LZ transcription factors, TFE3, TFEB, and TFBd&emesath et al., 1994WITF does

not, however, heterodimerise with other bHLHA factors such as-mMyc, MAX, and

USF (Hemesath et al1994) even though all these proteins can bind to very similar
sequences. The recent MFDNA co-crystal structure revealed that a three amino
acid insertion, 26@62, in the first heptad of the leucine zipper introduced a break in
helix (2, with the remaiing heptads forming a new helix and giving the overall
leucine zipper a kinked structu@ogenberg et al., 2012Jhis insertion is unique to
MIT proteins, and their deletion permitted MITF heterodimerisation and DNA binding
with  MAX, showing that the isertion is responsible for restricting MITF
heterodimerisation to other MiT proteiffRogenberg et al., 2012)

As mentioned above, MITF interacts witircatenin and the SWI/SNF
complex, which function as MITF eactivators. MITF also interacts with the toise
acetyltransferases p300 and CBP, which stimulate MITF transcriptional a¢Beity
et al., 1997) Two repressors of MITF transcriptional activity have been identified.
Protein kinase @nteracting protein 1 binds and represses MITF in mast celishwh
do not express MIT#, and was also shown to bind MITF in melanocytes, although
no functional studies were performed in the melanod@ezin et al., 1999)The E3
SUMO-protein ligase PIAS3 is also able to repress MITF transcriptional activity by
binding to its leucine zipper and interfering with MITF DNA binding acti\iitgvy et

al., 2002; Levy et al., 2003)

1.44 MITF: post-translational modifications

A number of postranslational modifications of MITF have been described.
c-KIT induces ERK2mediated phosphorylation on S{Blemesath et al., 19983nd
subsequently ERK2 activates Rsk90 to phosphorylate MITF on $AOet al.,

2000) MAPK-mediated phosphorylation of MITF is reported to increase its
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transcriptional activity by association with p3C&P (Price et al., 1998a)
Phosphorylation of S73/409 is dispensable for the developmental role of MITF, as

expression oMitfS’*, MitfS4%% or MitfS73/4094

can complement aMitf-null mouse,

restoring a wileétype phenotypgBauer et al., 2009)Phosphaylation at S409 also
relieves repression of MITF by PIAS8evy et al., 2003)Finally, stimulation of €

KIT signalling also leads to tyrosine phosphorylation at 3 sites in tterminus of

MITF (Lars Ronnstrand, personal communication).

ERK2-mediated phsphorylation of MITF has been reported to enhance
proteasomal degradation of MITF through ubiquitylation at K@@l et al., 2000;

Xu et al., 2000) putting a counterbalance on the activation triggered by MAPK
signalling. MITFubiquitylation can be reverdeby ubiquitinspecific protease 13
(USP13), which elevatedITF protein levels and promotes melanoma gro(idhao

et al., 2011)

MITF has been shown to be phosphorylated on S298 in response to glycogen
synthase kinase b3 (GSK-3b) activity, which enhances transactivation of the
Tyrosinasgoromoter in reporter assagbakeda et al., 2000alrinally, in osteoclasts,
MITF can be phosphorylated on S307 by the MAPK p38, downstream of stimulation
by receptor of NFeB ligand (RANKL), lealing to upregulation of osteoclasipecific
target gene¢Mansky et al., 2002)To date, this phosphorylation event has yet to be
shown to occur in the melanocyte lineage.

Two small ubiquitinlike modifier (SUMO) acceptor sites have been
identified in MITF, at K182 and K316, which modulated transcription when acting in
synergy with other transcription factqiidiller et al., 2005; Murakami and Arnheiter,

2005) Blocking MITF SUMOylation enhanced transactivation by MITF of promoters
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carrying multiple MITF binding sites, and also MIFEOX10 cooperation in

activating theDCT promoter.

1.45 MITF: lineage survival oncogene

MITF expression is retained in many melanomas and melanoma cell lines
(Vachtenheim and Novotna, 1999; Garraway et al., 200E) requirel for melanoma
cell proliferation(Widlund et al., 2002; Du et al., 2004nd it has been implicated in
melanoma progression. Mutations in the activation domains have been identified in
melanoma patients whickn vitro, give rise to altered DNA bindingctvity (Cronin
et al., 2009; Grill et al., 2013)One bHLHLZ mutation has been identified,
MITF®?*R \which also altered DNA bindin¢Cronin et al., 2009)similar to the

effects of the MiP-causing Mitf?*E

mutation (Steingrimsson et al.,, 1996)
Importantly, an MITF38 mutation has been identified in patients with a familial
predisposition to melanoma, resulting in defective SUMOylation at K316 and
increased genormeide MITF DNA binding(Bertolotto et al., 2011; Yokoyama et al.,
2011) MITF may be amplied in melanoma, especially metastatic disg@&araway
et al.,, 2005) and it is able to synergise with BRAF activation to transform
melanocytes and promote melanoma cell grai@&arraway et al., 2005; Wellbrock et
al., 2008) It has been proposed tHdtTF is a lineage survival oncogene, where the
dependency oMITF for melanocyte lineage maintenance is carried over into the
melanomgGarraway et al., 2005)

Brn-2 has been reported to -opgulate MITF in vitro (Wellbrock et al.,
2008) and to represMIITF in vivo, where MITF and Brf2 expression patterns were
mutually exclusive within the same melanoma and served to mark distinct

subpopulations of cell§Goodall et al., 2008; Thurber et al., 201Byn-2 positive

cells are more invasive with enhanced dtosignalling than MITF positive cells,
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which are less invasive with reduced Notch signal(fPigner et al., 2009; Thurber et
al., 2011) These conflicting results were reconciled by the discovery that2hiRs

a repressor of Br2 (Boyle et al.,, 2011)miR-211 is expressed from thdelastatin
(TRPMJ locus, which is regulated by MITEMiller et al., 2004) presenting a
positive feedback loop generating ashable state where either MITF or B2rcan be
expressed, but not both. miR 1also functions as a tumour suppressor and represses
melanoma cell invasiveneqtevy et al., 2010b; Mazar et al., 2010 hich is
mediated by Bri2-suppressionBoyle et al., 2011)miR-211 can be significantly
downregulated in melanoma and melanoblastative to melanocyte§lukic et al.,
2010; Stark et al., 2010allowing Brn2 to dominate the balance between MITF and
Brn-2 levels, promoting a phenotype switch to show more invasive behdtoak

et al., 2008; Pinner et al., 2009)

MITF plays imporant roles in melanoma cell growth and surviVainduces
the apurinic/apyrimidinic endonucleade(APE-1) (Liu et al., 2009) which relieves
the oxidative stress caused by ROS that are elevated in melghmpskens et al.,
1997) MITF also upregulats the MET proto-oncogene.encodingthe heatocyte
growth factor receptor, whichromotes invasiveness and protestmelanocytes and
melanomecells from apoptosigMcGill et al., 2006; Beuret et al., 200WIITF has
also been reported to target the @apopotic protein BCL2(McGill et al., 2002)
which is essential foithe maintenance oMSCs melanoblasts and melanocytes, as
well as melanoma cel(®1cGill et al., 2002; Nishimura et al., 2005; Mak et al., 2006)

Furthemorg MITF, downstream ofU-MSH signaling, induces HIF1U,
conferring protection againeellular stressedBusca et al., 2005 onflictingly, it has
also been reported that whildITF downregulationdoes not induce apoptosis, it is

cleaved by caspases duritige apoptotic processandthat the Gterminal fragment
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could activate caspase 3 and promatoption of preapoptotic melanoma cell
morphology(Larribere et al., 2005)

MITF plays a role in suppression of senescence by inducing the anti
senescence factor TBXZarreira et al., 2000which is upregulated in melanoma
and inhibits senescence and cell cycle arrest by repressifitf'aat p197F (Jacobs
et al., 2000; Prince et al., 2004; Vance et al., 200%Jeed, MITFsilencing by
siRNA depletion can induce senesceriGuliano et al, 2010) MITF activity is
required for faithful passage through mitosis and DNA replication and repair which, if
uncorrected, can result in senesce(8teub et al., 2011)

MITF promotes growthby inducing CDK2, allowing progression through
G1/S (Widlund et al., 2002; Du et al., 2004)ow MITF expression inducea G1/S
cell cyclearrest accompanied by invasive behavidoy,indirectly inducingp27* as
a result of loss of expression of the MITF target ge®PH1 (Carreira et al., 2006)
Loss of DIAPH1resulted in inhibition of the #6ox protein SKP2, which functions as
part of a complex that targets cell cycle regulating proteins for proteasomal
degradationMammoto et al., 2004)One of the proteins SKP2 degrades is"§§27
(Carrano et al., 1999; Tstkev et al., 1999)hence the G1 arrest induced by loss of
MITF (Carreira et al., 2006)

However, in contrast to this, higITF induces a cell cycle arrest. MITF
physically interacts with Rb, and the two cooperate in melanocytes and melanoma
cells by indicing expression of p2f’, which causes a G1/S cell cycle arrest
(Carreira et al., 2005)n melanocytes, elevatedITF expression can also induce a
cell cycle arrest through pi%6** up-regulation(Loercher et al., 2005However, the
same is not truenimelanoma cell lines, and it was hypothesised that one potential

reason for the loss of p%6** in so many melanomas could be selection pressure for
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mutations that confer an escape from MihBuced growth arrest in melanocytes
(Loercher et al., 2005)

A rheostat model of MITF activity has been proposed to explain theaptb
anti-proliferative activities of MITF on melanoma and melanocyte lineage cells
(Carreira et al., 2006)A range of outcomes can result from differing MITF levels:
apoptosis orsenescence in otherwise healthy cells lacking MITF; G1/S cell cycle
arrest resulting from low MITF, which induces B#¥ (low MITF also induces an
invasive, stem celike state); proliferation with intermediate MITF; and
differentiation accompanied by E21°"*/p16™*A-induced G1/S cell cycle arrest by
very high MITF (Figure 1.12). While apoptosis is irreversible and terminal
differentiation thought to be too, it was speculated that, within the range of more
moderateMITF expression, phenotypic changdmsld be reversibl¢Carreira et al.,
2006) Subsequent evidence suggests this to be the(ldas& et al., 2008; Pinner et

al., 2009; Hoek and Goding, 201M®lypoxic regions in tumours tend to suppress

G1 arrest, high p21CiP1/p16/NK4A Differentiated

differentiation (melanocyte)
Reduced proliferation y
Melanoma

Proliferation (melanoblast)

* Quiescent cell

(stem cell-like)

G1 arrest, high p27¥P! invasive

Rjuanoe/uolssaidxe 4] |IN

Senescence/apoptosis

Figure 1.12. Rheostat model of MITF expressioniad activity. In the absence o
MITF, melanocytes undergo apoptosis early in developnméety low MITF
expression iimelanoma cells or in melanocytessults in senescence. LMITF
expression results in invasive, stéike cells with high p2'7"*. MITF-positive
cells are either proliferative or differentiate via P8* and p2£**. Adapted from
Carreira et al. (2006).
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MITF expression, promoting a more invasive phenotiffege et al., 2011; Cheli et

al., 2012) Additionally, TBX2 will block p2£™* activity (Prince et al., 2004; Vance

et al., 2005) p16™** is frequently silenced; and apoptosis is often disrupted, for
example through inactivation of Apaf (Soengas et al., 20Q1)Therefore, the
melanoma cell could very well be trapped within the ranfgroliferative and
invasive phenotypes, and thus be able to selectively switch back and forth based on

the microenvironment.

1.4 Summary and aims

Melanocytes are pigment producing cells under the direct control of MITF,
which is a lineage survival oncogenn many melanomagvialignant melanoma
provides an excellent model to study of cancer progression, as its early stages are well
characterised and easily accessilMETF plays a varied role throughout foetal and
adult life, promoting growth on the one liabut growth arrest on the other, and
inducing the photgrotective pigmentation pathway to protect against UV damage. It
achieves this by directly binding-litox and Mbox elements in the promoters and
enhancers of its target genes.

There is some knowledgabout how upstream signalling pathways will aid the choice
of the appropriate set of target genes to be activated by MITF, but the precise
molecular mechanism permitting MITF to recognise different subsets of its target
genes, and what those subsets to@ystill needs to be elucidated. The objective of
this thesis will therefore be to investigat@ether postranslational modifications of
MITF control its ability to bind DNA and regulate its specificity for different subsets
of binding sitesSpecificaly, the following aims will be addressed:

1. Determine the effect of MAPHnediated, p30®nediated MITFacetylation

the ability of MITF to bind DNA and activate expression of its target genes,
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. ldentify deacetylases that can deacetylate with and/or interdctMATtF,

. Characterise the role of sigpecific acetylation of MITF within its DNA
binding domain in regulating the ability of MITF to productively bind DNA,

. Investigate the regulation of the upstream signalling pathways regulating

MITF acetylation.
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Chapter 2 Materials and Methods

2.1 Reagents

Chemicals and reagents were purchased from S&jdrich unless
otherwise stated. C646 was purchased from Merck, UO126 was from Cell Signaling.
PLX4720 was a gift from Richard Marais (ICR, London).

Throughout the study, autoclaved doutllé s t i | | eatbr whAsBusefpr w
DNA and RNA solutions. Doubld i st i |l |l ed 15 Mq \wwaeadr was

buffers and solutions.

2.2 Bacterial methods

2.2.1 Growth media

The specialised components of all media were purchased from Difco
Laboratories Ltd., and medveere autoclaved prior to use.

Unless otherwise stated, liquid bacterial cultures were grown with shaking at
225 rpm, at 37°C in LuriBertani broth (LB; 1% w/v bactotryptone, 0.5% w/v yeast
extract, 1% w/v NaCl, pH 7.5), supplemented with appropriatbiatits: ampicillin
(100 pg/ml) orkanamycin (30 ugnl).

Bacteria were streaked to obtain clonal colonies on agar plates, comprised of
LB containing 1.5% agar, supplemented with appropriate antibiotics, and poured into
Petri dishes (Sterilin). Plates werred at 4°C, and air dried and warmed to 37°C
before use. They were incubated upside down overnight at 37°C to allow colony

formation.

2.2.2 Bacterial strains

For general cloningg.colist r ai nF D&8GIUa o Z pM1 5-argb] | ac ZYA
U169 recAl endAl hsdR17[rm’] phoA supE44thiLt gy r A9 6 orTOPIA1l o
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(Invitrogen; F- mcr A  d$dRMSmc r B C] 0801 acZmpM15 o | ac:
arabD139 o[araleu] 7697 gal Uwegaidek For pie L [ St r |
directed mutagenesig.coli strain XL1-Blue (Agilent; recAl1 endAl gyrA96 #ii
hsdR17 supE44 relAl laf FPNPAB lacfZ del15 Tnl0 Tet]) was used. For
expression of recombinant proteis,coli strain BL21(DE3) (A ompl' hsdSB(rBi,

mBi) gal dcm(DE3)) was used.

2.2.3 Preparation and storage of competent bacteria

Bacterial stocks were prepared by streaking bacteria onto agar plates to give
clonal colonies after incubating overnight at 37°C. 3 colonies were transferred to 5 ml
LB and grown overnight. The next day a 250 ml culture was inoculated with 250 pl
overnightculture, and grown at 30°C untils§=0.5-0.6. Cells were transferred to ice
cold centrifuge tubes and cooled on ice for 10 minutes, before harvestig@tgl
10 minutes at 4°C. The pellet was suspended in 80 ml ice cold transformation buffer
(20 mM HEPES, 55 mM MnGl 15 mM Cad4, 250 mM KCI) and incubated on ice
for 10 minutes before reentrifuging. The pellet was suspended in 20 ml ice cold
transformation buffer, and 1.5 ml DMSO added and gently mixed. 30 pl aliquots were

snapfrozen in a dry icesthanol bath for longerm storage aB0°C.

2.2.4 Transformation of competent bacteria

For strains except XL-Blue, 30 ul cell aliquots were thawed agéntly
returned to suspension on ice. Plasmid DNA was added to the cells (no more than
10% v/v) and themix incubated on ice for 10 minutes. To permit uptake of DNA, the
bacteria were subjected to heat shock at 42°C for 30 seconds (TBIZN)DE3]),
or 90 seconds (DH5U), and allowed to recov

(Invitrogen; 2% w/v trypdne, 0.5% w/v yeast extract, 10 mM NacCl, 2.5 mM KCI, 10
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mM MgCl,, 10 mM MgSQ, 20 mM glucose) was added and the cells incubated for 1
hour at 37°C with shaking before spreading onrddar plates.

To transform XL1Blue, 50 pl bacteria were transferred te-cold 14 ml
Falcon polypropylene rourdottom tubes, and 1 yl DNA added. After a 30 minute
incubation on ice, the bacteria were hefavcked at 42°C for 45 seconds and returned
to ice for 2 minutes. 250 pl S.0.C. media was added and samples shaken far 37°C

hour before the bacteria were spread oradar plates.

2.2.5Expression of recombinant protein

Constructs to be expressed were transformed Bit®1(DE3). 3 colonies
were grown overnight in 5 ml LB. The next day this was diluted 20 timed. 0@anl
LB containing antibiotics but no chloramphenicol and grown untilg§g#D.7-0.8.
| s o p r-Df-thibgaldctopyranoside (IPTG) was a&ddto a final concentration of
0.5 mM to induce recombinant protein expression. The culture was grown for a
further 26 hours and the bacteria harvested. Prior to protein purification, the pellet

was frozen overnight aR0°C.

2.3 Mammalian cell methods

2.3.1 Mammalian cell maintenance

Unless otherwise stated, allomolayer cell cultures weravailable from
long-term laloratory stocks and weggown at 37°C in humidified air containing 10%
CQO,. Human melanoma celinkes (Table 2.1and B16F10 (mouse melanoma cell
line) were grown in Roswell Park Memorial Institute Medili®40 (RPMI; Gibco),
supplemented with 10% foetal\ine serum (Biosera; FBS)00 U/ml penicillin and

100 pg/ml streptomycin (Invitrogen). Me235, T333A, and T1397A, low passage
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patientderived melanoma cell lind¥alsesia et al., 2011; Nikolaev et al., 20h&2¢re

a gift from Donata Rimoldi (Ludwig Instite for Cancer Research, Univegsite
Lausanne). MCF7 and T47D cell lines (breast cancer) were cultured as for melanoma
cell lines.

