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Abstract

Reactivation of master regulators of epithelial to mesenchymal transition (MR-EMT)
represents the molecular basis for tumour cell plasticity, malignant transformation and
metastases. However, the current evidence on the specific role of MR-EMT in
melanomagenesis has not been fully addressed. The purpose of this investigation was
to assess the expression and regulation of these factors in malignant melanoma and to
evaluate their prognostic and clinical significance.

In vitro experiments indicated that a switch in MR-EMT protein expression
ZEB2/SNAI2 to ZEB1/TWIST1 is RAS-RAF-MAPK signalling dependent. In
addition, evidence supported a MR-EMT interactome, in which transcriptional
repression of ZEB2 by Fra-1 resulted in upregulation of ZEB1, independently of
miR-200 family. Further in vitro and immunohistochemical (IHC-P) analyses showed
that E-cadherin and VDR protein levels were significantly reduced by the presence of
ZEB1 in melanoma cells and archive tissues. Motility assays demonstrated that ZEB1
but not ZEB2 enhances cell migration.

IHC-P analyses of ZEB2/SNAI2 (n=142/28) showed a statistically significant gradient
of stronger staining at superficial sites compared to the deep sites in a select cohort of
independent and matched melanoma tumour samples. In contrast, ZEB1 (n=142) and
TWIST1 (n=133) showed higher staining in deep sites of primary melanomas and
metastases. Trend analyses showed a significant MR-EMT switch in this progression
series from high levels of ZEB2/SNAI2 in naevi towards high ZEBL/TWIST1
expression in melanomas. In primary melanomas these factors were also significant in
Kaplan Meier survival curves and after two step cluster analysis the combined profile
of ZEB1"TWIST1"/ZEB2'" predicted the worse prognosis (P=0.001).
Multivariate Cox regression analyses of IHC-P staining indicated that only the gain of
ZEB1 (P<0.002, n=98) and superficial TWIST1 (P=0.012) were associated with poor
metastasis-free survival and independent of breslow depth.

In conclusion, the reversible switch between ZEB1/TWIST1 and ZEB2/SNAI2 is
controlled by RAS-RAF-MAPK pathway activity and constitutes an independent
factor of poor prognosis in patients with malignant melanoma.
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1 General Introduction

1.1 Introduction

Awareness of skin melanoma as a disease entity is not recent, having possibly first been
described in the 5" century B.C by the Greek physician Hippocrates who referred to
"black cancer” and "fatal black tumours with metastases”. Despite recent treatment
strategies and therapeutic agents, metastatic melanoma remains one of the cancers most
resistant to treatment and there is therefore imperative to determine new diagnostic
markers of disease progression and targets for the treatment of aggressive melanocytic
neoplasias. This chapter provides an overview of the key aspects of melanoma disease,
such as epidemiology, driver mutations and important signalling pathways followed by
a literature review in regards to the origin of skin melanocytes and the role of Epithelial
to Mesenchymal Transition (EMT) and associated key transcription factors in both

embryonic development and disease.

1.2 Malignant melanoma

1.2.1 Incidence, Mortality and Survival Rates

It is fitting that the largest organ in the human body, the skin, has the likehood to
become affected with such a life-threatening disease as melanoma. The incidence and
mortality of malignant melanoma (MM), which is the least common but the most life
threatening form of skin cancer, has continued to increase steeply worldwide over the
last decades with the highest incidence rate in Australia, with New Zealand ranking a
close second, and the lowest in Asian populations (Coory et al., 2006, Jones et al., 1999,
Godar, 2011). According to GLOBOCAN, a worldwide database of cancer incidence
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and mortality rates, an estimated 200,000 (1.6 %) new melanoma cases and 46,372

deaths (0.6 %) occurred in 2008 (Bray et al., 2012, Ferlay et al., 2010).

The American National Cancer Institute (ANCI) has recently published an update on the
Surveillance, Epidemiology and End Results Cancer Statistics Review (SEER-CSR)
based on cases diagnosed for cancer between 1975 and 2009 in the United States (US)
(Howlader N, 2011). It is estimated that the lifetime risk of both sexes for developing
MM was approximately 2%, and the age-adjusted incidence and death rate was 21.0 and
2.7 per 100,000 people per year respectively (Howlader N, 2011). For 2012, the
American Cancer Society predicted that there will be more than 76,000 new cases of
melanoma (in situ and invasive) and approximately 9,180 deaths from the disease
(Howlader N, 2011). It is notable that melanoma incidence has grown alarmingly in
younger age groups during the past quarter century and more specifically is the most
common form of cancer among young adults, in the 25- to 29-year-age group, and the
second most common type of cancer in individuals 15- to 29-years of age, when gender

was not taken into account (Bleyer et al., 2006).

According to the Cancer Research UK (CRUK), the incidence rate for melanoma in the
UK has almost quadrupled since early 1970s and more than 12,000 new cases diagnosed
with the disease in 2010 (CRUK, 2010a). The most recent UK skin cancer age-
standardised mortality statistics showed that male mortality rate increased significantly
in the last four decades from 1.2 to 3.1 per 100,000 compared with the female rate,
which was only changed from 1.4 to 2.2 per 100,000 for the same period of time
(CRUK, 2010b). The current lifetime risk of MM in the UK is relatively low in relation

to other types of cancer and about 1.65% for both genders (CRUK, 2010a).