HeLa cells were cultured iDul beccods Modified Eagl e
Lonza), supplemented as for RRWB4Q PhoenixAmpho ells (termed Phoenix
hereafter) are derived from 293T célla human embryonic kidney cell line
transformed with adenovirus Ela and expressingS\é0 large T antigen to be
capable of producing amphotropic virusegre they were used as a Amelanocyte
lineage cell line that is highly transfectalded maintaineds for HeLa cells

501mel3xHA-MITF cells, stably expressing wiiype HA-MITF, were a
gift from Irwin Davidson [GBMC, Strasbourg). These and 501mel cell lines stably
expressing mutated HMITF (section 2.3.3jvere maintained as for parental 501mel
cells but with a further supplement of puromycin (3 pg/ml). When plated for

experiments, puromycin was removed from cultures to gwotentialsideeffects.

Table 2.1.Human melanoma cell linedicating mutational status, where known.

Cell line Metastasis | NRAS BRAF MEK PTEN p-catenin | p53
501mel WT V600E WT S37F C277W
SKmel3 Mutant WT Deleted

. A449G,
SKmel28 | Lungl/liver WT V600E T167A L145R
SKmel30 Mutant WT
CHL WT WT WT Mutant
HBL WT WT Mutant WT
E207K
Me235 WT K601E (MEK?2)
E203K
T333A Q61K WT (MEK1)
P124S
T1397A WT V600E (MEK1)
Lul205 Lung WT V600E Deletion WT
MDA -
MB-435 WT V600E WT WT G266E
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Cell lines were regularly passaged at no more tha@080 confluence, and
generallyused for experiments between passages 3 and 20, to allow recovery from
stress associated witlhquid nitrogen storageand to prevent replicatieimduced
senescence or othproblems associated with loitgrm culture. To passage cells, the
culture dish was washed with PBS and 0.25% Trypsin (Gibead added to
dissociate cells. After being returned to the incubator for two mintrigssin was
inactivated in two volumes obmplete mediumand the cells centrifuged at 200 g, 4
minutes. The cell pellet was suspended in complete medium, ready for either passage
or experimental use.

Cells werekeptin longterm storage under liquid nitrogen by freezing cells
in fresh complete ntka (supplemented with 10% FB$00 U/ml penicillin and 100
pg/ml streptomycinbut noadditionalantibiotics) containing 10% DMSO.

On application of drug treatments to cell cultures, DM8&0ethanoldiluted
drugs were added to cultures in fresh medi& aithaximum solvent concentration of

0.1% to avoid possible solventediated toxiity.

2.3.2Transient transfection of DNA into mammalian cells

Cells were plated and g@wn overnight to approximately0O% confluence.
FUGENE 6 (Roche), a blend of lipids, wased as a transfection reagent at the
manufacturerés recommended ratio of 3 Og
mixed with Optimem (Invitrogen)for 5 minutes at room temperature to allow
micelles to form. Plasmid DNA was added to this, and the mix inedldat a further

15 minutes at room terepature before being added dnefse to cells, which were

incubated for up to 72 hours prior to analysis.

50



Chapter 2 Materials and Methods

2.3.3Stable transfection of DNA into mammalian cells

Cell lines stably expressing pcDNA3xHMitf(+) “***R or pcDNA3xHA-
Mitf(+) “***?under puromycin selection were generated by transfectingpémsage
501mel cells seeded in a 10 cm dish with 1 pg pcEMIAF construct and 100 ng
pBABE-puro using FUGENE 6 as described above. The media was replaced the next
day and le culture grown to confluee. Selection with puromycin (@g/ml) was
applied for approximately 1 week until colonies could be observed. The colonies were
gently scraped off the dish with a pipette tip, dissociated with trypsin and plated under
selectionin 96-well plates. Once confluent, clones were expanded into larger culture
vessels and assayed for HNTF expression. Samples of the final clones were stored

in liquid nitrogen, or grown further under selection with puromycin.

2.3.4 siRNA transfection

Short interfering RNA (siRNA) was used to transiently knock down
expression of endogenous genes. Cells were grown to 50% confluence. Lipofectamine
2000 (Invitrogen) was diluted 20 times in Optimem to a final volume ofi20and
siRNA was diluted to a coeatration of 83 nM in 20Ql Optimem in a separate tube.
After standing at room temperature for 5 minutes, they were mixed and incubated for
15 minutes. The cell sé media was changed f
FBS but no antibiotics, before th&R8IA-Lipofectamine mixture added drapise to
the surface of the media. The siRNA sequences used were purchased from QIAGEN
and wer e: -rf(AGCAMIUACGCUUURBIMCCAC)A(TTY3 Nj; and si Luci f e

(si CT-RIUCUCE BAACGUGUCACGUYd(TTS Nj ( Car r@dé)r a et al .,
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2.4 Nucleic acid methods

2.4.1 Plasmid purification

Clonal bacterial cultures were prepared for smaifid largescale plasmid
purification. For smaikcale purifications, colonies were grown overnight in 3 ml LB,
processed with a QIAprep Spin Mimgp Kit (QIAGEN), and the DNA eluted in
water. For largescale purifications, colonies were picked into 2 ml LB and grown for
8 hours before being diluted into 200 ml LB containing appropriate antibiotics and
grown overnight. DNA was purified from the awle using the Plasmid Maxi Kit

(QIAGEN) and the DNA pellet suspended in water.

2.4.2 Quantification of nucleic acids

Nucleic acid were quantified with a NanoDrop 2000 (Thermo). For a
sample of absorbance at 260 @m and extinction coefficient ([ug/mi]™ cm?)
measured at paflength & (cm), the concentratiomd (ug/ml) may be calculated

according to the Bedrambert Law:

For doublestranded DNA- = 0.02 (1g/ml)* cm™* and, for singlestranded
RNA, - = 0.025 ig/ml)*cm™. Samplepurity was assessed using the absorbance ratio
at 260 nm and 280 nm.

Forpure DNAO d e p&@and, forpure RNA) d© e .

2.4.3Agarose gel electrophoresis

To resolve different size®NA fragments agarosayels were preparedy

dissolving agaree (Fisher) in 1xTBE (100 mM Tris, 90 mM boric acid, 1 mM
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EDTA, pH 8.0) in a microwaveEthidium bromide (Sesrn Biotech) was added to 1
pg/ml (ethidium bromide is fluorescent under UV light, and intercalates into double
stranded nucleic acids which grgattnhances this fluorescencé&amples were
prepared irlx loading buffer {6% v/v formamide 1% v/v 1xTBE)and subjected to
electrophoresis at 100 V. Gels were visualised under ultraviolet light using a UVidoc
(UVitec).

Fragments were excised and purifiedm gels using the QlAquick Gel

Extraction Kit (QlI AGEN) according to the

2.4.4Polymerase chain reaction

DNA fragments were amplified from cDNA stocks by polymerase chain

reaction (PCR) for downstream cloning purposesgulinstra PuReTaq Reasdho-

Go PCR beads (VWR). The reaction volume was 25 pl, made up with 1 ug of each
oligonucleotide primer and 100 pg dPNA template. Reactions were carried out

T100 Thermal Cycler (BioRadpy denaturing the samples at 95°C, Snumes;
followed by 30 cycles of denaturation (95°C, 45 seconds), annealing (melting
temperature, 45 seconds), and elongation (72°C, 2 minutes); and concluded with a
final elongation phase of 72°C, 10 minutes to allow extension of all templates. The
PCR poductwas purified with the QIAquick PCR Purification Kit (QIAGENNd

eluted in water

2.4.5Site-directed mutagenesis

Point mutations were introduced in existing plasmids with the QuikChange
Site-Directed Mutagenesis Kit (Agilent). Primers were desigioegipan the mutation
site by a minimum of 20 bases and, where possible, a restriction site was introduced to

simplify screening for positive clones. A reaction mix containing 30 ng DNA
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template, 1.25 ng each primer, 1 pl dNTP mix, 1x reaction buffer, 2.5l U)
PfuTurbo DNA polymerase in a final volume of 50 pl was subjected to an initial
denaturation step of 95°C, 30 seconds; followed by 18 cycles of denaturation (95°C,
30 seconds), annealing (55°C, 1 minute), and elongation (68°C, 1 minute/kb of
plasmid length). Readns were cooled on ice for 2 minutes, before addition of 1 pl
Dpnl (10U/ul) and incubation at 37°C for 1 hour to digest parental -(hatated)

dammethylated DNA.

2.4.6Restriction enzyme digestion

To prepare DNA fragments for ligation, or to screen cldioessuccessful
ligation reactions, restriction enzyme (NEB, Invitrogen, Promega) digests were
carried out in an appropriate 1x reaction buffer at 37°C for 1.5 hours. For some
enzymes, bovine serum albumin (BSA; 100 pug/ml) was added to maamaymatic
stability during incubation. A minimum -fold enzyme excess was used, at a
maximum concentration of 10% of the final volulnenzymes are supplied in 50%
glycerol for storage but are inhibited at levels exceeding 5%. PCR samples were
digested for 2 hours, amall preparative samples were purified with the QIAquick

PCR Purification Kit. Digests were analysed by agarose gel electrophoresis.

2.4.7Ligation

Vectors were digested with restriction enzymes at 37°C for 1.5 hours, and 20
U calfintestinal alkaline phgshatase (; NEB) added for a further hour. To
prevent religation of the vector, restriction enzymes leaving4complementary ends
were used wher e possi bphasphategroBps,tagaie mheipe nt r e

prevent religation of the vector.
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Vector and insert samples were quantified on a single agarose gel and
approximately 100 ng vectavasligated with a 5to 10fold excess of insert in a
reaction containing 400 U T4 DNA ligase in 1x reaction buffer (NEB) for 1 hour at
room temperature, oat 4°C overnight. 5 pl of the reaction was transformed into
competent bacteria, and colonies screened for successful incorporation of the insert by

restriction digestion or PCR.

2.4.8 Plasmids

Plasmids used in the study were either available in the |laippraxternally
sourced, or constructed by the candidate as indicated (Table 2.2). All plasmids not
already available in the laboratory were sequenced prior to use. Note that all MITF
expression constructs encode the (+) splice variant ofWlitfhe majorisoform of
the protein present in the melanocyte lineage.

cDNA was cloned into plasmids using restriction enzymes as indicated
(Table 2.2).pcDNA3-3xHA-Mitf “***R and pcDNA3-3xHA-Mitf “***%point mutants
were cloned intgpcDNA3-3xHA (Figure 2.1a) by amplidation ofMitf cDNA from
existing pcDNA143xFLAG-Mitf constructs. The PCR products were digested with
Bgl I | at sites incorporated at the 56 and
into pcDNA3-3xHA that been digested with BamHI.

The pUCETMitf plasmd for expressingMitf fragments in bacteria was
created by digesting pUC19 and pETINFMiItf 180296 with Kpnland Sapl, and
ligating the products, which had the effect of exchanging the kanamycin resistance
cassette in pETM.1-Mitf with the ampicillin restance cassette of pUC19 (Figure
2.1b). The cassettexpressing the recombinant protein was unchanged. K243R and

K243Q point mutations were introduced by slieected mutagenesis.
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Table 2.2.Plasmids used in the study.

Construct Source and notes
pCMV14-3xFLAG Sigma, available in the laboratory
DCMV14-3xFLAG-Mitf Wild-type and all mutant constructs were available in
laboratory
PcDNA3-3xHA Invitrogen, available in the laboratory

pcDNA3-3xHA-Mitf
PCDNA3-3xHA-Mitf ““**F

PcDNA3-3xHA- Mitf <243

pEGFRC1
pEGFRC1-Mitf
pEFMyc-BRAF®%F
pcDNA3-3xHA-p300
pcDNA3-3xHA-CBP
pCMV-FLAG-PCAF

pCMV-3xFLAG-HDAC

pcDNAS.1-Myc-His-SIRT1
pcDNAS.1-FLAG-SIRT6

pGL3-basic

Available in the laboratory
Prepared by the candidate

Prepared by the candidate

Novagen, available in the laboratory
Available in the laboratory

Available in the laboratory

Available in thelaboratory

Available in the laboratory

Available in the laboratory
Constructs expressing HDAC1, HDAC2, HDAC3 HDAC
HDACS5 were from Heinz Arnheiter (NIH)

Tony Kouzarides (Cambriddéniversity)

Purchased from Addgene (entry 13817)

Firefly luciferase expression construct lacking any prom
region; Promega, available in the laboratory

-300/+80 bp of humaiyrosinasepromoter; available in th
laboratory Contains two CATGTG Mox sequences,
pGL3-hTyr with flanking sequences of foxes mutated t(
To A; available in the laboratory

pGL3-hTyr with flanking sequences of foxes mutated t(
Co C; available in the laboratory

Matthias Wilmans (EMBL, Hamburg)

pGL3-hTyrWT

pGL3-hTYR TA

pGL3-hTYR NN
pETM-11-Mitf. 180-296

pUC19

Invitrogen

pUCET-Mitf.180-296

Prepared by the candidate

pUCET-Mitf. 180-296 %%

Prepared by the candidate

pUCET-Mitf. 180-296*%%

Prepared by the candidate

pUCET-Mitf. 180-296°2*"

Prepared by the candidate

2.4.9 mRNA purification

Cells were grown tdB0% confluenceand harvested at roetemperature
using the RNeasy mini kit (QIAGEN). Cells were scraped in PBS and lysed in Buffer
RLT suppl ement emercaptoethhnollThellysateMvasbthomogenised by

being passed 10 times through a 0.9 mm needle and PN#ied on

RNeasy spin columns before beielgted innuclease free water.
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2.4.10 Quantifying gene expression levels

1 pg RNA was used processed with the QuantiTect Reverse Transcriptase
Kit (QIAGEN), which removes genomic DNA before catalysing fssand ©NA
synthesis and, finally, removal of any remaining RNA. Quantitative PCR (QPCR) was
used to analyse gene expression levels. Primers used to measure gene expression were
designed, wherever possible, to be intron spanning so as to avoid amplificatign of an

contaminating genomic DNA. gPCR was performed in technical duplicate in a 15 pl

A

7 Mcs; sapl
o~ Kpnl 208
Pstl 249

i r$  PETM-11 wr
60 kb linker

Ncol 877

Figure 2.1. Plasmids used for subcloning in the studyRelevant unique
restriction sites are indicated. (A) pcDNA3HA (modified inhouse from
Invitrogen pcDNA3) was e to clone fullength MITF constructs. (B) pUCE"
was created from the Salpnl fragments of pUC19 (Invitrogen) and pETM-

Mitf.180-296 (Matthias Wilmans). Images adapted from materials supplied

the original source of the plasmid.
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reaction volumecontaining 1X SensiMix SYBR kit (Bioline), forward and reverse
primers (each 0.3 uM), and an appropriate amount ofdtrand cDNA as a template.

PCR reactions were performed in a Corbett R@ene 6000 (QIAGEN).
Reactions were held at 95°C f&® mirutes before 55yles of 96°C, 5 seconds;
61°C, 10 seconds; 72°C, 5 seconds in a Copvatib-Gene 6000 (QIAGEN). Finally
the temperature was raisedrit 72°C to 96°C in steps of 1°C evesysecondgo
generate meleurves. Reactions that passed an emglisi determined amplification
threshold and where the melirve indicated a faithful amplification rather than one
started by primer dimerization.

Results are expressed using theD2{ta Delta C(T)) method, relative to a

housekeeping gene as indicabsfiow (Livak and Schmittgen, 2001)
datog®MI QR
Y¥o o) o)

whereY6 is the threshold value of the sample gene, ¥%hd is the

threshold value of the reference housekeeping gene.

2.411 Gene expression arrays

30 ng of RNA extracted as described above was hybridised in triplicate to a
Human HTF12 v4.0 Expression BeadChip (lllumina) and scanned on an IScan
(NMumina). Array measurements, along with initial analysis in Genome Studio
(lumina) to extract average probe intensities, were conducted by Dilair Baban (High
Throughput Genomics, Wellcome Trust Centre for Human Genetics, University of

Oxford). See section 2.7.1 for dés of the subsequent analysis.
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2.412 RNA-Sequencing

Total RNA was extracted from cells essentially as described as in Section
2.4.9. An additional step of erzblumn DNase digestion, performed at room
temperature for 15 minutes, was added between adighate to the column and the
washing steps. Library preparation and paied sequencing (RN&eq) was
performed by Lorna Gregory (High Throughput Genomics, Wellcome Trust Centre
for Human Genetics, University of Oxford). See section 2.8.2 for detailheof

analysis.

2.5Protein methods

2.5.1 Cell extracts

2.5.1.1 Whole cell extracts

Whole cell extracts were prepared by washing cells htateé PBS followed
by lysis in hot 2x SDFAGE loading buffer (78.0 mM Tris [pH 6.8], 4% SDS, 20%
glycerol, 0.2% bromphenol blue, supplemented with 100 mM DTT). Extracts were

boiledat 95°C for 5 minutes and stored-8d°C.

2.5.1.2Nuclear extracts

Nuclear extracts were prepared on ice or at @Wi@gnam et al., 1983)Cells
were washed and scraped in-amd PBS, pdéted at 200 g, 5 minutes, and suspended
in nuclearisolation buffer (10 mM HEPES [pH 7.9], 1.5 mM MgC10 mM KClI, 0.5
mM DTT, 1x protease inhibitor cocktail [PIC; Roche], 10 mM sodium butyrate), 10
minutes. NP40 was added to 0.2% for 5 minutes to remtwe cell membrane (it is

not a sufficiently powerful detergent to disrupt the nuclear envelope), and nuclear
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exposure monitored under the microscope. Nuclei were collected at 600 g, 5 minutes,
lysed in nucleaextraction buffer (20 mM HEPES [pH 7.9], 48@M NaCl, 1.5 mM
MgCl,, 0.2 mM EDTA, 0.5 mM DTT, 25% glycerol, 1x PIC, 10 mM sodium
butyrate), 10 minutes, and centrifuged aj0o00 g, 10 minutes. Extracts were frozen

on dry ice and stored e80°C until use.

2.5.2Protein purification

2.5.2. 1immunopredpitation

All steps were carried out with igmld buffers, on ice or at 4°C. Cells were
scraped and washed in PBS. Cell pellets were lysed for 5 minutesilitysis buffer
(50 mM Tris [pH 8.0], 150 mM NaCl,1 mM EDTA, 1% Triton %100, supplemented
with 1x PIC, 1x phosphatase inhibitor cocktails [Roche], 10mM sodium butyrate
mM nicotinamid@ and clarified by centrifugation (J@0g, 10 minutes). 50 ul of the
supernatant was retained as an input, and the remainder rotated overnight with 1 pg
antibody(Myc-9E10 [Santa Cruz], HA [Sigmp]50 ul of a 50% protein @garose
bead slurry (Roche), previously equilibrated in lysis buffer, was added and the
samples rotated for 2 hours. For FLAG IPs, 20 pl of a 50% slurry ofFaitG
conjugated protein @agarosebeads, previously equilibrated in lysis buffer, was
directly added to the clarified lysate for 2 hours, eliminating the need for overnight
incubation. The beads were washed three times for 10 minutes in lysis buffer, and

boiled in 2x SDSPAGE loading butr.

2.5.2.2His-tagged protein purification

All steps were carried out on ice at 4°C with-ad buffers. Frozen pellets

of 100 mlbacterial cultures were thawed and suspended iml native lysis buffer
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(50 mM NaHPQO; 300 mM NaCl, 10 mM imidazolel0% v/v glycerol,pH 7.4
[NaOH], supplemented with 1x protease inhibitor cocktail; inclusion of a small
amount of imidazole in the lysis buffer helps prevent-specific binding to nickel
beads) for 10 minutes. Lysozyme was adde@l 2ong/ml to digest baetial cell walls

for 20 minutes before sonicatiam icewith 6 bursts at fulpower, 2 seconds, with

18 seconds recovery between puls@sd clarification by centrifugation at ;000 g,

30 minutes. The clarified lysate was mixed by rotation for two heitts 150 pl of a
50% NENTA slurry previously equilibrated in lysis buffer. The mix was loaded into a
polypropylene chromatography column (BRad) that had been washed in lysis
buffer and the beads settled by gravity fléMter passing the flowhroughback over

the column, itwvas washed twice in wash buffer (50 mM N&&,, 300 mM NacCl, 20
mM imidazole,10% v/v glycerol, pH 7.4NaOH]) and bound material eluted fine

500 d fractions of elution buffer 30 mM NahBPQO,, 300 mM NaCl,250 mM
imidazole 10%v/v glycerol pH 7.4 [NaOH]). Aliquots of input and unbound lysate
and wash fractions were collected to confirm that the recombinant protein was
specifically purified in the eluate fractionsFractions containing negure
recombinant protein were pooleddaglycerol added to a final concentration of 30%

to act as a preservative. Proteins were aliquoted and stoaf Gt

2.5.3SDSPAGE

Extracts were resolved by SElyacrylamide gel electrophoresis (SDS
PAGE) containing an appropriate acrylamide cortcation, 375 mM Tris (pH 8.9),
0.1% (v/v) SDS, and polymerised with 0.1% ammonium persulfate (APS) and
Tetramethylethylenediamin@ EMED). Gels were poured with 45% stock acrylamide
(200:1 acrylamide:bigcrylamide; Severn Biotech). Resolving gels wererlaue

with a stacking gel comprising 6% acrylamide (30%, 37.5:1 acrylamide:bis
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acrylamide; Severn Biotech), 146 mM Tris (pH 6.8), 0.05% (v/v) SDS, and
polymerised with 0.1% APS and TEMEDBels were run at 175 V in running buffer
(52 mM Tris, 53 mM glycine1% SDS for approximately 50 minutes until the

loading dye front had just run off the gel.

2.5.4Coomassie staining

To visualise proteins directly, SBFFAGE gels were stained with Coomassie
Brilliant Blue R250, which tightly binds to proteins. Gels wkxed in fixing solution
(10% glacial acetic acid [Fisher], 20% ethanol [Fisher]) to dehydhete prior to
staining. Fixing solution was removed, the gel covered with Coomassie solution
(0.1% w/v Coomassie Brilliant Blue R250, 10% glacial acetic aciép #@ethanol,
filtered to remove particulates), and microwaved for 20 seconds to boil the solution.
The gel was rocked for 10 minutes at room temperature to allow incorporation of the
stain, before being rinsed in water and rocked with destaining solutéa ¢lacial
acetic acid, 40% methanol) for 1 hour at room temperature to overnight at 4°C to

remove excess Coomassie. Gels were photographed using a Gel D&a@io

2.5.5Western blotting

Proteins were electrmansferred (150 mA, 90 minutes) transferbuffer (31
mM Tris, 192 mM glycine, 20% methanditpm SDSPAGE gels to methangoaked
polyvinylidene difluoride(PVDF; GE Healthcare) membrand$ie membranewere
subsequently blocked for 1 hour at roctemperature in 5% nonfat milk in PBS
supplementedvith 0.1% Tweer20 (PBST), before beingncubated with primary
antibody dilutedas indicated (Table 2.4 5% nonfat milk in PBST for 1 hour at
roomtemperature, or overnight at 4°Bfter three PBST washes, membranes were

incubated with horseradislepxidaseconjugated secondary antibodies for 1 hour at
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roomtemperature, washed and visualised with enhanced chemiluminescence reagents
(Amersham). For phospkepecific and antacetytlysine antibodiesmembranes were
blocked and incubated with primarytdbody in % BSA diluted in Tris-buffered
saline(TBS; 25 mM Tris base, 150 mM NacCl, 2 mM KCI, pH 7sépplemented with

0.1% Tweer20 (TBST). Washes were in TBS$, and secondary antibodies used as

above.

2.5.6 Electrophoretic mobiliyshift assay

ProteinDNA interactions can be investigateth vitro through an
electrophoretic mobilishift assay (EMSA). An enthbelled doublestranded
oligonucleotide probe is mixed with a protein of interest. If the protein binds to the

probe, t hen iltyma napve gebwdl besretarded

2.5.6.1 Probe preparation

~

20 Og of each strand of an oligonucle
overhang, were annealed in the presence of 1x React 3 buffer (Invitrogen) in a
programme comprised of 2 minutes, 94°0; rhinutes, 65°C; 10 minutes, 37°C; 10
minutes, 25°C. 200 ng annealed probe was labelled in a 50 pl reaction containing 1x
React 2 buffer (Invitrogen); 200 ug/ml BSA; 2 uM DTT; 200 uM each dATP, dGTP,
dTTP (Invitrogen); 1 pl Klenow Polymerase (Invitroged)s pl %32-p-dCTP (a5
HCi). The reaction was incubated for 1 hour at room temperature before addition of 20
Mg glycogen to act as a carrier for the labelled probe and 50 pl water. The mix was
extracted twice through an equal volume of phamdbroform andprecipitated
overnight in 20 pg glycogen, 1 volume ammonium acetate (5 M), and 6 volumes
ethanol at20°C. The next day the probe was recovered by centrifugation (16,000 g,

30 minutes) and suspended in water. It was usable for at least two weeks.
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2.5.6.2EMSA 1: pure protein

To carry out EMSA with pure protein, a 20 pl reaction mix was prepared on
ice containing 14 pl bandshift buffer (25 mM HEPES [pH 7.4], 150 mM KCI, 10%
glycerol), 200 pg/ml BSA, 5 pM DTT and 1 pl protein. This was incubated for 15
minutes at room temperature with 1 pl labelled probe which had been diluted to
approximately 50 coumgerminute before loading on a native gel containing 6%
acrylamide (44% stock solution, 29:1 acrylamidedmsylamide; Severn Biotech) and
0.5X TBE (Gibco) polymerised with addition of 0.09% APS and TEMED. Gels were
run at 180V, 100 minutes, before drying under vacuum for 40 minutes, 80°C. Dried

gels were exposed to autoradiography film for an appropriate length of time.

2.5.6.3 EMSA 2: crude lysate

Numeroudactors (for example:-Myc, USF) can also bind to MITF binding
sitesin vitro. This could either lead to their outcompeting MITF for binding to the
probe, or their obscuring MIFBpecific bands. Therefore a more stringent binding
assay was employed wheallclysates were useBertolotto et al., 1996aA 20 ul
reaction mix was prepared on ice by diluting 1 ul of a nuclear extract diluted in 16 pl
MITF bandshift buffer (10 mM Tris [pH 7.5], 100 mM NaCl, 2 mM MgClmM
EDTA [pH 8.0], 1 mM DTT, 4% glyceroll0% foetal calf serum [Biosera], 80 pg/ml
sonicated salmon sperm DNA [Agilent], 2 mM spermidine). 1 ul (50 ceperts
minute) labelled probe was added for 20 minutes at room temperature before the gel

was loaded and run as before.

2.5.6.4 Antibody supersth

To confirm that bands observed in an EMSA result from the protein of

interest binding to the probe, 1 ul antibody against the protein of interest can be added
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to the reaction mix, on ice, for 20 minutes prior to addition of labelled probe. For
MITF EMSA using cell lysates, this was necessary to identify M$pEcific binding;
although a more stringent assay was employed, several shifted bands were still seen
on the gel, only one of which results from MFbinding. The antibody used was

against FLAG (Signa).

2.5.6.5 Competition EMSA

EMSA may be used to determine relative binding affinities of a protein to
different target sequences. To perform these experiments, a dilution series of either
unlabelled oligonucleotide probes or sonicated salmon sperm DM titated into
the proteirbandshift buffer for 20 minutes on ice prior to addition of labelled probe
as described above. For experiments involving antibodies and competitor DNA, the
antibody was incubated with the protein for 20 minutes prior to addificompetitor

DNA, and the labelled probe added 20 minutes after this.

2.5.7Chromatin immunoprecipitation (ChIP)

Cells were grown to 80% confluence in 15 cm dishes, washed in cold PBS,
and fixed for 10 minutes at room temperature on a plate rockeldifP&S containing
0.4% paraformaldehyde (Electron Microscopy Science), which -tirdss primary
amino groups in proteins with nearby nitrogen atoms in protein or DNA v@&Hai
linkage. Glycine was added to a final concentration of 0.2 M to quench the cross
linking reaction and the plates rocked for a further 10 minutes. Cells were washed and
scraped in cold PBS, pooled in groups of 3 plates and centrifuged at 1500 g, 5
minutes The pellet was suspended on ice for 10 minutdsnm ChlIP lysis buffer (50
mM Tris-HCI [pH 8.0], 10 mM EDTA [pH 8.0], 1% SDS, supplemented with 1x

protease inhibitor cocktail [Roche] and 0.5 mM phenylmethanesulfonylfluoride
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[PMSF]) and sonicated for 1finutes in a Covaris S220 at 140 W Peak Incident
Power, 5% Duty Cycle and 200 Cycles per Burst. The water bath was continually
degassed and maintained &C4throughout the sonication procegs aliquot of
chromatin was taken to reverse the cilodeng (see below) to confirm that
sonication resulted in fragmentation approximately 30(bp, and to quantify the
chromatin concentration. It was retained as an input fraction.

70 pg chromatin was diluted 9 times in ChlIP dilution buffer (16.7 mM-Tris
HCI [pH 8.0], 167 mM NacCl, 1.2 mM EDTA [pH 8.0], 0.01% SDS, 1.1% Triton X
100) and precleared for (2 hours at 4°C) by rotation with 50 pl of a 50% pre&in
sepharose slurrfRoche) previously equilibrated in ChIP dilution buffer and blocked
with 0.5 mg/ml BSAand 0.5 mg/ml sonicated salmon sperm DNA for at least 4 hours.
The supernatant was rotated overnight at 4°C with 5 pgntfHA antibody(clone
12C5, Roche). Bound material was recovered after incubation for 1 hour with 50 pl
pre-blocked proteirG sephawse slurry. The beads were washed for 10 minutes, at
4°C, two times each in low salt buffer (20 mM THEI [pH 8.0], 150 mM NaCl, 2
mM EDTA [pH 8.0], 0.1% SDS, 1% Triton-X00), high salt buffer (20 mM THEICI
[pH 8.0], 500 mM NaCl, 2 mM EDTA [pH 8.0],.0% SDS, 1% Triton XL00),
lithium chloride buffer (0.25 M LiCl, 10 mM Tris$ICl [pH 8.0], 1 mM EDTA [pH
8.0], 1% NP40, 1% sodium deoxycholate), and TE buffer (10 mM-H@, 1 mM
EDTA, pH 8.0)and recovered by centrifugation at 200 g, 30 secdlitiomain was
eluted from the beadgwice at room temperature for 15 minutes in 250 pl fresh
elution buffer (100 mM NaHC¢) 1% SDS).

Crosslinks were reversed by overnight incubation at 65°C with 0.3 M NacCl
and 10 pg RNase A followed by addition of 4 mM THEI (pH 8.0), 10 mM EDTA

(pH 8.0) and 20 pg Proteinase K (Fermentas) fhodr at 42°C. DNA was extracted
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sequentially through equal volumes of phedaoroform followed by chloroform,
and precipitated with 1 pg glycoggRoche) in 0.1 volumes sodium acé&ta(3 M)
and 2 volumes 100% ethanol for 4 hotosovernightat -20°C before centrifugation
for 30 minutes at 1600 g. The pllet was washed in 70% ethanol aaubpended in
50 pl water

Analysis was by gPCR. gPCR was performed in technical duplicatd$n a
pl reaction volume containing 1X SensiMix SYBR kit (Bioline), forward and reverse
primers (each 0.3 uM), and an appropriate amount of ChIP product. A standard curve
using a dilution series of input DNA was prepared for each target amplicon and ChIP
condtion. PCR reactions were held at 95°C 1dr minutes before 55ycles of 96°C,
5 seconds; 61°C, 10 seconds; 72°C, 5 seconds in a Cdrbait-Gene 6000
(QIAGEN). Finally he temperature was raiseart 72°C to 96°C in steps of 1°C
every 5 secondsto geneate melcurves. Reactions that passed an empirically
determined amplification threshold and where the Jn@ive indicated a faithful
amplification rather than one started by primer dimerization were analysed by
calculating the enrichment of each targethe ChIP product relative to the amount of

DNA present in the input control.

2.5.7.1ChIP-Sequencing

For ChIRSequencing (ChH3eq) experiments, Ol parallel ChIPs were
pooled to a final volume of DNA of 50 ul, and an aliquot verified by qPSE&mples
were subjected to 50 bp, singdemd sequencing using an lllumina HiSeq 2500
following the manuf act utoalgthe readsdothuniant i on s
genomebuild hgl9 (GRCh37, February 2009) using Bowtiangmead et al., 2009)

allowing for 2 misnatches. Sequencing and this initial analysis was carriellydbe
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IGBMC Microarray and Sequencing platfo(iGBMC, Strasbourly See section 2.7.3

for details of the analysis.

2.6 Cell biology methods

2.6.1Brightfield imaging

Brightfield images to exame cell morphology were obtained by
photography at 20 magnification using a Nikon microscope and Metamorph

software.

2.6.2 Scratchwound healingassay

Cells were plated in 1®ell plates and grown to confluence, after which
scratchwounds were introducedith a pipette tip. The media was removed and cells
washed with two changes of PBS to remove dislodged cells, and fresh media added.
Photographs were taken every 15 minutes at the same stage coordinates at 10
magnification using a Nikon microscope equipped with Metamorph software to
follow closure of the wound. Wound closure was analysed with custom macros from
Mark Shipman (Ludwig Institute for Cancer Research, University of Oxford) to

measure the remainingea of the wound at each time point.

2.6.3 Confocal microscopy

Cells were gown to 80% confluence on 16 mthickness number 1 glass
cover slips(VWR) in 12-well plates, washed 3 times in PBS and fixed at room
temperature, 10 minutes, in 4% paraformaldehydkssolved in PBS. After 3 PBS
washes cells were permeabilised in PBS containing 0.2% Tritd@0Xat room

temperature10 minutes. After 3 further PBS washes, the coverslips were blocked in
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5% BSA dissolved in PBS at room temperature for 30 minutes.nfary antibodies
were dilutedas indicated (Table 2.4h 5% BSA in PBST and added overnight at
4°C. After 3 PBSI washes, Alexa Flueronjugated secondary antibodies
(Invitrogen) diluted 1:1000 in 5% BSA in PB% were added for 1 hour at room
temperatureThe coverslips were washed 3 final times in PB&nd mounted on
slides with a drop of Vectashield mounting medium containing DAPI (Vector
Laboratories). Slides were imaged on a LSM710 cohfogaroscope using ZEN

software.

2.6.4 Cell growth assays

3-(4,5-Dimethylthiazot2-yl)-2,5diphenyltetrazolium bromidgMTT) is a
yellow tetrazole that is reduced to purple formazanmitpchondrialreductases in
viable, metabolically activeells, and can thus provide a simple spectrophotometric
viable cell count. Aés were cultured in 98vell plates.At appropriate times, the
growth media was replaced with fresh medium containing MTT (1 mg/ml). After
incubation in the dark at 37°C for 2 hours, cells were lysed in 100 ul DMSO and
absorbance at 570 nm measurgth a Glomax Multidetection System (10 second

integration time; Promega)

2.6.5Flow cytometry

GFP content of cells was measured by flow cytometry. Cells were grown to
80% confluence in-6vell plates and dyes added to an appropriate concentration. After
15 minutes, cells were trypsinised and harvested by centrifugation at 200 g, 2 minutes.
The pellé was suspended in 230 staining solution (PBS supplemented with 2 mM

EDTA [pH 8.0], 5% FBS, 0.01% NaN and kept on ice before reading.
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Measurements were taken on a FACS Canto (BD), by scoring FITC fluorescence in

live cells relative to sidscatteringwhich measures the inner granularity of the cell).
Cell-cycle distribution of a population of celisas also analysed biyow

cytometry.Cells were grown and harvested as above. Cell pellets were fixed in PBS

containing 70% ethanol by incubation on ice Tohour. After centrifugation at 200 g,

2 minutes, cells were suspended in propidium iodide (PI) solution (PBS supplemented

with 50 pg/ml PI, 100pg/ml RNAse A, 0.05% Triton XL00) and incubated at 37°C,

40 minutes. After centrifugation at 200 g, 2 mirgjteells were suspended in 250 pl

staining solution and kept on ice before reading. Cell cycle measurements were made

on a FACS Canto. Among the population of live cells, cell cycle profiles were

prepared by measuring the PI fluorescence in each cell.

2.66 Luciferase reporter assays

Luciferase reporters, which drive expression of luciferase under the control
of a promoter region of interest, were used to gain a measure of the ability of proteins
to activate transcription under variable conditions. Cellevpéated in 24vell plates
and, 40 hours postansfection, lyseth 100 pl Passive Lysis Buffer (Promega) for 20
minutes at room temperature with rocking. 50 pl Luciferase Assay Buffer was added
to 20 pl lysate and luminescence measured with a Glomati-Metiection System (10

second integration time; Promega).