Nevertheless, MM remains one of the least common causes of death in the UK

compared to other types of malignancies Figure 1.1.
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Figure 1.1 - The 20 most common causes of death from cancer in the UK (2010). The malignant
neoplasm is the 18" cause of death from cancer (Chart redrawn from CRUK - mortality statistics for
common cancers, CRUK, 2010c).

1.2.2 Different Types of MM and multi-step progression of the disease

There are four main histologic types of cutaneous melanoma that have distinctive
pathological features and are summarized in Table 1.1. Superficial spreading, nodular
and lentigo maligna or "Hutchinson's melanotic freckle” melanomas make up about

90-95% of all diagnosed melanoma cases (MacKie, 2000, Porras and Cockerell, 1997).



On the other hand, acral lentiginous melanoma and other infrequent types of melanoma,
such as ocular, vaginal or rectal account for the rest 5-10% (MacKie, 2000, Phan et al.,

2006, Porras and Cockerell, 1997).

Table 1.1 - Main characteristics of different types of melanoma. Note that the main prognostic
indicators of MM include depth of invasion (Clark level) and thickness of the primary tumour (Breslow).

Melanoma Location Lesion Characteristics Incidence Prognosis
Sub-types [all diagnosed
melanomas]
Superficial Trunk, upper arms, Flat, dark macules, asymmetric ~70% Slow growth
spreading (SSM)  and thighs with irregular borders and colour (long flat phase)
variations, outward spread Good prognosis
Nodular (NM) Anywhere on the body  Dome-shaped, dark brownish ~10-15% Rapid growth
black, or black, in colour, Very poor
downward growth, may also prognosis

appear in an area without any
previous lesion, lack of radial
growth phase

Lentigo maligna Most common on the Large, flat, with irregular borders, ~10% Slow growth
(LMM) face and other mainly tan, brown, black coloured Good prognosis
chronically sun- lesions, outward growth, may form
exposed areas dark nodules
Acral Hands, feet, under the Large, brown, black, or multi- ~5% Poor prognosis
Lentiginous fingernails and coloured, streaked appearance, flat
(ALM) toenails, mucous or nodular
membranes e.g. mouth
and nose

*[Up to 46 and 73% in Asian and black skinned populations, respectively - Reviewed in Kabigting et al., 2009]

The development of MM is characterised by a sequence of genetic alterations from
normal melanocytes to life threatening invasive melanoma. Ackerman’s group was the
first to propose a multi-step process of melanoma tumourigenesis (linear progression)
encompassing five distinct stages of progression (Ackerman, 1980). According to this
model, schematically outlined in Figure 1.2, oncogenic stimulus can lead to an initial
aberrant proliferation of melanocytes at the junction of epidermal and dermal layers of
the skin in order to establish a melanocytic non tumourigenic lesion. There are two types

of early benign lesions, common acquired and congenital naevi without any dysplastic
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phenotype and dysplastic naevi with nuclear atypia. The third stage is defined as the
radial growth phase of primary melanoma (RGP), and refers to the spread of a small
subset of relatively stable naevi to in situ melanomas, which grow laterally and in
proximity to the epidermis, but cells do not have the ability to metastasise. As the lesion
progresses, radial growth phase is followed by a vertical growth phase (VGP) in which
neoplastic melanocytes penetrate the basal layer and invade into the underlying dermis
and subcutaneous fat, having the potential for metastasis. In the last step, melanoma
cells invade out and disseminate through the blood stream or lymphatic vessels to
distant sites in the body (Chin, 2003, Gaggioli and Sahai, 2007, lbrahim and Haluska,

2009).

Contrary to the prevailing dogma of linear model of tumour progression, increasing
evidence revealed divergent gene expression profiles between primary tumours and
corresponding lymph node metastases (Bissig et al., 1999, Torres et al., 2007). In
addition, recent reports focusing on the analysis of disseminated tumour cells by
employing PCR-based whole genome amplification and comparative genomic
hybridization techniques supported the notion that early transformed cells are capable of
dissemination (Husemann et al., 2008, Klein et al., 2002). However, the obvious caveat
of these studies is that the survival of disseminated tumourigenic clones or single cells at

distant sites does not necessarily translate to initiation of a secondary tumour.
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Over the past two decades major advances in molecular biology have allowed
identification and characterisation of genetic changes involved in the multi-step
melanoma oncogenesis, which include alterations of tumour suppressor genes (TSGS),
oncogenes, extracellular matrix proteins, loss of heterozygosity (LOH) and

microsatellite instability (MSI).

1.2.3 Malignant melanoma susceptibility genes and deregulated signalling pathways

The process of melanomagenesis is thought to include one or more mutations, which
can be sporadic or inherited (familial). Sporadic melanomas represent almost 90% of all
melanoma cases and arise from somatic mutations of genes (Table 1.2). On the other
hand, familial melanomas account for the rest 10% of all melanoma cases and they are
characterised by germline (transmitted from one generation to the next) mutations in
cancer-susceptibility genes, which differ in their degree of penetrance (Meyle and
Guldberg, 2009, Ward et al., 2012). Despite advances in genome analysis using a
number of high-throughput technologies, like microarrays and quantitative real-time
PCR (gRT-PCR), there is a small number of low, moderate and high-penetrance
susceptibility genes found to date in familial melanomas (Table 1.2) (Gudbjartsson et

al., 2008, Ward et al., 2012).