2.7 Bioinformatics

2.7.1 Microarrays

Probe average intensities for probes describing coding genes were imported

into Bioconductor (www.bioconductor.org) and analysed with the limma package
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(Smyth,2004; Shi et al., 2010Probe intensities were background corrected against
negative control probes for each array, and quantile normalisation performed.
Intensities for expressed probes were averaged within each array to givgen@er
intensity, aftewhich differential expression was assessed between each sample type.
Genes were considered to be significantly upregulated where the absolute log2 fold
change between two sample types exceeded 1, corresponding tochdaioipk in
expression of 2. Principabmponent analysis was performed with limma.
Clustering analysis of both genes and sample types was carried out with the
Easy Microarray Analysis package, using Pe

linkage(Servant et al., 2010)

2.7.2 RNASeq

Filescontaining pairegend sequencing reads were mapped to human genome
build hgl9 using CLC Genomics Workbench software (CLC Bio) by Qi Zhao
(Ludwig Collaborative Laboratory, Johns Hopkins University). Expression values for
each gene were calculated as thmber of exoraligned reads exons, per kilobase of
exon, per million total uniquely mapping reads (RPKM). The Pearson correlation
coefficients and corresponding scatter plots of the RPKM between differertSeiyA

experiments were computed in Rtp://www.R-project.org).

2.7.3 ChIRSeq

Files containing reads mapped to hgl9 were filtered to remove PCR
duplicates using the MarkDuplicates function of Picard Tools (version 1.96,
http://picard.sourceforge.neand samples were randomly subsampled to normalise
the number of reads used for analysis. Wiggle files displaying continuous read density

were compiled at 25 bp resolution using Metated Analysis of Ch#8eq (MACS,
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version 1.42)(Zhang et al., 2008and uploaded to the University of California at
Santa @uz (UCSC) Genome Browser for visualisation.

Peak coordinates were identified using MACS2 through a local installation
of Galaxy(Giardine et al., 2005; Blankenberg et al., 2010; Goecks et al., B8I©)
the default settings. Two statistical parameters alculated by MACS2 for each
peak: a pvalue assessing the significance of a peak, andiaug, adjusting the-p
values of the dataset based on the fdiseovery rate(Storey, 2002) After peak
calling, a gvalue threshold of I8 was applied to sett only the most statistically
significant peaks in each sample.

Genomewide analysis of binding distributions (Figures 3.18 and 4.14) were
produced using the Cistrome ser¢eiu et al., 2011) Heatmaps (parts A and B) were
produced using the Heatmap kotaking as a reference the 1 kb around the summits
of peaks in one ChH3eq sample. Within every region, read density in each sample
was measured in 10 bp windows, and regions were sorted by the intensity of the
reference peaks. Genomade Pearson cori&ion (part C) was performed by
measuring the median read density in 100 kb windows throughout the genome, prior
to calculating the Pearson correlation coefficient between the samples across these
windows. To prevent bias in interpreting the results, sbatter is smoothed and
coloured by pixel density at each position in the chart: the deeper the colour, the
greater number of windows are lying under the pixel. Pearson correlation within peak
coordinates (parts D and E) was performed as for part C digtme, except that the
median read density in the samples being compared within the boundaries of each
peak of the reference sample was measured.

Peaks were assigned to genes if they lay either within the gene body or

within 20 kb of theranscription engite (TES) and transcription start site (TSS) using
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CisGenomdJietal,2008) Categorisation of peaks as

and 30 wuntransl|l ated regions, core and
performed withCis-regulatory Elenent Annotation SysteniICEAS; version 1.0.2)
(Shin et al., 2009)

To find overlapping and unique peaks between two samples, the peak
coordinates were compared using BedtqQusinlan and Hall, 2010)Histograms of
summit density around the TSS peak height] boxplots of different peak samples,
were produced in R.

Genomewi de | oc at rCATGIG300f aaaCACCGHEEB O wer e
provided by Benjamin SchusteBockler (Ludwig Institute for Cancer Research,
University of Oxford). Mitf ChlRSeq peaks were expasd 8 bp in both directions
using Bedtools, to permit detection of any motifs overlapping the edges of the peak
region. Files containing motif coordinates were intersected with these expanded peak
regions using Bedtools. Subsequent motif analysis was ctatincR.De novomotif
prediction was conducted by extracting the sequence from the 60 bp surrounding the
summit region of 900 peaks as specified using CisGenome, and by submitting these
sequences to the MEMEhIP online tool(Machanick and Bailey, 2011Pefault
settings were used, except that multiple occurrences of the consensus motif per
sequence were permitted.

ChiP-Seq peaks were compared with RPKM values from R4

experiments using R.

2.7.2 Gene ontology analysis

Gene ontology (GO) and Kyoto eradgpaedia of genes and genomes

(KEGG) pathway analysis was conducted using Degabase forAnnotation,
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Visualization andntegratedDiscovery(DAVID) (Huang da et al., 2009gainst a

whole-genome background using default settings.

2.8 Oligonucleotides

Oligonucleotide primers were designed in the laboratory and synthesised by
Integrated DNA Technologies for use as outlined (Table 2.3). Note that for EMSA,
only the top strand sequence is listed. A second complementary sequence was
prepared that reversed andmplemented the top strand with the exception of the

initiating CTAG, which was placed at the start of all EMSA oligonucleotides to leave

a -Gvérhanging CTAG at both ends. Underlined bases in EMSA primers are mutated

relative to thelyr CAT sequence, hich is based on thByrosinaseenhancer Moox.

Table 2.3.Primers used in the course of the study.

Use Sequence Comments
CTAGACTTGTGGAGATCATGTGATG | - 1=
ACTTCCTGATTCCT y
CTAGACTTGTGGAGATCATGTGCTG
ACTTCCTGATTCCT TyrCAT_TC
CTAGACTTGTGGAGATCATGTGITG
ACTTCCTGATTCCT TyrCAT_TT
CTAGACTTGTGGAGACCATGTGATG
ACTTCCTGATTCCT Tyr CAT_CA
CTAGACTTGTGGAGACCATGTGCTG
ACTTCCTGATTCCT TyrCAT_CC
CTAGACTTGTGGAGATCACGTGATG | 1\
ACTTCCTGATTCCT Y
CTAGACTTGTGGAGATCACGTGCTG
ACTTCCTGATTCCT TyrCAC_TC

EMSA [ CTAGACTTGTGGAGATCACGTGITG | 1 crc 17
ACTTCCTGATTCCT yront_
CTAGACTTGTGGAGACCACGTGATG
ACTTCCTGATTCCT Tyr CAC_CA
CTAGACTTGTGGAGACCACGTGCTG
ACTTCCTGATTCCT TyrCAT_CC
CTAGACTTGTGGAGATCACGTGATG
ACTTCCTGATTCCT Tyr CAC M1
CTAGACTTGTGGAGATCACTTTATG
ACTTCCTGATTCCT Tyr CAC M2
CTAGACTTGTGGAGATCATTTTATG
ACTTCCTGATTCCT TyrCAC M3
CTAGACTTGTGGAGATCITTTTATG
ACTTCCTGATTCCT Tyr CAC M4
CTAGACTTGTGGAGATITITTTATGA
CTTCCTGATTCCT Tyr CAC M5
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Use Sequence Comments
AGACGAATTCAGATCATGCTCGAAA | £li 1% e s, ATd
TGCTAGAATACAGTCACTA . ’

underlined.
AGACGAATTCAGATCETAACACGCA | (Cicrtn 18 “2Cet ahi i sites |
TGCTCCGTTTCTTC P ' .

italics, TAG underlined.
GATCCAGACATGCGGTGGAACCAG MitfK2%% mutagenesis forward

Cloning GGTACCATTCTCAAGGCCTCTGTG

andspm | SACAGAGGCCTTGAGAATGGTACCC | i graese mutagenesis reverse
TGGTTCCACCGCATGTCTGGATC
GATCCAGACATGCGGTGGAACAGA Mitf 23R mutagenesis forward
GGTACCATTCTCAAGGCCTCTGTG
CACAGAGGCCTTGAGAATGGTACCT Mitf 2% mutagenesis reverse
CTGTTCCACCGCATGTCTGGATC
GATCCAGACATGCGGTGGAAQRRAG Mitf ®*® mutagenesis forward
AGAACCATTCTCAAGGCCTCTGTG
CACAGAGGCCTTGAGAATGGTTCTC Mitf 5%® mutagenesis reverse
TTGTTCCACCGCATGTCTGGATC
CTGATGGACGATGCCCTCTC MouseMitf forward

Gene TCCGTTTCTTCTGCGCTCAT MouseMitf reverse

expression| TTGGGTTTTCCAGCTAAGTTCT HumanTBPforward
CCAGGAAATAACTCTGGCTCA HumanTBPreverse
CGAGAACATAGAAAAGAATTATGA Human Tyrosinase Enhancer {1.8 kb)
AA forward
CTCTGGCTGGAATCAGGAAG Human Tyrosinase Enhancer {1.8 kb)

ChiP reverse _
TTTCCCCTGTCTCAGGAGTT HumanTyrosinase 1 kb forward
TGCAAGTGTTATCAAGGGAGTG HumanTyrosinase 1 kb reverse
ACCGACATCTTTCTCCCGTT HumanProtamineforward

AGTCATCCCACTCTTCTCTCC

HumanProtaminereverse
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Table 2.4.Antibodies and their dilutions used in the study.
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Dilution used in application

Antibody Reactive against Source Western
] blot IF IP/ChIP
UMITF C-terminus 1:2000
mouse monoclonal
L_}MITF Unknown Developed in 1:500
rabbit polyclonal house
UTbx2 Unknown 1:1000
mouse monoclonal
UERK2 (SC154) C-terminus 1:10000
rabbit polyclonal
ULamin B (C20) C-terminus 1:1000
goat polyclonal
UTbx3 (C20) Unknown Santa Cruz 1:1000
__goat polyclonal
Uc-Myc 9E10 (SCA0)| ) |sEEDLN 1:2000 1ugIP
mouse monoclonal
UbxHis HHHHHH 1:1000
rabbit polyclonal
UActin (AC-40) C-terminus 1:1000
mouse monoclonal
UFLAG (M2) DYKDDDDK Sigma 1:10000
mouse monoclonal
UHA (HA-7) YPYDVPDYA 1:2000 | 1:100 | 1pugIP
mouse monoclonal
UHA (12CAS) YPYDVPDYA Roche luglp
mouse monoclonal 5 ug ChiP
Up 66D Unknown Novus Biologicals| 1:1000
mouse polyclonal
Uacetytysine . , R
rabpit polyclonal Acetylated lysine 1:2000
UMEK1/2 Unknown 1:1000
rabbitpolyclonal
UphospheMEK1/2
(Ser217/221) 82?359?2921 1:1000*
rabbit polyclonal
U-S6 ribosomal proteir
(S6) Unknown 1:1000
rabbit monoclonal Cell Signaling
UphospheS6 Phosphe
(Ser235/236) Ser235/236 1:1000*
rabbit polyclonal
UphospheERK1/2
(Thr202/204) TE?ZOOSSE% A 1:2000*
rabbit monoclonal
L+Bmn-2 N-terminus 1:1000
rab?lt polyclonal
Uo-H2AX PhospheSer139 1:500
mouse monoclonal
Ub-catenin Unknown Abcam 1:1000
rabb|E polyclonal
Up300 Unknown Pharminogen 1:1000

mouse monoclonal

* Antibodies marked with asterisk were diluted in 5% BSA in TB®r Western blot
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Chapter 3 Results

3.1 Introduction

The rheostat moddhat explainshe ability of MITF to both promote and
prevent proliferation relies owhanging expressiotevels and activity of MITF
throughout developmerand in melanoma cell&Carreira et al., 2006)n proposing
this model, Carreira and colleagues did not provide a mechanism to explain how
varying MITF levels could directly impact théranscriptional programméITF
induces, nor what other factors may be important in regulating MITF activity. They
did however note that it was unlikely that MITF protein levels alone could explain its
capacity to regulate different subsets of target gahesferent developmental stages
or in melanoma cell&and they hypothesised that poestnslational modifications
could play a role in controlling MITBNA binding (Carreira et al., 2006)

MITF can be SUMOylated on two sites, K182 and K316, and it haa be
shown that SUMEGMITF has an enhanced ability to transactivate a promoter
containing multiple MITF binding site@liller et al., 2005; Murakami and Arnheiter,
2005) However, SUMOylation of MITF is insufficient to explain the varied functions
of MITF at different stages of the rheostat model, because the subsets of genes
controlling differentiation or proliferation will contain variable numbers of MITF
binding sites that regulate them. Furthermore, a recent study has revealed that an
MITFE28 mutant, whih has disrupted SUMOylation, has enhanced geneite
occupancy without increased binding at specific sets of Bamitolotto et al., 2011)

Previous work in our laboratory has demonstrated that Mitf can be acetylated
by p300/CBP on at least ten lysiresidues throughout the protein, including 2 in the
basic region (K205, K206) and 4 throughout the HILHA (Alex Schepsky,
unpublished, Figure 3.1A). It is possible that acetylation of the bHEZHould

regulate the ability of MITF to either interact with BNn general or with different
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specific sequences, while acetylation throughout the protein could affect the
interaction between MITF and its cofactors. This chapter focusses on the effect of
MITF acetylation on its ability to bind DNA and activate tramstoon.

Our previous work also revealed that Matfetylation is MAPKdependent.
In cotransfection assays, 293 cells coexpressingtadg@ed Mitf and p300 showed
robust induction of Mitfacetylation following HAIimmunoprecipitation (Alex
Schepsky, unpubleed, Figure 3.1B). In cells treated with the MEK inhibitor UO126,
however, Mittacetylation was not induced, suggesting that MAPK activity was
required for Mittacetylation. After SDSFPAGE, MITF is resolved as two bands. The

upper, slowemigrating band h&been determined to be MITF hygs#rosphorylated

A
p300
114 135
[ AD1 | [ bHHLz | |419
LI T T T T 11
K21/33/43 K91 K205/206  K225/223/243/248
B ]
— U0126 +U0126 +CBP +p300
bR R a g d R - g g
-+ — — + + + 4 — — + — Mif <59 <53
s . ERSR ERQR
i ~—CBP/p300 T Sonon SO0
.
SSssamEn "M== Acetyl-lysine
HA ® - i
- S *—.HA-Mitf
Acetyl- -

lysine

Figure 3.1 Mitf is acetylated by p300/CBP in response to MAPK signalling
Work in this figure was carried out by Alex Schepski&) p300/CBP interacts
with the Niterminus of MITF (AD1; Sato et al., 1997), and acetylation sites v
mapped by IP of Myditf in the presence of p300/CBP followed by me
spectrometry. (B) 293 cells transfected with Nt in the presence or absenck
HA-p300/CBP were treated or not with UO126 (2@, 8 hours). Following anti
HA P, purified protein was analysed by Western blotting with the indici
antibodies. (C) 293 cells were transfected with the indicatedMitconstruct in
the presence of HRA300/CBP. After HAIP, samples were analysed as in (B).
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on S73 and S409, while the lower, fastagrating band is MITF hypo
phosphorylated on these residugtemesath et al., 1998HA-Mitf with S73A,
S409A or S73/409A mutations can all be acetylatgddBP and p300 (Alex
Schepsky, unpublished, Figure 3.1C); although the abedyle signal for HA
Mitf S"34%%in the presence of p300 was very weak, the Mi# yield for this sample

was substantially lower than the others. These experiments showedithat
acetylation was MAPKsignalling dependent but independent of MABKven
phosphorylation of Mitf. It is known that ERK can phosphorylate and activate p300
(Chen et al., 2007which could explain the requirement of MAPK activity for Mitf

acetylation.Here, the effect of modulating MAPK activity on MITF DNA binding

activity is studied.

3.2 Control of MITF -acetylation and its effect on DNA binding

Previous work in our laboratory showed that Mitf can be acetylated
following overexpression of p300/CBP (oumpublished data, Figure 3.1). p300 and
CBP can both directly act as acetyltransferases, but are also able to recruit p300/CBP
associated factor (PCAF) to their targets, whereupon PCAF may also act as an
acetyltransferaséYang et al., 1996) The overexmssed proteins in this previous
work were all HAtagged, making it possible that the observed acetylated species
could result from a degradation product of p300/CBP. To confirm that the acetylation
previously observed was Miffpecific and due to the adtiy of p300 and CBP,
FLAG-Mitf was expressed in Phoenix cells in the presence or absence-pBGA
HA-CBP, or FLAGPCAF. Western blotting of the input fractions revealed that
overexpression of HA300/CBP, but not FLAG CAF, significantly increased globa
acetylation levels relative to the ERK2 input fraction loading control (Figure 3.2A).

Additionally, overexpression of Hf300/CBP increased the FLAKItf protein level
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in the cells. Following anti-LAG immunoprecipitation and equalising the amount of
purified FLAG-Mitf, Western blotting with pan anficetytlysine revealed that
coexpression with H4300 and HACBP, but not FLAGPCAF, induced FLA@GMitf
acetylation (Figure 3.2A). Overnight exposure of the same membrane revealed that a
small amount of FLAGMItf may be found acetylated in the absence of overexpressed
acetyltransferases, demonstrating that this is not purely a phenomenon deriving from

overexpression of acetyltransferases.

A B
FLAG-MITF - + + + + Input HAIP
HA-p300 == == HA-p300 - + = + = + - +
HA-CBP - - - + - FLAG-MITF - - + + — — + +
FLAG-PCAF = B = e i - - “* HA-p300
.. . FLAG-MITF
. FLAG-MITF
HA-p300/CBP
153
-4 u
Input
—  AcetyHlysine

S Ss s as == ERK2

FLAG-MITF
-

FLAG IP
Acetyl-lysine

=
: Acetyl-lysine
(long exp.)