The major signalling pathways involved in melanocytic tumours have been described in-
depth in several review articles, but three have been identified to be nearly invariably
deregulated in melanomas (Dahl and Guldberg, 2007, Hocker et al., 2008, Sekulic et al.,
2008). These are, the receptor tyrosine kinase (RTK)-RAS signalling pathway (Figure
1.3), through mutations of NRAS (up to 42% frequency in primaries and metastases) or

BRAF (up to 70% in melanomas), the ARF-p53 cascade, through mutations of p14”~*



(up to 70% in sporadic melanomas) or TP53 (up to 32% in primary melanomas), and the
p16™ */CDK4/RB pathway, with mutations of INK4A (up to 70% in nonfamilial
melanomas) or CDK4 (in 2-3% of all familial melanomas) (Table 1.2). Less frequently
dysregulated pathways in melanoma malignancies include the Wnt / B-catenin pathway
with mutations in adenomatous polyposis coli gene (APC) (in ~15% of cell lines and
biopsy samples) (Worm et al., 2004) or s-catenin (higher frequency in vitro, 23%, than
in vivo, <5%) (Ombholt et al., 2001, Reifenberger et al., 2002, Rubinfeld et al., 1997) and
the PI3K-AKT cascade (Figure 1.3), with mutations of PTEN (up to 38% in primary
melanomas), AKT (in <5% of melanomas, AKT3 isoform is activated in about 43% of
nonfamilial melanomas and in 4% of benign naevi) (Stahl et al., 2004, Vredeveld et al.,

2012) or PI3K (in ~1% of primary melanomas) (Curtin et al., 2006a).

Interestingly, recent population-based studies in MM support the existence of a unique
relationship between distinct genetic alterations and different levels of sun exposure,
reinforcing the hypothesis that divergent pathways may lead to cutaneous melanoma at
different sites (Table 1.3) (Curtin et al., 2005). In addition, the frequency distribution of
melanocytic lesions by anatomic site is different between Caucasians and other ethnic
minority populations. While Caucasians have a predilection to develop melanomas on
sun-exposed sites, such as face and neck, African-Americans and Asians develop
melanomas of rare entity which are predominantly located on sun-protected mucosal
and acral sites (Bellows et al., 2001, Byrd et al., 2004, Cress and Holly, 1997, Ishihara

etal., 2001).



Table 1.2 - Synopsis of familial and somatic mutations in malignant melanoma

MM
Mutation type

FAMILIAL!
(Germline)

Penetrance  Gene Loci Change Frequency References
(risk alleles)
CDKN2A- 9p21 Inactivation by: -Mutations in CDKN2A account for 35-40% of familial melanomas (Berwick et al., 2006, Binni
p16'NKaa mutation, deletion | _jn an Italian study, 3.2% of families had p14*%" mutation etal., 2010, Goldstein et al.,
or promoter -GenoMEL stud 2006, Meyle and Guldberg,
methylation Y . . 2009, Yeh and Bastian, 2009,
CDEQIFZA_ e Overall alterations: 40% of familial melanomas Wu et al., 2007)
pl4 e ~40% of mutations were specific to pl(i'NK‘“’1
e 64% of high risk families carried such mutations
e Highest proportion of mutations in Europe (57%) and lowest in Australia (20%)
) -Genes Environment and Melanoma (GEM) study:
High e 1.2% in first primaries
. 2.9% in multiple primaries
e 27% of high risk families carried missense mutations in the reading frames for both
pl6/pl4
CDK4 12q14 Mutation, -0.8% of Norwegian multiple primary melanoma patients were positive for a CDK4 Arg24His (Helsing et al., 2008)
amplification mutation
-GenoMEL study: 2-3% of mutations were specific to CDK4
Moderate/ MC1R 16924.3 SNP -All four most frequent variants were associated with increased melanoma risk (Box et al., 2001, Demenais
e -Carrying multiple variants has an additive risk [2.25 (1 variant)-to nearly 6-fold risk (2 variants) to etal., 2010, Gudbjartsson et
modifier
develop melanoma] al., 2008, Hayward, 2003, S
-Increased the penetrance of CDKN2A mutations (50-84%) Raimondi et al., 2008, Stahl
et al., 2004a)
ASIP 20ql1.2-q12 SNP GWAS in European and Australian populations showed an odd ratio between ASIP SNPs and CMM (Brown et al., 2008,
varied between 1.45-1.72 (significant risk) Gudbjartsson et al., 2008,
Nan et al., 2009, Sulem et al.,
2008)
Lo TYR 11ql14-g21 SNP GWAS showed an odd ratio between TYR variants and CMM varied between 1.22-1.27 (significant (Bishop et al., 2009,
u risk) Chatzinasiou et al., 2011,
Gudbjartsson et al., 2008)
TYRP1 9p23 SNP Few recent studies demonstrated that TYRP1 variants decreased the risk of CMM (odd ratio < 1) (Chatzinasiou et al., 2011,