Figure 3.2 p300/CBP acetylates and interacts with Mitf (A) Phoenx cells
were transfected with the indicated constructs. After 40 hours, cell lysates
subjected to arrLAG IP and input/IP fractions analysed by Western blott
with the indicated antibodies. * denotes immunoprecipitated FPAAF. (B)
Lysates fronPhoenix cells 40 hours pestansfection with the indicated construc
were subjected to aAtA IP and input/IP fractions analysed by Western blott
with the indicated antibodies.
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Both Mitf bands were acetylated by p300/CBP (Figure 3.2A). This appeared
to be consistent with a previous report showing that CBP interacted with both hyper
and hypephosphorylated forms of Mit{Sato et al., 1997)but contradicted a
subsequent study sgesting that p300 was preferentially recruited to the hyper
phosphorylated form of Mit{Price et al., 1998a)lo investigate this, H4300 was
expressed in Phoenix cells in the presence or absence of-Mith@igure 3.2B).

As before, coexpression of HA300 with FLAGMitf increased levels of FLAG

Mitf. This effect appeared to be partially reciprocal, as there was slightly more HA
p300 present in cells also transfected with FLK@f. Following anttHA-p300
immunoprecipitation, Western blotting revealéatt FLAGMitf was not detected in
cells transfected with FLA®/itf alone, indicating that there were no nspecific
effects from the procedure. In cells that weretremsfected with HAp300 and
FLAG-Mitf, anti-HA immunoprecipitation resulted in @mmungrecipitation of both
hyperphosphorylated and hygehosphorylated forms of FLA®itf, showing that,

in our hands, p300 will interact with both. This is in good agreement with Sato et al.
(1997) and in contrast to the study of Price et al. (1998).

Coexpresion of HAp300 with FLAGMitf led to elevated FLAGMitf
protein in clarified cell lysates (Figure 3.2A). To confirm that this resulted from an
increase in FLA@GMItf protein in the entire cell and not just from an increase in
soluble protein, Phoenix celigere transfected with FLA®MItf, HA -p300, or both,
and whole cell extracts were subjected to Western blotting. As before, there was a
slight increase in HA300 in cells also transfected with FLAGtf. In addition,
expression of FLAGMItf in the presencef HA-p300 served to dramatically increase
protein levels of FLAGMItf relative to an ERK2 loading control (Figure 3.3A),

confirming that HAp300 activity was indeed able to increase the amount of FLAG
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Mitf in cells. This raised the possibility that p30€ither increasedFLAG-Mitf
stability, or that it was increasing FLAMItf expressionTo investigate this, RNA
was extracted from Phoenix cells expressing FEM@ in the presence or absence of
HA-p300. gPCR analysis revealed that the presence gb308in cells resulted im
four-fold increase inexpression ofFLAG-Mitf from its plasmid as compared with
levels of TBP (TATA binding protein) the housekeeping gene used as a loading
control(Figure 3.3B). Negligible expression was detected in cells trapsfegth just
HA-p300, or untransfected cells. Although the increasd sG-Mitf expression does
not match the increase in FLARZItf, this result shows that, at least in part, the
increase in protein does arise from elevated expression, and tha@@0A@n activate
the CMV promoter. It is possible that the remaining difference does arise from an

effect on FLAGMIitf stability, and this will be investigated in the future.
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FLAG-Mitf — + - + 500
HA-p300 - - + +
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Figure 3.3 Coexpression with p300 increases Mitf protein leve(A) Whole cell
extracts from Phoenix cells 40 hours ptvansfection with the indicated construc
were analysed by Western blotting with the indicated antibodies. (B) Total
was extracted from Phoenix cells transfected with FLM@& or HA-p300 as
indicaed and expression of the indicated genes analysed by qPCR. ResL
presented relative t6BP expression and indicate the meastandard deviation o
two independent experiments performed.
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To characterise the effect of MIT&cetylation on the abiltof MITF to bind
to DNA, nuclear extracts were prepared from Phoenix cells expressing-Mith@
the presence or absence of 44800. When compared with ERK2 levels, an increase
in nuclearextractable FLAGMItf was found in cells cotransfected with 2800
(Figure 3.4A). The difference in the DNA binding potential of Mitf in these nuclear
extracts was assessed by EMSA using a radiolabelled probe agaifistabaase
enhancer, WRHGATGTGARBa0s Mal TH06 binding site
probe sequerc was chosen becaudgrosinaseis one of the best characterised
prototypical MITF target geng<heli et al., 201Q) a n 4 isaequiredl for strong

bi ndi ngCATGDG3 &(Aksan and Goding, 1998)In EMSA, the free

A B
) FLAG-Mitf - - - + + +
FLAG-Mitf — + + + HATEGE ~ = = = = s
HA-p300 - - - + QFlAG = = 4 = & 4
Myc-BRAFY®E — — 4 — Probe + + + + + +
FLAG-Mitf g
TERK2

Mitf DNA-binding/protein level
0 1 2 3

Untransfected
Mitf
Mitf + p300

Figure 3.4 Coexpression with 800 inhibits Mitf DNA binding . (A) Nuclear
extracts were prepared from Phoenix cells 40 hours-tpstfection with the
indicated constructs and subjected to Western blotting with the indic
antibodies. (B) EMSA using nuclear extracts from (A), inghesence or absenc
of FLAG antibody ()F LAG) , bound to a-TPATGTGA3 d
MITF binding site. Perdrawn arrow indicates migration of the M#pecific band.
(C) Quantification of the ratio of the band intensity of the FLM@f protein lewel

(relative to ERK2 bands) in (A) versus the FLAGtf specific band in (B). Note
that the MyeBRAF sample in (A) is used later and is shown here to allow the
panel to be shown.
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radiolabelled probe runs to the bottom of the gel, while migratiorh@fprotein

bound probe is retarded. There was residual binding to the probe in nuclear extracts
from untransfected cells. This arises from the presence of other ‘hHALptoteins

such as USF in the cells, which are also able to bind to these sequenites In
nuclear extract from FLA@/itf-expressing cells, there were no additional bands
induced compared to untransfected cells, most likely owing to low transfection
efficiency. To visualise Mitf binding, monoclonal affiLAG antibody was added to

the birding reaction which, when mixed with untransfected nuclear extract, did not
generate any further mobility shifts (Figure 3.4B, lane 3). However, addition ef anti
FLAG antibody into the binding reaction led to the appearance of anspitfific

band in theMitf -transfected extract (Figure 3.4B, lane 5). Although there was clearly
more binding observed from the cells transfected with FIM@ and HA-p300,
compared to those transfected with just FL-AM&f (Figure 3.4B, compare lanes 5

and 6), this could havieeen due to a greater FLAGItf concentration in the cells.
Therefore, the relevant bands in the Western blot and EMSA were quantified and the
FLAG-Mitf DNA binding to protein ratio was calculated. Coexpression of p300 with
(and hyperacetylation of) Mitfled to a 7.5old reduced Mitf capacity to bind DN/

vitro (Figure 3.4C).

Having determined that the overexpression of p300 redurcedro DNA
binding by Mitf, it was important to see if the same was true in cells and if there were
any consequent effecon MITF target gene activation. To this end a luciferase assay
was performed on a reporter derived fromTiyeosinasgpromoter (Figure 3.5A)The
natural promoter contains two core-ftMo x e s , each wi-T,andonee f | ank
enhancer element containg a f |-& ankeaah gtrars,6all of which may be

bound by MITF. The promoter fragment used in this experiment contained both core

85



Chapter 3 Results

promoter Mbox elements (WT), but not the enhancer motif used in Figure 3.4;
because the enhancer element lies 1.8 ldtre@m from th&@yrosinaseranscription

start site, it was felt that the intervening sequence would provide many potential
confounding binding sites for other transcription factors. In Phoenix cells transfected
with reporter alone, a basal level of lwiise activity was observed H¥800, as
compared with ERK2 levels. After normalising luciferase activity for FEXE

levels in the cell lysates, it was clear that coexpression op80 repressed the
ability of FLAG-Mitf to transcriptionally activate target gene by approximately two

fold (Figure 3.5D). Caution is required when interpreting the collective results of
Figures 3.4 and 3.5, however, because it is possible that the higherRitAtEre in

cells cotransfected with p300 could have alsoutesd in altered FLAGMitf
behaviour. To avoid having to normalise for very different FER@E levels, an
alternate approach could be to transfect cells with less FM&Gplasmid in the
presence of p300 in an attempt to balance the final FMAGexpression level.

To investigate deacetylation of Mitf, Phoenix cells were transfected with
FLAG-Mitf and HA-p300 in the presence or absence of various histone deacetylases
for FLAG-immunoprecipitation (Figure 3.6). On Western blotting of the input
fractions, arobust induction of global acetylation was revealed in-p880
transfected cells by using a pacetytlysine antibody, relative to the ERK2 loading
control. HA-p300 coexpressiorserved to increase FLA®Iitf levels. When histone
deacetylases were present triply-transfected cellsdifferent effects were seen.
FLAG-HDAC1 and FLAGHDAC3 expression resulted in unchanged levels of
FLAG-MITF or HA-p300. FLAGHDAC3 induced no change in global acdigine,
while FLAG-HDAC1 reduced the intensity of some bandsthe middle of the

membrane, suggesting that it could be deacetylating these species-HIDAGA
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and FLAGHDACS5 both increased the level of FLABITF, but, while FLAG

HDAC4 led to a slightly reduced level of HA300, FLAGHDACS increased the

level of HA-p300 in the lysates. The increased-H300 induced by FLAGIDACS5

correlated with an increase in global acéygine canpared to cells not expressing an

HDAC. This suggestedhat theelevatedHA-p300 contentis causing the enhanced

acetytlysine, and pdraps also the increase in FLAGtf, although it is not possible

to rule out a direct effect on FLAGIlitf by FLAG-HDACS5. For FLAGHDAC4,
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Figure 3.5. Coexpression with p300 represses the ability of Mitf to activate
Tyrosinase promoter luciferase reporter. (A) Scheme of theTyrosinase
promoter and enhancer regions (top) diydosinaseuciferase reporter (bottom
(B) 40 hours postransfection with the indicated constructs plus the lucifer
reporter, Phoenix cells were subjected to a lucifeegsay. Results are present
as the mearx standard error of the mean for 3 independent experiments
Lysate from (B) was analysed by Western blotting with the indicated antibc
(D). Quantification of the ratio of the band intensity of represemdtivAG-Mitf
protein level (relative to ERK2) in (B) versus mean reporter activation in (C).
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global acetylysine unexpectedly did not diminish relative to the level in cells not
expressing an HDACThis suggests that, although H#800 is reduced, inay be
more active. This cannot, however, explain why there is more FMKG and it

could be that FLAGHDAC4 either regulates=LAG-Mitf stability or increasests

Histone deacetylase
HA-p300
FLAG-Mitf

+ + HDACA
+ + HDAC2
+ + HDAC3
+ + HDAC4
+ + HDACS5
+ + SIRT1

+ + SIRT6

|
+ 1 -
+ + -

Input HA-p300

Acetyl-lysine

FLAG

FLAG IP

Acetyl-lysine

Figure 3.6. Identification of Mitf deacetylases.40 hours postransfection with
constucts as shown (HDACs and SIRT6 are FLAggged, SIRT1 is Hitagged),
lysates from Phoenix cells were subjected to FEHRGand, along with inpuf
fractions, Western blotted with the indicated antibodies. * indicates mobilit
His-SIRT1. + indicates mobil of ERK2.
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expression. Like FLAGIDACS5, FLAG-HDAC2 also increased HA300 by an
unknown mechanism and was correlated with an increase in global-lgsetgl
levels. FLAGMitf was slightly elevated in these cells, but not sufficiently to correlate
with the gain in HAp300. It could be that FLAGIDAC2 was able to slightly
increase the amount of FLARMItf in the cells.

His-SIRT1 coexpressiorreduced FLAGMItf in cells relative to those not
expressing HisSIRTL1 (Figure 3.6) triple-transfected cellbadan amount of FLAG
Mitf between those expressing just FLAEtf and those expressing FLA®Iitf and
HA-p300. Notably, HAp300 was almost completely absent from cells expressing
His-SIRT1, suggesting that HiSIRT1 was destabilising HA300 or reducing its
expression.The increase in global acetylation seen on expressidtAsp300 was
severely diminishedThere have been no reports 8IRT1 regulating p300 stability
although it has been shown that SIRT1 deacetylates and inhibityB80f&as et al.,
2005) This could explain whyalthough there is still some HA300 present in the
cells, none of the acetyysine signal that is induced by H#300 expressioremains
Finally, FLAG-SIRT6 also reduced FLAMItf levels slightly, andit led to a
similarly reducedlevel of HA-p300 to that observed in cells expressing FEAG
HDAC4. As with FLAGHDAC4, there was no change in global acéygine,
indicating that the same mechanism could be at play, and that f8IRTG6 could be
activating HAp300.

Following anttFLAG immunoprecipitation, a varying amount of FLAGitf
was recoveredrom the different sampleg¢Figure 3.6) The purified proteins were
probed with antacetytlysine antibodies to see whether aony these histone
deacetylaseblockedFLAG-Mitf acetylation. Inthe absence of HfA300, at the short

exposure shown here, no acaitf was detectedwhile coexpressiorof HA-p300
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induced acetylation of both bands of FLABtf. FLAG-HDAC1 completely
abolished FLAGMitf acetylation which, given that there was only aryeninor
change in global acetylation, suggests that FHAGAC1 is capable of deacetylating
FLAG-Mitf on the acetylatedsites detected bythis antibody FLAG-HDAC?2
enhanced acetylation of FLAWMItf, indicating that it likely does not deacetylate
FLAG-Mitf. The probable cause of the increase in acetylation signal is the increase in
HA-p300 in theecells, which would be expected to increase the overall acetylation
level of a given protein. FLAGIDAC3 had no effect on FLA@itf acetylation, as
was expected gen that there was no change observed in eitheip8#0 or global
acetytlysine in the input fractions. FLAGIDAC4 led to reduced FLA@/itf
acetylation. More FLAGMItf was recoveredn this sample than in the IP from cells
not expressingan HDAC, but the mtensity of the lower band of FLA®GIitf is the
same between these two samples, suggesting that some sites oifrlase&Mitf
may be deacetylated by FLABDACA4. Interestingly, although the ratio between the
bands of total recovered FLAMItf is approximatéy equal, the upper band of
FLAG-Mitf was almost completely deacetylated in the presence of FHEBCA4,
suggesting that not onigoesFLAG-HDACA4 selectively deacetylate certain lysines
within FLAG-Mitf, but that the distribution of acetyysine in FLAG-Mitf may be
different between the hyp@hosphorylated and hygahosphorylated forms of the
protein. In the FLAGHDACS5 sample, more FLA®/itf was recovered, with a
comparable increase in acelysine signal.More of the lower band of FLAMItf
wasrecoveredand this is reflected in the acetysine signal.

In the presence of HiSIRTL, there was no detectable acéiyAG-Mitf
recovered(Figure 3.6). This was expecteas HisSIRT1 also almost completely

abolished detectabldA-p300 in these cells. Finallyjpore FLAGMitf was recovered
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in the presence of FLAGIRTG6 than from cells expressing just FLABtf and HA-
p300. Although the acetffLAG-Mitf signal was slightly elevated in the presence of
FLAG-SIRTS6, this is likely due to thaisulating effect on HAp300 activity that was
observed in the input fraction for this sample.

This experimentndicates thatooth class | FLAG-HDAC1) and class |l
FLAG-HDAC4) HDACs are capable of deacetylating FLAGitf. FLAG-HDAC1
was able to remove all thaetectableacetyl marks deposited on FLAMitf by HA-
p300, suggesting that this protein could be a mitr deacetylase. FLAGIDAC4
appeared able to selectively deacetyldte hyperphosphorylated form oFLAG-

Mitf, perhaps because thgperphosphorylated form of MITF imore active(Price

et al., 19983)and hencenore likelyto encounter HDACA4This would in turn suggest

that HDAC1 deacetylates MITF in a manner not dependent on MITF activétien.

also possible that FLAGIDACA4 is only able to deacetylate certain sit@thin Mitf,

and that these are predominantly found in the hpbesphorylated form of Mitf.
Furtherwork is required to distinguish between these possible explanations, and also
to determinewhich sites are deacetylated BYyAG-HDAC1 andFLAG-HDACA4.

To date, no interactions between MITF and histone deacetylases have been
reported. Having shown that HDAC1 and HDAC4 can deacetylate Mitf, we wanted to
determine whether histone deacetylases could directly interact with Mitf. Phoenix
cells were transfectedith HA-Mitf in the presence or absence of FLAWACS 1
through 5 (Figure 3.7A). Following Western blotting of the input fractions, an
increase in HAMitf in cells also transfected with FLAGIDACs 4 and 5 relative to
ERK2 was seen, similar to the previoeiperiment. Although HAMIitf appeared to
diminish in the presence of FLABDACS, this may be explained by reduced total

protein recovered in this sample, as evidenced by decreased ERK2. Following anti
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HA immunoprecipitation, approximately equal amounts ofMAf was recovered in
each sample. Probing with aftiiLAG antibody revealed that a fraction of both
FLAG-HDAC1 and FLAGHDACS were cepurified with HA-Mitf. There was no
interaction seen with FLAGIDAC4. This is an interesting finding given that
HDAC4 and HDACS5 are class Il HDACs with close to 60% sequence identity,

suggesting that the interaction with HDACS could be highly specific.
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Figure 3.7. ldentification of Mitf -interacting deacetylases(A) 40 hours post
transfection, lysates from Phoenix cells transfected with the indicated cons
were subjected to HAP followed by Western blotting of input/IP fractions wi
the indicated antibodies. (B) Cells transfected as in (A) were subjedtA®-1P

followed by Western blotting of input/IP fractions. (C) Phoenix cells transfe
for 40 hours with the indicated antibodies were subjected to FIRAfallowed by
Western blotting of input/IP fractions with the indicated constructs.
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It was not pssible to conclude whether FLAGDACs 2 and 3 might
interact with HAMitf, as they would have resolved underneath the intense 1gG band
visible on the membrane in this experiment. Therefore, a reciprocal experiment was
performed. As Mitf resolves above lg@n interaction with any of the HDACs should
be apparent following an HDAC IP. The same transfections were performed and,
again, in the input fractions there was an increase inMitAin the presence of
HDACs 4 and 5 compared to cells not expressing RAE (Figure 3.7B). There was
no change in HAMitf in the presence of HDACs 1, 2 or 3. AMRLAG
Immunoprecipitation was used to recover the FEABACS; they were purified in
similar amounts, with HDACs 1, 2 and 3 all resolving close to, but clearly
distinguishable from, the IgG band. No HMitf was purified from cells not
expressing a FLAGIDAC, indicating that the purification procedure was sufficiently
stringent to prevent nespecific interactions with either antibody or beads. In cells
expressing FLAGHDACS but not FLAGHDAC1, a strong interaction was seen with
HA-Mitf. As there was a comparable amount of each HDAC recovered in the
previous experiment, this was surprising. In an overnight exposure a litdBlitA
was seen to have been recovered frorts @lpressing FLAGIDAC1. Because there
were significantly different levels of HMitf in the input fractions for these two
samples and between the two experiments conducted here, it is not possible to
conclude anything about the relative strength of titeraction between Mitf and
HDAC1 and HDACS, just that these two HDACs can interact with Mitf. It was
interesting that HDAC1 was able to interact with and deacetylate Mitf in these assays,
while HDAC4 did not appear to directly interact with Mitf. This gagts that an

additional scaffolding factor is required to bridge the gap between HDAC4 and Mitf.
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Similar experiments were performed with H8RT1 and FLAGSIRTG.
Phoenix cells were transfected with HWitf in the presence or absence of these
sirtuins. There were similar levels of expression of the SIRTs relative to the ERK2
loading control (Figure 3.7C). Unlike in the deacetylation assay, there was no change
in the HAMiItf level in the input fraction from cells expressing either SIRT.
Following HA-immunarecipitation, ERK2 was not recovered in any of the samples,
including the untransfected control lane, suggesting that the IP was stringent. No
interaction was observed between eitherSHIRT1 or FLAGSIRT6, suggesting that,
MITF cannot interact with thesproteinsin Phoenix cells, although it cannot be
confirmed in the absence of a positive control that the assay was not too stringent.
However, this is perhaps unlikely given the identical extraction conditions compared

with the previous experiments.

3.3The role of MAPK-signalling in MITF DNA binding

Prior work has shown that MAPK signalling is required for Mitf acetylation
(Alex Schepsky, unpublished, Figure 3.1B), but that Mitf does not need to be
phosphorylated by ERK in order to be acetylated (Alekepsky, unpublished,
Figure 3.1C). It has previously been shown that ERK2 can phosphorylate and activate
p300 downstream from epidermal growth factor signalli@hen et al., 2007)To
investigate whether a similar mechanism could be occurring in thisnsygthoenix
cells were transfected with HA300 in the presence or absence of constitutively
activated MyeBRAFV®%F (Figure 3.8A). Expression of MyBRAF'®°E in cells
induced ERK1/2 phosphorylation on T202 and T204 (referred to as ph&stio
hereafter)which could also be seen in an upward mobility shift of the total ERK2 in

FVGOOE

these extracts. Expression of MBRA slightly increased the amount of HA

p300 in cells. Compared to an actin loading control, expression gi39Q caused a
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large increase iacetylation of numerous species, while in cells not expressing HA
p300 there was relatively little detectable acéggine. This is perhaps because
acetylation and deacetylation are very rapid, dynamically regulated processes with
individual modificatiors being swiftly removed, which in a n@erturbed system as

is found in the no#transfected cells, would serve to limit the degree of acetylation
that is detected(KatanKhaykovich and Struhl, 2002)Coexpression of Myc
BRAF'°F was accompanied by a sifjpant increase in acetjysine, suggesting

that BRAF and p300 cooperate to drive acetylation of ga@fet proteins. This
finding raises the possibility that a system exists whereby B&éfalling could

have two interconnected effects on MITF, by ioig its phosphorylation, activation,

HA-p300 - + - +
Myc-BRAF — — + +
NRAS

" HA-p300 2

BRAF —— PLX4720

wae Myc-BRAF A
MEK —— U0126
- J
p300 ERK > Rsk90
b Acetyl-lysine \l' \/
g Acetyl-MITF Phospho-MITF
l l
e Effect? Activation?

& HERK
- — ww @ ERK2

o Mo Actin

Figure 3.8. BRAF and p300 cooperate to increase acetylatiofd) Whole cells
extracts from Phoenix cells transfected for 40 hours with the indicated cons
(note: BRAF is BRAE®5) were subjected to Westebiptting with the indicated
antibodies. (B) Scheme of the MAPK pathway leading to phosphorylation an
activation of p300, acetylation of MITF. PLX4720 and UO126 are MA
pathway inhibitors.
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and ultimately degradation on the one hand, but also byqinognMITF acetylation
by p300 on the other (Figure 3.8B).

In almost all melanoma patients, MAPHgnalling is constitutively activated
(Brose et al., 2002; Davies et al., 2002his raises the possibility that in melanoma
MAPK will promote MITF acetylabn, and that, because MITF is acetylated within
the DNA binding domai n, this could I mpact
therefore investigated the effect of MAR#Khibition on MITF behaviour. Before
doing this, however, it was necessary to charaet¢his effect of MAPK inhibition on
melanoma cells. The MAPK pathway was inhibited at two levels (Figure 3.8B) using
UO126, a noncompetitive MEK inhibitafFavata et al., 1998)and PLX4720, an
analogue of vemurafenib, which is now used in the clifigai et al., 2008) 501 mel
cells were treated with UO126 and PLX4720 for 24 and 48 hours and, relative to
either untreated control cells or DMSf@ated cells, a slight increase in pigmentation
was observed in cell pellets after 24 hours. Pigmentation wadicignly elevated
with both drugs after 48 hours (Figure 3.9A). Pigmentation is a hallmark of
differentiation for cells within the melanocyte lineage, and this suggested that removal
of activated MAPKsignalling had induced melanoma differentiation. Inegah the
MAPK pathway promotes proliferation, although MAPK signalling has been
observed to promote differentiation under certain condit{dMershall, 1995) From
the rheostat modéCarreira et al., 2006)ncreasing levels of MITF will also promote
differentiation. To confirm that the differentiation induced by MAPK inhibition was
not caused by elevated MITF, the cell pellets were analysed by Western blotting.
Total ERK2 wasunchanged throughout the timecourse, while both inhibitors reduced
levels of plospheERK, at both time points, relative to a Lamin B loading control.

UO126 showed a more efficient inhibition of ERK phosphorylation throughout the
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timecourse. There was no significant increase in total MITF at 24 hours, although the
hypo-phosphorylatedorm of the protein was enriched, and at 48 hours, there was a
loss of the hypephosphorylated form of MITF. This result is discussed further with
Figure 3.14.

If MAPK inhibition promotes melanoma cell differentiation, it would be
expected that cells tremd with UO126 or PLX4720 would grow more slowly than
untreated cells. The proliferation of 501mel cells was measured with an MTT assay
(Figure 3.9B). Cells that were either untreated or treated with DMSO grew at a similar
rate, with no significant differece between them after 5 days. However, cells treated
with either UO126 or with PLX4720 grew at a significantly slower rate than control
cells, indicating that MAPK inhibition does indeed reduce cell growth as part of the

differentiation induced by thedatment.

€
E
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24 hours 48 hours 4
B Q o —>—Untreated
- N N
8 8 g ; 8 g g —{-DMSO
£E20X530X% 3 | —a—U0126 (20 M)
i\a - a0 j% ——PLX4720 (200 nM)

.| MITF

ERK2

Days

Figure 3.9. MAPK inhibition induces 501mel differentiation.(A) 501mel cells
were treated or not with DMSO, UO126 (@®) or PLX4720 (200 nM) for the
indicated times. Cell pellets were photographed and whole cell extracts were
analysed by Wesrn blotting with the indicated antibodies. Note that this panel
appears as part of Figure 3.14A. (B) 1000 501mel cells were plated in 96 wel
plates. The next day (day 0), media was replaced with fresh media that was
untreated, or contained DMSO, UO12® (1M) or PLX4720 (200 nM). At the
indicated time points, cells were subjected to an MTT assay. Results are pres
as mearx standard error of 3 independent experiments.
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The data so far suggested that MAPK inhibition promotes melanoma cell
differentiation by reducing cell growth and activating pigmentation, and posed a
question about how this could be taking place. It is possible that MAPK signalling
could be regulating th through either MITFphosphorylation or MITFacetylation.
Upon examination of Mbox and Ebox motifs in MITF target genes, those playing
roles in pigmentation or other differentiation processes, sudly@sinase TYRP1
PMEL andDIAPH1, all had motifst | a n k e dT oh gne @ bosh&trands (Figure
3.10A). In target genes with roles in regulating proliferation, invasiveness, or survival,
such as theMET proto-oncogene an®CL2 the Mbox and Ebox motifs are either

f 1 ank e d-T,oryonhynad ond ahof the motif (Figure 3.10B). We hypothesised

A B

Tyrenhancer TCATGTGA Met promoter ACACGTGC

Tyr promoter TCATGTGC BCL2promoter CCATGTGC
TYRP1promoter ACATGTGA
Tyrp1promoter TCATGTGC
PMEL enhancer TCATGTGA
DIAPH1 enhancer TCACATGG
DIAPH1 promoter GCACATGT
DIAPH1 promoter TCATGTGT

C
A
G1 arrest, high p21¢iP1/p16/NK4A >
Non-Ac-Mitf differentiation & Melanocyte
Reduced proliferation b
S
1]
—_ i Proliferation o @ Melanoma

MAPK Ac-Mitf S (melanoblast)
(V)
=

G1 arrest, high p27KP! invasive < Quiescent cell

(stem cell-like)

Senescence

Figure 3.10. Acetylationdriven redirection of MITF binding could add to the
rheostat model.(A) MITF binding sites in differentiation target genes. (B) MITF
binding sites in genes regulating proliferatisarvival, and invasiveness. (C)
Modified rheostat model whereby in proliferative cells, AcéyTF could
occupy sites |-B wHeieas m differeftibted catlls whege VABK
signalling is not active, neacetytMITF would occupy sites contaii n g-T.a
Adapted from Carreira et al. (2006).
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that in differentiated melanocytes or melanoma cells, MITF would be bound primarily
to moti f s -flarkingt Taresidues ig geBeS promoting differentiation and
pigmentation while, in proliferative omvasive melanoblasts or melanoma cells,
MI' TF Dbinding t o s-flankeng T o aargetagenmes prgmotingo 50
proliferation, invasiveness, or survival could dominate. Because of the reactivation of
MAPK-signalling in melanoma, and its activation melanoblasts, we further
hypothesised that acetylation of MITF within the DNA binding domain could be
responsible for this, giving rise to an additional layer of regulation within the rheostat
model (Figure 3.10C). It should be noted though that this thgse gives
considerable scope for variation, becausbdtes and b oxes t hat -cont ai n
flanking T can be found in target genes regulating both differentiation and
proliferation, invasiveness, and survival.

In a preliminary investigation, 501mel t=lwere transfected with a
luciferase reporter construct under the control dafyeosinasepromoter, either the
wild-type construct used earlier or two mutants (Figure 3.11A). First, beboXds
were repl alCATGTGABO h B0 s er v afferensatiommotifl assi ca
(TA), and secondly, both M o x e s wer e r eQCAT&SEEECE 6 wi t o 50
represent proliferation, survival, and invasiveresgilating target genes (NN). In the
absence of any cofactors, the reporter constructs showed different biasigdaclhe
WT and TA reporters showed very similar levels of activation, while the NN reporter
was significantly repressed relative to these (Figure 3.11B), in agreement with
previous wor k -flankimgw iisrmeguirédtoa strong actbvétiomo a 5 06
CATGTG-3 6 -bdk (Aksan and Goding, 1998)t should be noted however that this

experiment was conducted in the absence of a source of exogenous MITF and, as
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such, that activation of the NN reporter could potentially be being repressed by
another bILH-LZ factor.

To test the hypothesis that MAPK signalling could redirect MITF DNA
binding, the experiment was repeated in the presence or absence of constitutively
activated MyeBRAF®%E, In Western blots of the lysate, 501mel cells expressing
Myc-BRAF'®%E showed ugregulation of phosph&RK as can be seen in membranes

probed for phosph&RK as well as total ERK2, and a strong desggulation of

BRAF
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Figure 3.11. BRAF selectively promotes expression of luciferase reportel
| a c k i-Thigthel BIITF bin ding sites.Luciferase assay results are shown
meanz standard error of the mean of four independent experiments. Stati
test: twotailed ttest. (A) Scheme ofyrosinasepromoter and enhancer (top), a
the WT, TA and NN Tyrosinase luciferase repders (below) used in thit
experiment. (B) 40 hours post transfection with the luciferase reporters, 5(
cells were subjected to a luciferase assay. (C) Lysates of a represe
experiment where 501mel cells were transfected or not for 40 hourdMyih
BRAF'®E (D) Luciferase assay in extracts from (C) in the presence or absel
Myc-BRAF°*F where 501mel cells were transfected with the indicated repor
A 2-tailed ttest was performed as indicated.
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MITF protein (Figure 3.11C), in agreement with previous studies linking activation of
MAPK signalling with MITRdegradation(Wu et al., 2000; Xu et al., 20Q0)
Luciferase activity was normalised for MITF protéavels in the lysate, revealing
that MycBRAF'®°F induced an approximately 2f6ld activation of the WT
reporter, 4fold activation of the TA reporter, andf8ld activation of the NN reporter
compared to cells transfected only with the reporter (Figure 3.11D). While Myc
BRAF'°F expression activated all three reporters, perhaps through -apecific
promotion of transcription, the foldctivation of the NN reporter was significantly
greater than that of the TA reporter (2 tatiest, pvalue < 0.05). However, the
absolute NN rporter activity remained very low in all conditions of the experiment.

To directly assay the effect of MITF in this system, 501mel cells were
unsuitable because they express a high level of endogenous MITF, and so addition of
further MITF into the system ay make little difference. 501mel cells also express
BRAF®E  and, although MyBRAF'*®F clearly sufficed to induce additional
phospheERK (Figure 3.11C), it is unclear whether this is enough to truly challenge
the equilibrium within the cell. 501mel ke may already be saturated for productive
MAPK-signalling, and so an additional source of pathway activation may not strongly
perturb downstream effectors of the pathway.

Because of this, Phoenix cells were employed as they express no endogenous
MITF and, unlike the majority of melanoma cell lines, have no known constitutive
activation of the MAPK pathway. Phoenix cells were transfected with the WT
reporter in the presence or absence of MBRAF'’F and FLAGMitf (Figure
3.12A). Expression of My8RAF'°°F alone failed to activate the reporter relative to
cells transfected with the reporter alone, while FLM@&f induced a 6.&old

activation of the reporter. In the presence of NBRAF'°%° FLAG-Mitf induced
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Figure 3.12. BRAF represses reporter gee activation by Mitf. The BRAF
construct used in these experiments is MBRAF'°E, (A) Luciferase assay an
(B) Western blots from Phoenix cells transfected for 40 hours with the indi
constructs. Luciferase assay results are shown as thetendad error of the
mean of four independent experiments. (C) Phoenix cells transfected wit
indicated constructs for 40 hours were subjected to flow cytometry analy:
quantify GFP content in cells. GFBells are coloured blue, and GFeéells are
coloued green. (D) Quantification of results from (C), presented as mean
count per cell.
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only 3-fold activation of the reporter. After Western blotting of the lysates it was clear
that MycBRAF'®%°F expression led to significantly more FLARGitf protein (Figure
3.12B). Without needing to normalise luciferase activity for FEM@ protein
levels, it was clear that coexpression of MBRAF'°%F together with FLAGMitf
strongly repressed the capacity of FLAGIf to activate a luciferase reporter, making
Phoenix cells a poor model system in which to perform these experiments.

As has been shown wittbexpressionvith HA-p300,coexpressiomf Myc-
BRAF®%F with FLAG-Mitf served to increase the protein level of Mitf substantially
in cell lysates. This is in gtacontrast to the effect of transfecting 501mel cells with
Myc-BRAF'°®E where MITF protein levels were reduceshd suggested that BRAF
was inducing additional MITF expression in these cells

To examine this possibility?hoenixcells were transfectedithn either GFP
or GFRMitf in the presence or absence Mfc-BRAF'*° and the GFP content of
the cellswas examined by flow cytometripy measuring FITC fluorescence in live
cells relative to the sidscattering, which measures the inner granularity efaéll
(Figure 3.12C)In the absence of GFP, very low FITC fluorescence was observed in
the presence or absence of MBRAF'®°F. The GFP tag was expressed at a much
higher level than GFRIitf. On coexpression of MyBRAF'*F additional GFP and
GFRMitf was observed, without there being a large change in the number of cells
expressing the fluorophore. Following quantification, MBRAF'°°°F induced 6fold
more GFPMitf, and almost Zold more GFP, indicating that MyBRAF'*°F is, at
least in part, actating the CMV promotedriving expression of GFP, suggesting that
this is thepartialcause of the additional FLA®GIItf in these cells (Figure 3.12.

This data suggested that, as with 48200, MyeBRAF'®“F could be able to

repress DNA binding by Mitf. To confirm that DNA binding was indeed being
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affected, nuclear extracts from Phoenix cells transfected with FiGand Myc-
BRAF'°F were prepared and analysed by Western blotting (Figure 3.13A): Myc
BRAF'®F |ed to elevated FLAGMItf relative to total ERK2, and a shift of ERK2
from a mixture of unphosphorylated and phosphorylated protein to purely
phosphorylated protein was observed. In an EMSA usifgrasinaseenhancer M

box, induction of a FLAGMitf-specific band was observed when aRLAG

antibody was included in the binding reaction (Figure 3.13B). FMitG DNA -

V600E
F

binding in extract from cells also transfected with MBRA was increased but,

following normalisation for FLAGMitf protein level, t can be seen that additional

BRAF strongly repressed the ability of FLAGitf to bind to DNA (Figure 3.13C).

ARG = w FLAGMitf - - — + + + +
Myc-BRAF - — + MYO-BRAF = = = = == *

FLAG-Mitf HA-p300 - - - - - B ey
o-FLAG - - 4+ - + + +
Probe + + + 4+ + + +
ERK2

Mitf DNA-binding/protein level
0 1 2 3

Untransfected . I .
MITF
MITF + BRAF
Figure 3.13. BRAF represses Mitf DNA binding.The BRAF construct used il
these experiments is MABRAF'®%E (A) Western blot of nuclear excts from
Phoenix cells transfected with the constructs shown. (B) EMSA using nu
extracts from (A) in the presence or absence offIAG antibody -FLAG) and
bound to a pr oMCATGT®GA3t6a i Mli ThRg bai n5déawn
arrow indicatesnigration of the Mitfspecific band. (C) Quantification of the rat
of the band intensity of FLA@®/itf protein level (relative to ERK2 bands) in (A

versus FLAGMitf specific band in (B). Note that (A) and (B) are also usec
Figure 3.4.
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Taken togetherthe data so far suggested that MARIKHuced hypeacetylation of
Mitf could be responsible for reducing its DNA binding.