Gudbjartsson et al., 2008,
Nan et al., 2009)

'Genome-wide associated studies (GWAS) for familial melanoma susceptible genes were conducted by the Melanoma Genetics Consortium (GenoMEL). Abbreviations: CDKN2A, cyclin-dependent kinase inhibitor
2A; CDK4, cyclin-dependent kinase 4; MC1R, melanocortin 1 receptor; ASIP, agouti signaling protein; TYR, tyrosinase; TYRP1, tyrosinase-related protein 1; SNP, single-nucleotide polymorphisms
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Mutation type
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Table 1.2 (Continued)

Gene Loci Change Frequency References
BRAF 7934 Constitutive activation; 40% in congenital naevi (Dessars et al., 2009, Edlundh-Rose et al.,
. 2006, Goydos et al., 2005, Hodis et al., 2012
o ) ) ) ) )
most common V600E 80% in CAN Omholt et al., 2003, Pollock et al., 2003,
50-70% in primary melanomas and metastases, of which 90% are V600E mutated Poynter et al., 2006, Saldanha et al., 2004,
Ugurel et al., 2007a, Wu et al., 2007)
CDKN2A 9p21 Inactivation by mutation, deletion | 20-70% loss in primary melanomas (Casorzo et al., 2005, Curtin et al., 2005, Hodis
. . et al., 2012, Pollock et al., 2001, Rakosy et al.
INK4 ) » 2012, ) ) '
p16 3 or promoter methylation >50% loss in melanoma metastases 2008, Sini et al., 2008)
pl 4PRF
NRAS 1p13.2 Activating mutation; most 55% in congenital naevi (Colombino et al., 2012, Demunter et al., 2001,
. Dessars et al., 2009, Gorden et al., 2003, Papp
10 ' ) ) )
common QIR 6-18 % in CAN et al., 2003, Papp et al., 1999, Poynter et al.,
4-42% in primary melanomas and metastases 2006, Saldanha et al., 2004, Ugurel et al.,
2007a)
TP53 17p13.1 Mutation or deletion 18-32% in primaries (Zerp et al., 1999, Ragnarsson-Olding et al.,
9% in metastasis 2002)
PTEN 10923.3 Inactivation by deletion, mutation | 0-8% loss in melanocytic naevi (Birck et al., 2000, Goel et al., 2006, Slipicevic
Up 0 38% in primary cutaneous melanomas etal., 2005, Tsao et al., 2003, Vredeveld et al.,
P primary 2012, Whiteman et al., 2002)
Up to 65% in metastases
FGFR3 4pl6.3 Mutation or deletion; Restricted to benign lesions, 33% R248C mutation in epidermal naevi (Hafner et al., 2006)

most common R248C
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Table 1.2 (Continued)

cKIT 4q11-912 Activating mutations, gene <56% in primary melanomas (Curtin et al., 2006b, Oba et al., 2011, Stefanou
A a0 TR . et al., 2004, Willmore-Payne et al., 2005,
amplifications 10-13% positivity in metastasis Woenckhaus et al., 2003)
>43% expression in naevi
mTOR Activation 73% in primary melanomas (Karbowniczek et al., 2008, Populo et al.,
1p36.2 4% in benign naevi 2011)
2
SPORADIC BCL-2 18g21.3 Gene amplification >85% expression in naevi (Nazarian et al., 2010a, Zhuang et al., 2007)
>88% in primary melanomas
35-52% expression in metastases
MITF 3pl4.2-p14.1 | Gene amplification Absent in naevi (Garraway et al., 2005, Ugurel et al., 2007b)

11% in primaries

15-23% in metastases

?Data for genetic changes in human sporadic melanoma are from the Catalogue of Somatic Mutations in Cancer (COSMIC) database (Forbes et al., 2008, Forbes et al., 2010). The top six genes for sporadic melanoma
are ranked by reported frequency (COSMIC database, tissue overview for benign and malignant melanomas [>198 human tissue samples] excluding spitz, blue naevi, mucosal, acral, ocular and melanomas of genital
origin). Numerous genes are deregulated in sporadic cancers, but not mentioned here. Cell line data was excluded. Abbreviations: ARF, alternative open reading frame; BRAF, v-raf murine sarcoma viral oncogene
homolog B1; NRAS, neuroblastoma RAS viral oncogene homolog; mTOR, mammalian target of rapamycin; FGFR3, fibroblast growth factor receptor 3; PTEN, phosphatase and tensin homolog; cKIT, v-kit Hardy-
Zuckerman 4 feline sarcoma viral oncogene homolog; TP53, tumour protein 53; BCL2, B-cell lymphoma 2; MITF, microphthalmia-associated transcription factor; CSD, melanomas on skin with chronic sun-induced

damage
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Figure 1.3 - Selected targeted genes and molecular pathways in cutaneous neoplasias. (A) Simplified
diagram showing the mitogen-activated protein kinase (MAPK, left branch) and phosphatidylinositol
3-kinase (PI3K/AKT, right branch) pathways of the NRAS signalling network in melanomagenesis. Cell
surface RTKs upon binding of various growth factors trigger NRAS activation, which initiates a series of
phosphorylation events and ultimately results in activation of ERK. Then, phosphorylated ERK translocates
to the nucleus and targets a broad range of proteins affecting cell proliferation and growth (Fecher et al.,
2008). In the MAPK pathway the most common mutation (missense) is in the BRAF oncogene (V600E,
substitution of glutamic acid for valine at amino acid 600) and its activation result to a senescent-non
replicative state. However, progression to melanoma requires additional hits, including silencing of TSGs,
like PTEN and TP53, but other unidentified genes may also contribute to full malignant conversion.
Activation of PI3K by RTKs results in activation of v-akt murine thymoma viral oncogene homolog 3
(AKT3), which controls many cellular events, such as cell proliferation and survival. PTEN acts as a negative
regulator in the PI3K pathway and if altered AKT3 is constitutively active favouring a highly tumorigenic
phenotype (Stahl et al., 2004a). Recent data demonstrated cooperative interaction between PTEN loss and
activation of BRAF oncogene in MM (Dankort et al., 2009). Loss and gain of function is shown in red and
green boxes respectively. (B) Hypothetical model associating key altered genes and different pathways that
these genes operate during melanoma initiation and progression. Figure-B redrawn from Dahl and Guldberg,
2007.
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Table 1.3 - Summary of genetic alterations in cutaneous melanomas from body sites with different levels
of sun exposure

SITE

CcsD!

Mucosal®

Acral®

Non-CSD*

GENES
BRAF NRAS KIT Cyclin D1 CDK4 p-catenin
Infrequent Infrequent Frequent Increased number of  Amplification, less Infrequent
mutations mutations mutations / copies, inversely frequent in primaries  mutations
amplifications correlated with compared to
mutations in BRAF mucosal and acral
melanomas
6-11% in 14-19% in 28% in 22% in
melanomas melanomas primaries primaries
Infrequent Infrequent Frequent Same as CSD Amplification, More studies
mutations mutations mutations more frequent in needed to
mucosal melanomas  confirm
Up t011% 5-6% in 39% in compared to CSD frequency
in melanomas primaries from and non-CSD
melanomas mucosa
Same specimens
were negative for
BRAF mutations and
cyclin D1
amplifications
Infrequent Infrequent Frequent Frequent Frequent Same as
mutations mutations amplification amplification amplification mucosal
15-23% in upto10%in  36%in 45% in melanomas, More frequent in
melanomas melanomas primaries from inversely correlated  acral melanomas
acral skin with mutations in compared to CSD
BRAF and non-CSD
Frequent Highest Infrequent Same as CSD Same as CSD Frequent
mutations mutation mutations mutations
frequency
54-59% in 21%-30% in 0% in primaries 52% in
melanomas primaries primaries

References: Bastian et al., 2000, Cohen et al., 2004, Curtin et al., 2006b, Curtin et al., 2005, Demirkan et al., 2007, Edwards et al.,
2004, Maldonado et al., 2003, Platz et al., 2008, Sauter et al., 2002, Takata et al., 2005

'CSD, melanomas on skin with chronic sun-induced damage; mucosal, melanomas on sun protected mucosal membrane; ®acral,
melanomas on the soles, palms, or sublingual sites; “Non-CSD, melanomas on skin without chronic sun-induced damage
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1.2.4 Therapy of melanoma

Despite progress in understanding the molecular biology of melanoma, major clinical
problems remain. Firstly, disseminated melanoma is not currently curable and often leads to
death in less than one year (Barth et al., 1995). Secondly, it is not possible to predict which
melanocytic lesions will metastasise. This justifies the search for new prognostic biomarkers

and potentially drugable pathways.

Until recently, none of the few approved for clinical use therapies showed promising
beneficial effects on patient survival in advanced melanocytic lesions. The discovery of
activating serine/threonine protein kinase BRAF or NRAS mutations in cutaneous
melanomas has stimulated the development of targeted therapies aimed at blocking their
deleterious effects on disease progression (Figure 1.4). As previously mentioned (Table 1.2)
BRAF V%% js the most prevalent mutation in cutaneous melanoma and that makes BRAF the
most veritable target in the therapeutic landscape. Despite impressive initial antitumour
activity of recently approved BRAF selective inhibitor PLX4032 (also known as
Vemurafenib) in metastatic melanoma patients, the clinical response was proved to be
limited (the majority of patients relapsed in <1 year) by emergence of acquired resistance

(Heidorn et al., 2010, Nazarian et al., 2010b, Su et al., 2012).

Molecular analysis of clinical specimens and cell lines has identified multiple mechanisms
of resistance to single agent BRAF inhibitors that led to the paradoxical activation of CRAF
and HRAS mutation driven secondary cutaneous squamous-cell carcinomas. These
mechanisms involve recovery of ERK phosphorylation (Paraiso et al., 2010), development
of de novo NRAS or MEK mutations (Emery et al., 2009, Nazarian et al., 2010b), activation
of the kinase MAP3K8 (COT) (Johannessen et al., 2010), a serine/threonine kinase that

activates ERK through RAF-independent but MEK-dependent mechanisms, and MAPK
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independent signalling through receptor tyrosine kinases such as insulin-like growth factor 1
receptor (Villanueva et al., 2010) and platelet-derived growth factor receptor f (Nazarian et
al., 2010Db). In turn, these findings have suggested that biomarkers for drug resistance and

combination therapies are urgently needed.