To understand the molecular mechanisms underlying the differentiation
programme observed on treatment with MAPK inhibitors, 501meléd,dreated or not
with DMSO, 20 puM UO126, or 200 nM PLX4720 for 24 and 48 hours, were
subjected to Western blotting analysis (Figure 3.14A). In the samples, total ERK2 was
unchanged while both inhibitors reduced levels of phodfRK, at both time poiist
relative to the Lamin B loading control. Inhibition by UO126 was more efficient than
by PLX4720 throughout the timecourse. It was anticipated that the upper; hyper
phosphorylated form of endogenous MITF would be eliminated following MAPK
inhibition, as this should prevent further phosphorylation of MITF, and it has
previously been reported that phosghio3/409 MITF is rapidly degradd€@lVu et al.,
2000) MITF that was freshly translated during the treatment period would not be
phosphorylated, and thereéo an increase in hypghosphorylated MITF was
anticipated. As expected, 24 hours of treatment with UO126 and PLX4720 enriched
the lower, hypephosphorylated band relative to DMS8f@ated control cells, and this
remained the case at 48 hours (Figure 3.14fwever, it was not until 48 hours of
treatment with either inhibitor that there was any reduction in phels@hb. This
suggested three possibilities: firstly, that MITF phosphorylated on S73/409 is not
stable, in contrast to the earlier repdWwu et al., 2000) secondly, that while
phosphorylation on S73/409 is necessary for the presence of the upper band, another,
subsequent phosphorylation event could also be required; or thirdly, that
phosphorylation of another site could be responsible for thisliycshift.

Other factors that play important roles in melanoma were also examined

(Figure 3.14A). Brr2 is a transcription factor that is wpgulated by MAPKactivity
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and can promote melanoma cell proliferation and invasivei@Gssdall et al., 2004a;
Goodall et al., 2008)and thus represents a further positive control for the effects of
MAPK-inhibition. Brn-2 levels were reduced by treatment with UO126 as has been
previously observedGoodall et al., 2004aand also, as expected, by PLX4720.
TBX2 andTBX3 are antisenescence factors expressed in many melanomas, and were

unchanged by either inhibitor, although there was a very slight decrease in TBX2 in
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Figure 3.14. The effects of MAPK inhibition in 501mel cells501mel cells were
either left untrated, or treated with DMSO, UO126 (20/1) or PLX4720 (200
nM), for times as shown before whole cell extracts were subjected to We
blotting with the indicated antibodies.
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cells treated with DMSO or drug at 48 hours. The transcriptional repressdr, p66
member of the MR/nucleosome remodelling and deacetylase (NuRD) complex
(Brackertz et al., 2002has been shown to interact with MITF and is required for
MITF expression (Luis Sanchez, personal communication). As with TBX2, treatment
with DMSO was sfficient to reduce p6® levels after 48 hours; there was no further
reduction with either inhibitor at this time point.

In an attempt to examine the functional effects of MAPK signalling on MITF
acetylation in a fashion uncoupled from its phosphoryladtatus, 501mel cells were
treated with UO126 and PLX4720 for shorter times, up to 24 hours (Figure 3.14B).
Total ERK2 was unchanged throughout the experiment and ph&spkowas
strongly repressed after just 2 hours treatment with both inhibitors, aga® mo
efficiently by UO126, relative to the Lamin B loading control. After 18 and 24 hours,
phospheERK in PLX4720treated cells had recovered to almost the level in untreated
cells, whereas the original level of inhibition was retained in UGii&fted cells
This could perhaps be due to PLX4720 being less stable in cell growth media than
UO126, although there is no data available to confirm or refute this. MITF levels did
not vary significantly throughout the experiment until 24 hours, when the lower band
of MITF was enriched relative to the upper, as before. There was a slight decrease in
hyperphospheMITF after 4 and 6 hours of PLX4720 treatment, but after 8 hours

treatment the effect was reversed, so it is not thought to have been a significant effect.

3.3.1 Genomavide binding of MITF in the presence and absence of PLX4720

Having determined that before 24 hours there is no major effect on MITF
phosphorylation status, we wished to assess the effect of PLX4720 onitVive.
To this end, 501mel cellsadily expressing HAVIitf (501.HA-Mitf) at a similar level

to endogenous MITF (Figure 3.15A) were employed for chromatin
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immunoprecipitation (ChlP) coupled to deep sequencing (Slel) using an anrtA
antibody. The upper two bands detected by the-MMtF antibody are HAMiItf,
while the lower two are endogenous MITF. Parental 501mel cells could not be used
because there is no antibody available against endogenous MITF that works reliably
for ChIP. 501.HAMitf cells were treated for 8 hours with 200 nM PLXD (Figure
3.15B), which achieved a strong reduction in phospR& signal relative to ERK2.
The antiHA ChIP was performed ipells treated with ethanol (referred to as Mitf) or
PLX4720 (Mitf.PLX4720 hereafter; Figure 3.15B), and in parental 501mel cells
(501neg) to serve as a negative control population. DNA recovered from the ChIP
was used for 50 bp singend sequencing. Thead libraries were filtered to remove
PCR duplicates and randomly sampled to the size of the smallest library (Table 3.1).
To visualise HAMitf binding in these experiments, wiggle files were
prepared and uploaded to UCSC. Binding yoosinasethe probtypical MITF target

gene that plays a key role in pigmentation, was observed in the presence and absence
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Figure 3.15. ChIP-Seq sample preparation(A) Western blot comparing 501me
and 501.HAMitf cells. Endogenous MITF and HMIitf bands are indicad. (B)
501.HA-Mitf cells were treated or not with PLX4720 (200 nM) for 8 hours bel
being harvested for ChIP. A sample was taken for Western blotting witt
indicated antibodies.

Table 3.1.ChIP-Seq sequencing statistics.

Sample Aligned reads Unique reads Subsampled reads
501mel 35794085 29237190 29237190
Mitf 52228313 44724616 29237190
Mitf. PLX4720 48441638 39641393 29237190
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of PLX4720 treatment (Figure 3.16A). The 501neg sample showed no enrichment at
these sites, suggesting that the binding seen is specific tMiHA Three MITF
binding sites have previously been describedTimosinase t WICGAT&EDGG3 6
motifs in the ore promoter approximately 100 bp apart, and an enhancer site 1.8 kb
upstream from the transcri ptTCATGTCGABaTr t Site
motif. Additionally, binding was observed in intron 1 Dfrosinase cont a-i ni ng a
TCACATGG3 06 motif, and two regions f-Qkbt her ups
and-7 kb from the TSS. Thedkb region did not contain a canonical MITF binding
site, whilethe7 kb r egi onTCAGCATGARI tn endo tai f5.de-Bkbndi ng t ¢
region was increased 2féld in the presence of PLX4720, but the remaining four
regions, including the three previously described sites, were unchanged. The fact that
binding to Tyrosinasewas largely unchanged was surprising as, given the rearlie
resul ts, It was anticipated that enhanced
TCATGTGA-3 6-1.8 kb enhancer element. TherefdPMEL, a transmembrane
glycoprotein required for melanosome biogenesis, was examined (Figure 3.16B).
PMEL expression is contr@t by MITF binding to an enhancer site in intron 1 of the
gene, WCATBTA8B 65dnoti f, which also all ows MI
of CDK2 (Du et al., 2003; Du et al., 2008inding at this location was observed, but
was unchanged in the presencalosence of PLX4720.

MITF binding sites that have been previously described were not necessarily
occupied in these experiments. For examBlEL2 whose function downstream of
MITF has been suggested to be essential for survival of the melanocyte lineage
(McGill et al., 2002) cont aCOABCTG&3 ®O6MI TF binding sit
promoter. This motif was a key part of the hypothesis surrounding differentiation

versus nordifferentiation target genes outlined earlier, but the promoter region was
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only occupied at a background level by either Mitf or Mitf.PLX4720 (Fegdu16C).
However, sever al introni c bouTCATGT@Agi ons we
30 motifs, which suggests that MITF coul d
different targets, in different cell contexts. These regions were unchanged rbetwee
Mitf and Mitf.PLX4720. Immediately upstream of tB&L2 promoter is the terminus
of the KDSR gene, encoding-ketodihydrosphingosine educt ase. -Within
untr ans|l at-UWIR) ofKBgRwasna regiBndenriched in the 501neg sample
(Figure 3.16C),showing the importance of controlling for nepecific binding in
ChIP-Seq experiments.

To date, MITF has been shown to have the ability to bindMREF-M
promoter in complex with LER without being able to directly bind thdITF-M
promoter(Saito et al 2002; Yasumoto et al., 2002pn examination oMITF, a
number of bound regions could be seen throughout the gene, includiigaatd-7.5
kb from theMITF-M TSS, and at a region in exon 2 MTF (Figure 3.17A), the
point from which all isoforms dvITF are common. LERA binds theMITF promoter
at 3 sites in betweei200 and +1, and a minor enrichment could be seen here, relative
to the background signdh the exon 2 region and th&0 kb region, canonical MITF
binding motifs were found, all containn g -Taon Bbn& strand of the motif. This
finding suggests that, as well as indirectly influencing its own expression, MITF could
also have the capacity to directly awegulate its expression, which has not been
shown before.

Potential novel MITF targt genes were also identified from this assay.
Lysosomeassociated membrane glycoprotein LAMP1) is required for fusion of
lysosomes with phagosoméduynh et al., 2007)and LAMP1 expression is often

elevated in melanomgKuzbicki et al.,, 2006) A strong HAMitf peak of
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approximately 3 times the size of the larger peaksynosinasevas observed close to

the LAMP1TSS that was invariant between Mitf and Mitf.PLX4720 (Figure 3.17B),

and cl oser e x ami

nat i

0 NnTCAGGY @A=B | flecatedtiltiee mot i f s

5@ ntr ans| atUTH)and gegyiclosa to (hé&TES.

This preliminary investigation suggested that there might not be large

differences induced in genommde HA-Mitf binding following treatment with

PLX4720, either in terms of quatative changes in binding or the motifs being

targeted. To begin to characterise the binding observed, regions statistically enriched
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Chapter 3 Results

for binding in the treated and untreated samples relative to the 501mel negative
control, termed peaks, were determined, withalge cutoff of 107°. 41,070 Mitf

and 38,467 Mitf.PLX4720 boungkgions were identified, which had the same mean
height (Table 3.2).

To characterise the genoméde binding patterns in the Mitf and
Mitf.PLX4720 samples, Mitf bound regions were ranked by binding density around
the summit, with rank 1 being the loweRead densitg500 kb from the Mitf summit
coordinates was calculated in 10 bp bins for both samples (Figure 3.18A). There
appeared to be a good correlation between binding in Mitf and Mitf.PLX4720 samples
around the summits of Mitf binding regions at alhks, with a very similar reduction
in binding intensity as peak rank increases. In a reverse calculation that ranked Mitf.
PLX4720 summits, exactly the same effect could be seen (Figure 3.18B). These
results suggested that binding between the two samm@ssvery similar, and that
regions bound by each sample tend to have a similar degree of binding. To probe this
further, the raw genomeide ChIRSeq reads were compared using a -pése
correlation calculation (Figure 3.18C). The genome was dividedLifdickb bins, and
the median read counts compared in them for Mitf and Mitf.PLX4720. A strong
correlation was found between Mitf and Mitf.PLX4720 (Pearson correlation

coefficient R=0.99). When the analysis was restricted to windows defined by Mitf

Table 3.2.ChIP-Seq peak statistics

Sample Mitf Mitf.PLX4720

MACS2 binding regions 41,070 38,467
Mean binding region height 40 40

Uniquely bound regions 7,443 4,841

Peaks (>40) 14,362 13,105

Unique filtered peaks 2,511 (34%) 1,246 (6%)

Geneassociatediltered peaks 9,037 8,322

Filtered pealassociated genes 5,559 5,244

Conserved with Strub et al., 201 3,055 3,099
Unigue genes 650 337

* Numbers in brackets represent the unique peaks when pdékim ®ne sample were intersecte
with all binding regions in the other.
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Figure 3.18. Genomewide ChIP-Seq sample comparison(A) Mitf peaks were
ranked based on binding strengthafis; rank 1 = weakest) and raw bindil
density profiledt 500 bpfrom the summit for 501neg, Mitf and Mitf.PLX4720-(>
axis). Density was coloured from blue (0, lowest) to red (66, highest), scal
shown at right. (B) As for (A) but using Mitf.PLX4720 peaks as a starting p
(C) Pairwise genomavide correlation beveen Mitf and Mitf.PLX4720 based o
the median read density in 100 kb windows. Pearson correlation coefficit
shown top left. (D) As in (C) but restricted to bases in Mitf peaks rather
binning the entire genome. (E) As in (D) but restricted ®eban Mitf.PLX4720
peaks.
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bound regions, a very strong correlation was again seen for binding density in the
presence and absence of PLX4720 (Pearson correlation coeffsi0r3; Figure
3.18D). If Mitf.PLX4720 peaks were used to score the samples,Ptason
correlation was similar R=0.92; Figure 3.18E). The difference in correlation
coefficients between these analyses likely arises because the vast majority of the
genome is excluded in the pelaised analysis, permitting small local variations to
hawe a larger effect. The different scales arise because the majority of bases in each
100 kb will be weakly occupied, while peakvered bases by their nature are more
highly occupied. Together, this data suggests that there was not a large change in HA
Mitf binding induced following treatment with PLX4720.

Peak height was <calculated wusing the
counts reads intersecting the coordinates assigned to the summit. Regions were
divided into bins based on peak height in 10 read inanesn&he overall distribution
of peak heights was very similar between these regions, with the most populous bin
containing peaks between 20 and 30 reads in height (Figure 3.19A). There were
slightly more Mitf regions in each bin than Mitf.PLX4720, refiegt the modest
difference in peak count between the samples. No peaks were detected in either
sample with height less than 10.

The binding regions in each sample were assigned to different categories to
ascertain where they were localised genowie (Figue 3.19B). Mitf and
Mitf.PLX4720 peaks were almost identically distributed, with around 40% of peaks
not occurring within 10 kb of the start or end of a RefSeq gene. 36% of peaks were
intronic, while 13% were located up to 10 kb upstream of the TSS arldyo#thin
10 kb downstream of the transcription termination site (TTS). The remaining peaks

were distributed belWRefn2%)x,0A R AR e 3 de
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surprising feature of this analysis was the large proportion of intronic peaks.
Howevae, it is likely to be true as repetition of the analysis with a different software
package returned very similar proportions of intronic peaks (CisGenome; data not
shown). The intronic peaks could present potential enhancers, and predominantly
intronic/intergenic occupancy has previously been observed in other bHLH proteins,

for example MYOD(Fong et al., 2012)
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Figure 3.19. Mitf and Mitf.PLX4720 peaks are very similar. (A) Mitf and

Mitf.PLX4720 peaks were divided into 22 bins of equal width based@easing
peak height, and histograms plotted. (B) The distribution of all peaks and

with height > 40 for Mitf and Mitf.PLX4720 was analysed. (C) Venn diagt
showing the proportion of common and unique peaks between all Mitf
Mitf.PLX4720 peakslIn the centre, the number outside the brackets denote
number of Mitf peaks, and the number inside the brackets denotes the nun
Mitf.PLX4720 peaks. (D) As in (C) but using peaks with height > 40 as a ste
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In Mitf and Mitf.PLX4720, moe bound regions were identified than there
are genes in the genome. Therefore, a conservative height filter of 40 reads was
applied to each sample, to leave only the most significant peaks. Fo# mutikely
to be set too high to catch all genuineding events, but will minimise the false
positive rate and hence the noise in the analysis. Known peaks in genes such as
Tyrosinasavere retained as was the novel binding site/d¥1P1 Not all theMITF-M
or BCL2 bound regions were recovered. Pfigering, 14,362 Mitf and 13,105
Mitf.PLX4720 peaks were retained for further analysis. Removal of the smaller peaks
from the sample made very little difference to the distribution of peaks (Figure
3.19B), although there was a minor increase in binding in diktainstream and
intergenic sites at the expense of intronic binding.

Next, the peak coordinates of Mitf and Mitf.PLX4720 peaks were intersected
(Figure 3.19C, Table 3.2). 33,627 Mitf peaks overlapped with 33,626 Mitf.PLX4720
peaks, giving a conservatioate of 82% and 87% respectively between the samples.
Among peaks with height greater than 40, 11,851 Mitf peaks overlapped with 11,852
Mitf.PLX4720 peaks (Figure 3.19D, Table 3.2), at a conservation rate of 82% and
90% respectively. Because peaks couldngeain height between the samples and
span the 40ead cutoff, peaks higher than 40 from one sample were intersected with
all peaks from the other. In this more stringent identification of unique filtered peaks,
only 34 Mitf peaks and 6 Mitf.PLX4720 peaksre unique, further adding to the idea
that the binding profile of HAMitf in the presence and absence of PLX4720 is very
similar. To find out the gene occupancy of Mitf and Mitf.PLX4720, peaks with height
greater than 40 were associated with a gerfeeif tay within 20 kb of the gene body
(Table 3.2). Mitf was associated with 5,559 genes, of which 650 were uniquely

occupied using the criteria used in Figure 3.19D, while Mitf.PLX4720 was associated
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with 5,244 genes, of which 337 were unique. 3,055 obtbB9 Miti-occupied genes
and 3,099 of the 5,244 Mitf.PLX4726ccupied genes were shared with the
previously published MITF ChH3eq dataset (Strub et al., 2011).

Because the genonvede binding between the samples appeared so similar
(Figure 3.18), boxplts were drawn of the total, unique, and common sets of peaks of
any height, from both samples, to see if there was a peak height difference among
them (Figure 3.20). It revealed that, for each comparison, Mitf and Mitf.PLX4720
were very similar, and thahe unique peaks were clustered toward the small end of
the peak scale. The maximum peak height among Mitf unique peaks was 51, while for
Mitf.PLX4720 it was just 47. This suggests that the unique peaks between the
samples are perhaps unlikely to make goma&ontribution to the effect of the

presence or absence of PLX4720 on-MAf binding in this experiment.