Recent phase 1 and 2 clinical trials testing the combination of a MEK inhibitor (trametinib)
with a BRAF inhibitor (dabrafenib) showed an improved progression-free survival and
decreased toxicity in patients with BRAF V600E and V600K mutations compared with
dabrafenib monotherapy (Flaherty et al., 2012). In addition, skin squamous-cell carcinomas,
which are commonly observed with dabrafenib alone, were less frequently seen with
trametinib-dabrafenib combination therapy. Apart from inhibiting the same molecular
pathway at two different levels, in vitro experiments showed that concurrent RAS-RAF
MAPK and PI3K-AKT pathway inhibition in tumours with activating BRAF mutations
resulted in reduction of growth and survival of melanoma cells (Smalley et al., 2006, Jaiswal
et al., 2009). These preliminary results suggested that simultaneous targeting of several
pathways may overcome resistance to BRAF inhibitors in BRAF-mutant melanomas, but

require validation in larger patient populations and randomised trials.
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Figure 1.4 - The central melanoma axis and key therapeutic targets in malignant melanoma. Stimulation
of the RTK/NRAS/BRAF/MEK/ERK signalling stream is central in the majority of melanomas. BRAF and
NRAS are the most commonly activated oncogenes in cutaneous melanomas. Pharmaceutical agents known to
inhibit various components of the RTK/INRAS/BRAF/MEK/ERK axis and currently in clinical trials are listed
in the white boxes. Upon stimulation, ERK1/2 phosphorylates a large number of transcription factors (selected
factors are shown in pink boxes). Abbreviations: ELK1, member of ETS oncogene family; c-FOS, FBJ murine
osteosarcoma viral oncogene homolog; c-Myc, v-myc myelocytomatosis viral oncogene homolog; STATS,
signal transducer and activator of transcription 3 (acute-phase response factor); CREB, cAMP responsive
element binding protein; MAPKAPK, mitogen-activated protein kinase-activated protein kinase.
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1.3 Melanocytic cell origin and differentiation

1.3.1 Location and function of melanocytes

Melanocytes are pigment-producing stellate cells residing in the basal layer of the epidermis,
surrounded by keratinocytes in approximately a 1:30 ratio, and forming an association called
epidermal melanin unit (Figure 1.5). The main function of melanocytes is to "shield” DNA
from solar radiation-induced damage through melanin pigment production. Synthesis and
storage of melanin takes place in specialized lysosome-related membrane bound organelles,
termed melanosomes, and that was initially proposed more than 40 years ago by Seiji and
colleagues (Seiji et al., 1963). Mature melanosomes are subsequently transferred through the
elongated dendrites of melanocytes into the cytoplasm of adjacent epidermal and hair follicle
keratinocytes, providing constitutive skin pigmentation and forming a so called
"supranuclear” cap that protects epidermis by scattering solar radiation. In this regard, the

melanin unit of the epidermis is considered as the "guardian of the skin".

However, melanocytes are not restricted to the skin suggesting functions beyond
pigmentation and UV protection (Plonka et al., 2009). Recent studies have shown that
melanocytes are also located in the brain (substantia nigra and locus coerulus), heart, inner
ear (stria vascularis of the cochlea) and even in the visceral adipose tissue and some of their

functions are summarized in Table 1.4.

Regarding human cutaneous melanocytes other functions apart from melanin genesis are
recently documented. The main non pigmentary functions of human melanocytes include
production of various neurotransmitters, like acetylcholine and noradrenaline, potent anti-
microbial,-fungal properties, phagocytosis and antigen presentation, suggesting an important
role in the skin immune system (Elwary et al., 2006, Le Poole et al., 1993a, Le Poole et al.,

1993Db, Plonka et al., 2009). It is demonstrated that melanin binds to different bacterial toxins
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and some pharmaceuticals, for instance the antimalarial agent quinine, act as a physical
barrier against invading microorganisms (Mackintosh, 2001). Also and in context with the
antifungal properties of melanocytes, the same study suggested that fair-skinned individuals

are in fact more susceptible to fungal epidermal infections compared to dark skinned people.

m ) Stratum corneum
o

S

Keratinocyte

Stratum spinosum

Basal layer

Melan:ocyte

® Melanosome

Figure 1.5 - Human epidermal melanocytes are confined to the basal layer of the epidermis.
Melanosomes, which are membrane-bound cytoplasmic organelles responsible of melanin biosynthesis, are
transferred to neighboring keratinocytes by a mechanism that resembles exocytosis. (Chart redrawn from the
textbook Cancer of the Skin; Rigel D.S; Chapter 3; page 25; Rigel et al., 2011).
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Table 1.4 - Location and functions of extracutaneous melanocytes and melanocyte imitators

Location

Eye .
(choroid, RPE )

Ear
(cochlea)

Heart
(atrioventricular valves)

Brain
(neurons of the substantia
nigra and locus coerulus)

Visceral adipose tissue
(morbidly obese patients)

“Retinal pigment epithelium

Cell type

RPE cells (neuroectoderm origin)
Uveal melanocytes (NC derived cells)

Strial intermediate cells
(cochlear melanocytes)

Cardiac melanocytes

Pigmented neurons
(produce neuromelanin)

Adipocytes

Function

Pigmentation, UV protection,
vision, development of the iris and
ciliary

Normal development of cochlea and
protective role against premature
age-related and noise-induced
hearing loss

Potential involvement in the cardiac
valve development;

Normal balance of oxidative species
and calcium homeostasis in the
myocardium

Detoxification

e.g. chelate and accumulate
environmentally toxic metals like
mercury

Consumption by melanin of singlet
oxygen and hydroxyl radicals
(to neutralise excess ROS)

1.3.2 Differentiation of melanocytic precursor cells into melanocytes

References

(Bharti and
Arnheiter, 2005, Hu
et al., 2008)

(Hayashi et al.,
2007, Murillo-
Cuesta et al., 2010,
Tachibana, 2001)

(Brito and Kos,
2008, Levin et al.,
2009)

(Takeda et al., 2007,
Zecca et al., 2008)

(Randhawa et al.,
2009)

All vertebrate skin pigment cells or melanocytes, apart from the retinal pigment epithelium
of the eye (RPE), which originates from the ectoderm, are emerged from the primitive
neural crest (NC). The NC is a multipotent transient population of cells that migrate from
the neural tube to sites elsewhere in the body of the embryo during vertebrate development
and terminally differentiate into at least four derivatives, sensory neurons, glia, adrenal cells
and pigmented melanocytes (Bronner-Fraser and Fraser, 1988, Dupin and Le Douarin,
2003). Several lines of evidence indicate that there is a gradual lineage restriction toward the
melanoblast fate from multipotent neural crest stem cells to bipotent glial-melanocyte
lineage progenitors, which then becomes further restricted to unpigmented melanocytes, also

called melanoblasts (Dupin et al., 2000). These melanocyte lineage cells emigrate from the
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primitive NC along the dorsolateral pathway to the newly developing hair follicles or

distribute the entire epidermis.

Melanoblasts once in the hair follicles are segregated into two populations (Nishimura et al.,
2002). One population consists of melanocyte stem cells, resides in the lower permanent
portion of the hair follicle (the bulge region) and serves as a melanocyte reservoir for hair
pigmentation. The other population locates in the hair matrix where melanocytic progenitors
are differentiated into mature melanocytes to replenish new pigmented hairs. In addition,
few studies demonstrated that bulge melanoblasts in human follicles represent a
supplemental reservoir for the pigmentation of postnatal epidermis (Horikawa et al., 1996,

Narisawa et al., 1997).

Based on recent studies it is likely that there is a niche of melanocyte stem cells located in
the dermal layer of the skin to replace epidermal melanocytes during repair and skin
regeneration. The most compelling data comes from isolation of human pluripotent
precursor cells from the dermis of human foreskins lacking hair follicles, which were
immunohistochemically strongly positive for the neural crest cell markers NGFRp75 and
nestin and capable of self-renewing. When these intradermal stem cells were placed in three-
dimensional human skin reconstructs they migrated to the basal epidermis and successfully
differentiated into melanocytes (Li et al., 2010). Terminally differentiated melanocytes
residing the epidermis will provide pigment to the skin and protect the body from UV
radiation. In a similar manner, but upon a different gene expression profile precursors of
neurons and glia cells invade through the ventral migratory pathway and acquire their

terminal differentiated characteristics.
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1.4 EMT in disease and embryonic development and its transcriptional
control

1.41 EMT in embryogenesis

Precursor melanogenic and neurogenic cells in the epithelium of NC migrate from the neural
tube and undergo transition into a mesenchymal phenotype through a complex and tightly
regulated biological program, highly conserved between multicellular organisms, named

Epithelial-Mesenchymal Transition (EMT).

Many recent studies have showed that the EMT model involves a series of dramatic changes
in the cytoskeleton and cell adhesion-junctions, which their primary role is to facilitate
interactions between different cell types (Table 1.5) (Sauka-Spengler and Bronner-Fraser,
2008, Thiery and Sleeman, 2006, Yang and Weinberg, 2008). The induced phenotypical
changes that occur during EMT activation are regulated by a number of distinct signalling
networks, such as the transforming growth factor-f (TGF-B), Wnt (Wint) and tyrosine
kinase receptor (RTK) pathway (Correia et al., 2007, Darken and Wilson, 2001, Zohn et al.,
2006). Activation of different receptors by a diverse set of extracellular stimuli, for instance
epidermal and fibroblast growth factors (EGF/FGF), triggers the expression of downstream

transcriptional regulators that "respond™ to these cues (Monsoro-Burq et al., 2003).