RIS

50
|

4.5

4.0

In(Peak height)

3.0

—_ ! _ ' —_
—_ —_— —_—

T I I T T I
Mitf  PLX4720 Mitf  PLX4720 Mitf  PLX4720

All peaks Unique peaks Common peaks

Figure 3.20. Unique Mitf and Mitf.PLX4720 peaks are smallBoxplots of peak
heights for all, uniqgue and common peaks for Mitf and Mitf.PLX470)shown.
The peak height scale is natulad) transformed to enhance clarity. The box shc
the interquartile range (IQR), with the median value the line transecting the
Values falling outside the IQR but within the range of IQR.5<IQR are shown
by the dashed line whisker. Remaining values are outliers represented by dof
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In both samples, peaks that were either filtered or unfiltered by height had
shown similar proportions of binding less than 1 kb upstream of the TSS or within the
5 WTR. To examine this more closely, histograms were plotted showing the summit
density of d Mitf and Mitf.PLX4720 peaks with summits lying in a 2 kb window
centred at the TSS (Figure 3.21A). Both samples had maximal occupancy in the first
100 bp upstream of the TSS, followed closely by the first 100 bp downstream of the
TSS. In bins further aay from the TSS, the summit density decreased quickly. The
peaks higher than 40, the enrichment at the TSS was even more pronounced (Figure
3.21B). The first 100 bp upstream of the TSS contained by far the most peak
summits, again followed by the first @®p downstream of the TSS. This indicated
that, like many transcription factors, at a geneme level MITF tends to be located
very close to the TSS of genes that it occupies.

Earlier, it was hypothesised that PLX4720 treatment should promote binding
toEIM-boxes t hat aTrresiddes. Hawkverdon \asyal ibspection of the
published binding sites used to form this hypothesis, binding was unchanged in the
Mitf and Mitf.PLX4720 ChIRSeq samples. To assess whether this hypothesis was
likely to betrue or not, the top 900 peaks in each sample were used to pdsdict,
novq the consensus motif occupied by HAtf in each case. For both Mitf and
Mi tf. PLX4720, it was virtually i dentical,
TCACGTGA3 6 f or e a21@, D), indicgtingr tieat, for the most significant
sites occupied, there is very little difference in motif occupancy in these samples. The
uniquely occupied peaks in each sample were clustered at the small end of the peak
height spectrum. To ask whetlieese peaks discriminated better than the total sets of
peaks, thede novoanalysis was repeated (Figure 3.21 E,F). The motif was very

similar for b-GA[CIT]GTG-2M,t rwdt ont b onl y diff
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Figure 3.21. Mitf and Mitf.PLX4720 are enriched at the TSS and have ¢
similar de novopredicted motif. (A) Summits of all Mitf andMitf.PLX4720

peaks within 1 kb of a TSS were assigned to bins based on the distance to tt
(B) As (A) but using peaks higher than 40 as input.[&)now motif prediction
was performed on the 60 bp surrounding the summit of the top 900 Mitf peak
As (C) but using the top 90Qitf.PLX4720 peaks. (E),(F) As (C) but using the tc
900 unigue Mitf (E) and Mitf.PLX4720 (F) peaks.
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requi r e ménntthe fMafrpeaks.0However, given the lowly stature of the
unique peaks, it is hard to assign a functional consequence of this apparent difference.

To extend the motif occupancy analysis to all the peaks that were bound in
each sampl e-CATEGTGI3 Gonfd-CEIGAG3500 mot i fs i n the
were identified. From this list of coordinates the motifs that fell within Mitf and
Mitf.PLX4720 peaks were extracted. A total of 51,872 motifs were identified in
35,541 Mitf peaks, while 48,115 motifs were identified 33,001 Mitf.PLX4720
peaks. For peaks whose height exceeded 40, Mitf occupied 21,407 motifs in 13,637
peaks, while Mitf.PLX4720 occupied 19,528 motifs in 12,330 peaks. On plotting the
percentage of total, common and unique peaks in either the comptetd peaks or
peaks higher than 40, it was clear that the vast majority of peaks contained at least 1
motif (Figure 3.22A). The percentage of unique Mitf.PLX4720 peaks containing a
motif was approximately 10% lower than in the other sets of peaks ahei@tt cut
off, while the number of peaks containing motifs wasl®@o greater for peaks higher
than 40 than for the set of total peaks. In contrast, in a set of control peaks matched
for length and distance from the TSS, only around 20% peaks contai®ed a
CA[C/TIGTG-36 mot i f , i ndicating that MI TF peaks
to the genome for these elements.

The relative heights of the subsets of total, common, and unique peaks with
and without motifs were analysed next (Figure 3.22B). Amaulp set of Mitf peaks
examined, peaks without motifs were clustered in the smaller bins, being virtually
absent once peak height exceeded 60, while peaks containing motifs persisted to the
highest bins. The distribution of peak heights in the same an&bydisitf. PLX4720
was almost identical to that of Mitf (Figure 3.22C), further suggesting that there is

little difference in motif binding between these samples. Because there was a small,
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yet appreciabl e, per c€AC/HQ@TES-3 0 f ifimb wask s
possible that either HMitf was binding to degenerate motifs or as a cofactor for
another transcription factor. To investigate this, the 60 bp around the summits of the

most significant peaks lacking motifs was used && novo consensus motif
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prediction (Figure 3.22D). As shown, the consensus for both Mitf and Mitf.PLX4720
was a very similar near-E o x -CANNGG-3 6 ) , suggesthsamrpeashat t he
a result of HAMitf binding to degenerate motifs.

Next, the precise motifs bound by Mitf and Mitf.PLX4720 were analysed. By
chance, a randomly chosen hexameric sequence would be expected to arise every
4096 bp. The human genome contains apprnately 3 Gbp of DNA, meaning that
~750, 000 instances of a random, unconstr a
CACGTG36 would be expected to ofolcfewer i n t he
(276, 439) instances wer eCATETGROI iiwiorgtlte ( Fi gur
bottom strand, t h-€ACADGE3 O6s,t raanndd, wiolrl trheiasd h5eb
the middle two bases are constrained to a choice of two, the motif would be expected
to arise every 1,024 bp, or ~3,000,000 times throughout the genome. Onhyjirt¥go t
of this number (2,175,744) was found, so both motifs are relatively wege¥sented
according to random chance. It is possible that sequences with the potential to be
bound by transcription factors have been evolutionarily selected against iptatbem
ward off promiscuous binding events. The distribution of different flanking sequences
among these motifs was very -CATGiGBarandppro
5&ACGTG3 6 motifs were flanked by T on both
onestand with the r emali(figdre3.238.ont ai ning no 50

Next, the relative enrichment of each motif relative to the frequency of that
motif in the genome was assessed for Mitf and Mitf.PLX4720 peaks (Figure 3.23B).
The overall distribution between Mithd Mitf.PLX4720 motif preference in all and
common peaks was very similar. In keeping with domsensus motif predictions
(Figure 3.21) -BCACGTGA3 06 was the most strongly enri

by Mitf, suggesting that Mitf has a very high affinitgr this motif in vivo. -5 0
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TCATGTGA-3 6 afTOACGT&GB3 6 wer e s i mioderatmelggnonecnr i c hed
background in Mitf and Mitf.PLX4720 all and common peaks; these three motifs

together comprise 58% of motifs occupied by -NWf. The other combinations of

flanking sequences are not enriched more frequently than would be expected by

rancdom chance.

The unique peaks contained slightly different ratios of motifs to the total sets.
5dCACGTG306 was most affected, with its enric
reduced by 3@old and 56f ol d respectively compared to
TCATGTG-A-3 06 a-TCGACGIT&GB3 06 wer e unchanged in the N
while their enrichment was reduced in the Mitf.PLX4720 peaks.

Thus, contrary to the initial hypothesis that treatment with PLX4720 should
redirect HAMi t f t o mot i-T, this data suggestsrihie gposite dnight be
t he ¢ adgCAC/TIGISGAB® a-MCACGIGB3 6 are | ess enri che
peaks uniquely bound by Mitf.PLX4720. It is hard to assess the significance of this
finding, however, because the difference is very slightagmhrent only in the peaks
unique to each sample. It could therefore simply reflect a decrease in binding to these
motifs in smaller peaks.

Because the unique peaks were so small, it was anticipated that the overall
biological roles of genes associatedhathe Mitf and Mitf.PLX4720 samples should
be the same. Inwo cases, a gene was associated with an Mitf peak but not an
Mitf. PLX4720 peak; the difference in the peaksociated genes for the samples is
315, while the difference in uniquely occupied gebesveen the samples is 313.

Thus the impact of a peak just falling within the 20 kb-affitfor association with a
gene in one sample but not in the other will be minimal in relation to the number of

genes associated with each sample
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To find out the bitogical roles of the genes occupied by Mitf and
Mitf.PLX4720, the 1,000 most significantly occupied genes were analysed for
enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and gene
ontology (GO) terms (Figure 3.24). The identified regulapathways and terms
generally had at least 10% of their number bound in the sample. There were small
differences in the pathways and terms enriched in the samples. The actin cytoskeleton
KEGG pathway was enriched in Mitf but not Mitf.PLX4720. Howeverinabinding

was enriched in the GO analysis for both samples, so it could be that the cytoskeleton
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Melanoma 71 Actin binding 247
ECM-receptor interaction 86 Endosome 209
Depression 60 Lysosome 149
NSCLC 56 Neurodegeneration 80
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o] D
Mitf.PLX4720 bound: KEGG Mitf.PLX4720 bound: GO
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Figure 3.24. Gene ontology analysis of Mitf and Mitf.PLX4720 bindingBars

on Mitf graphs are red; bars on Mitf.PLX4720 graphs are green. The top

Mitf and Mitf.PLX4720 peaks were analysed for significantly enriched Ky
Encyclopedia of Genes and Genomes (KEGG) pathways or Gene Ontology
terms as shown. All terms reported hadgtue < 0.1. ECM: extraellular matrix;
NSCLC: nonsmallcell lung @ncer. Numbers at the end of each bar represen
total gene count in the KEGG pathway or GO term.
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pathway just failed to make the enff for the KEGG analysis. Indeed, analysis of a
longer list of Mitf.PLX4720 genes did enrich the actin cytoskeletohghown).

Vesicular terms (endosomes and lysosomes) were enriched in both samples.
It was interesting that lysosomagulating genes feature so prominently among the
genes bound by Mitf, because TFEB, another member of the MIT subfamily of
bHLH-LZ factors, has been identified as the master regulator of the lysosomal
pathway(Sardiello et al., 2009MITF and TFEB can heterodimeriggemesath et
al., 1994) and they bind to exactly the same sequeirtastro andin vivo as one
another (Sardiello et al2009; Figure 3.21C). This suggests, for the first time, that
MITF could be a major regulator of the lysosomal pathway, which is used to break
down waste materials in the cell. Little is known about the role of lysosomes in
melanoma, although some lysosdnggnes such aEAMP1 are overexpressed in
melanomgKuzbicki et al., 2006)Melanosomes are lysosomedated organelles that
are derived from the endosomal membrane and can fuse with lysof®apeso and
Marks, 2007) In addition, a number of lysosormsbrage diseases, such as
HermanskyPudlak Syndrome, are characterised by abnormal pigment&tioning
et al., 2000) It would not therefore be a surprise to find that MITF is able to control
the genes driving the lysosomal pathway.-M#&f was also boundo a large number
of transporrelated genes that play a role in a wide range of processes, including
metabolite transport in and out of the cell and shuttling between different organelles.
Given the pivotal role of MITF throughout development, it is sotprising that

nutrient processing would be regulated by MITF.

3.3.2 Identification of MITF and PLX4720regulated genes by RN&eq

The presence or absence of a binding site does not necessarily indicate that a

gene is regulated by MITF, just that it hth® potential to be. To determine which
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genes were MITHegulated in 501mel cells, MITF was knocked down using SiRNA,
with siRNA against.uciferase(siCTR) as a control, and cells were harvested after 72
hours (Figure 3.25A). A good knodown was achievedand paired end RNA deep
sequencing (RNASeq) was performed on RNA extracted from 501mel cells
transfected with each siRNA as well as untransfected 501mel negative control cells.
To compare the gene expression levels in these samples, correlation amalysis
performed. A very strong correlation between all three samples was observed (501mel
vs SICTR Pearson correlation coefficiddt0.96 [Figure 3.25B], 501mel vs siMITF
Pearson correlation coefficie®®=0.96 [Figure 3.25C], siCTR vs siMITF Pearson
correlaion coefficientR=0.97 [Figure 3.25D]), indicating that, for most genes, the
expression level was very similar. The linear runs of points in the bottom left corner
represent the genes that were zero in one sample but with a legermRPKM in

the other.

To directly compare the global expression levels in the three samples, the
log, ratio between two samples was plotted against thg RiRKM of one of the
samples as shown (siCTR vs 501mel [Figure 3.25D], siMITF vs 501mel [Figure
3.25E], siMITF vs siCTR [Fgure 3.25F]). As in the previous set of graphs, the linear
runs of points are the genes that were zero in one sample but with a lexeroon
RPKM in the other. The graphs revealed that a modest number of genes were likely
differentially expressed, butdhthe majority of the genes in the genome were non
regulated by either siRNA.

Mitf peak height was plotted against expression level in 501mel cells for
expressed pea#ssociated genes from the Mitf CHeéq sample (Figure 3.26A),
revealing a wide spreanf expression values for a given peak height. A weak Pearson

correlation coefficient R=0.0187) was calculategduggesting thathe height of an
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Figure 3.25. siMITF RNA-Seq in 501mel cells(A) 501mel cells transfected fc
72 hours with siCTR or siMIF were analysed by Western blotting with t
indicated antibodies. (B) Legansformed RPKM values comparing SiCTR a
501mel RNASeq samples. Pearson correlation coefficient is showatetopAll

RPKM were increased by 0.00001 to allow comparisons foeg@here one valu
was zero. (C) As (B) but comparing siMITF and 501mel. (D) As in (B)
comparing sSiMITF and siCTR. (E) Legansformed plot showing the felthange
between siCTR and 501mel RPKM values versus siCTR PRKM. (F) As (E
comparing siMITFand 501mel. (G) As (E) but comparing siMITF and siCTR.
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Mitf peak at a gene does not correlate with the expression level of that gene.
However, it appeared that there was a general association between the presence of a
peak and the expression level ajene.

On analysis of differentially expressed genes between the siCTR and siMITF
samples, 809 RefSeq genes were doggulated by siMITF of which 291 were Mitf
bound, and 665 genes were-rggulated of which 205 were occupied by Mitf peaks
higher than 4Q(Figure 3.26B), indicating that the many of-gulated genes on
MITF knockdown can also be bound by MITF. While 35% of regulated genes were
occupied by HAMitf with peaks taller than 40, only 25% of noegulated genes
were occupied by HMMitf, suggestirg that HAMitf-occupancy is more associated
with mis-regulation than a lack of miggulation. It would be expected that, were the
peak height cubff to be reduced, the number of directly bound and regulated genes
should increase. Indeed, when this analysas conducted with all the Mitf peaks
(data not shown), 637 dowegulated genes were occupied, and 518 dmgualated
genes were occupied, suggesting that MITF could potentially directly regulate most of
the genes that are -degulated following the BINA transfection. The total number of
deregulated genes, however, is still small compared with the number of occupied
genes. It is possible that some genes are occupied with an occupancy that has little
functional consequence, or that some could be resgguilander different conditions
that are not mimicked by MITHepletion.

To find out the biological functions of the genesrdgulated by MITF
depletion, KEGG and GO analysis was carried out, identifying pathways and terms
with more than 510% of their castituent members subject to regulation. Among
downregulated genes (Figure 3.26C, D), lysosomes were a prevalent KEGG

pathway, suggesting that MITF does indeed regulate lysosome biogenesis and
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Figure 3.26. Analysis of MITFregulated genes(A) Scatter plot of Mitf peak
height geneassociated peaks against the natlogarithm of the RPKM. Pearso
correlation coefficient is shown at tdgft. (B) Genes with a greater tharf@d

expression difference between siCTR and siMITF RBBY sampleswere
compared with Mitfoccupied genes. (A) KEGG pathways enriched in siMI
downregulated genes. (B) GO terms enriched in siMITF doegulated genes
(C) KEGG pathways enriched in siMITF wpgulated genes. (D) GO tern
enriched in sIMITF ugegulated genes. BER: base excision repair; E
endoplasmic reticulum; HR: homologous recombination. In GO and KE
graphs, all reported terms haevalue < 0.1. siMITF dowategulated graphs ar
coloured green; sIMITF upegulated graphs are coloured red. Numbetieaend
of each bar represent the total gene count in the KEGG pathway or GO term.

131



Chapter 3 Results

function. Cell cycle regulation by CDK@u et al., 2004and DNAreplication have
previously been characterised as being Mi€gulated(Strub et al., 2011)Two
directly bound and regulated genes that regulate the cell cycle that have not previously
been identified as MIT#egulated are CDK4 and CDK6 which, in complex with
cyclin D, phosphorylate and inactivate Rb, permitting progressionpioaSe. MITF

has previously beeshown to influence the cytoskeleton through regulatiddiaphl
(Carreira et al., 2006 Among the ugregulated genes (Figure 3.26 E, F) were genes
that regulated focal adhesion, axon migration and interaction with the extracellular
environment, in keapg with the idea that MITHlepletion in cells promotes the
adoption of an invasive phenotyg€arreira et al., 2006)This data suggests that
MITF could actively suppress invasiveness by directly repressing these genes, rather
than by upregulating anothegene which, in turn, dowregulates invasiveness
promoting genes.

To enable similar comparisons to be made for PLX4720 treatment; S8¢A
experiments were performed in 501mel cells treated or not with DMSO or 200 nM
PLX4720 for 12 hours. Correlation calations were performed between all 3 RNA
Seq samples, and they were found to be well correlated (501mel vs DMSO Pearson
correlation coefficienR=0.97, 501mel vs PLX4720 Pearson correlation coefficient
R=0.97, DMSO vs PLX4720 Pearson correlation coefficke=0.97; Figure 3.27A).

The linear runs of points in the bottom left corner represent the genes that were zero
in one sample but with a low naero RPKM in the other.

To directly compare the global expression levels in the three samples, the
log, ratio between two samples was plotted against the RBKM of one of the
samples as shown (Figure 3.27B). As in the previous set of graphs, the linear runs of

points are the genes that were zero in one sample but with a lererm®RPKM in
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Figure 3.27.PLX4720 RNA-Seq in 501mel cellgLegend continues at bottom ¢
next page.]

133




































































































































































































































































































