Table 1.5 - EMT-related changes in cell properties

Epithelial markers | Mesenchymal markers

Immotile Elongated
Non invasive Motile
Polarised Invasive

Non polarised

E-cadherin N cadherin
Cytokeratins Vimentin
Desmoplakins Fibronectin
Claudins CDH7
Occludins
Mucin-1
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Upon stimulation of different signalling cues, multipotent neural cells can undergo EMT
dissociating from the neuroepithelium of dorsal neural tube and migrating either
dorsolaterally (melanogenic fate) or ventrally (neurogenic fate) (Figure 1.6). It has been
shown in chicken and zebrafish embryo models that early emigrating neural crest cells
(NCCs) are neurogenic and invade ventrally towards the sites, where they will form neurons
and ganglia. At a later stage and when ventral migration gradually stops, upregulation of
specific transcription factors and pigment markers permit to a subpopulation of neural cells
to migrate into the space between the ectoderm and somite (“classic™ melanoblast migration
route), where they will differentiate into melanocytes. More recently, a study showed that a
proportion of melanocytes emerge from neural precursors (Schwann cells) that migrate
ventrally indicating developmental plasticity (Ernfors, 2010). However, recent evidence
demonstrated that in mouse embryos both routes are invaded simultaneously (reviewed in

Theveneau and Mayor, 2012).

The main EMT transcriptional mediators with considerable importance in the neural crest
development, specification and survival of the neural crest cells in chick, Xenopus and
mouse embryos are the members of SNAI homologues 1 and 2 (LaBonne and Bronner-
Fraser, 2000, Linker et al., 2000), also known as SNAIL and SLUG respectively, the
members of the zinc finger E-box binding homeoboxes 1 and 2, known as ZEB1 (6EF1) and
ZEB2 (SIP1) (Miyoshi et al., 2006, Postigo et al., 2003, Takagi et al., 1998, Van de Putte et
al., 2003, van Grunsven et al., 2000, Vandewalle et al., 2009), and the members of TWIST
homologues 1 and 2, known as TWIST1 and TWIST2 (formely Dermo-1) (O'Rourke and

Tam, 2002, Soo et al., 2002, Sosic et al., 2003).
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Loss-of-function experiments in these genes by using morpholino antisense oligonucleotides
resulted in apoptotic elimination of neural crest progenitors, delamination arrest of NCCs
and failure in neural tube closure, suggesting their essential role during embryonic EMT
(Carl et al., 1999, Chen and Behringer, 1995, Soo et al., 2002, Tribulo et al., 2004, Van de
Putte et al., 2003, Vega et al., 2004). A central role of these transcription factors is the

downregulation of key "gatekeeper" genes that stabilise the epithelial phenotype.

It is now well established from a variety of studies, that a number of genes involved in cell
adhesion, migration and invasion are transcriptionally deregulated and one of the best
studied is the E-cadherin (CDHL1), a single transmembrane glycoprotein that mediates stable
epithelial cell-cell adhesions that are termed adherens junctions. Analysis of the human
E-cadherin promoter have revealed repeated motifs containing a core of six bases
CAGGTG, called E-box elements, which are target sites by specific zinc-fingers
transcription factors in many EMT processes during embryogenesis (Pla et al., 2001,

Taneyhill, 2008).

The main transcription factors that have been found to bind with high affinity and directly to
the E-box elements and suppressing E-cadherin expression are the members of SNAI
homologues 1 and 2, ZEB1 and ZEB2 (Bolos et al., 2003, Cano et al., 2000, Comijn et al.,
2001, Grooteclaes and Frisch, 2000, Kataoka et al., 2000, Nieto, 2002, van Grunsven et al.,
2003). In addition, the embryonic helix-loop-helix (bHLH) transcription factors TWIST1/2
also downregulate E-cadherin, but in contrast to SNAI and ZEB genes are more likely to act
via an indirect mechanism, for instance through enhanced expression of transcriptional
repressor(s) of the E-cadherin gene or by allowing the binding of a transcriptional

repressor(s) to the E-cadherin promoter (Peinado et al., 2007, Yang and Weinberg, 2008).
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Apart from the transcriptional regulators contribution to the EMT program, another
mechanism of E-cadherin silencing involves the p-catenin pathway. Several lines of
evidence indicate that functional repression of E-cadherin is associated with disruption of
intercellular contacts, and dissociation of one of its binding partners, B-catenin, from a
complex containing a-, B-catenin and p120. This complex is associated with the intracellular
domain (tail) of E-cadherin and its primary role is to establish links with the actin
cytoskeleton. Then the released -catenin translocates to the nucleus and interacts with the
lymphoid-enhancer binding factor/T-cell factor-4 (LEF/TCF4) enhancing the expression of
target genes (Behrens et al., 1996, Schmalhofer et al., 2009) (Figure 1.7). Recent reports
demonstrated that two genes upregulated by the Wnt B-catenin dependent signals were
SNAI2 and TWIST1, which in their turn suppress E-cadherin expression (Conacci-Sorrell et
al., 2003, Onder et al., 2008). Therefore, it is now more evident that acquisition of the
mesenchymal phenotype can partially emerge from E-cadherin loss, mediated by several

transcription factors and [3-catenin release.

To date, a limited number of transcription factors have been identified to regulate genes
required for melanoblast specification, and the most important is the MITF, also known as
the master regulator of melanogenesis (Thomas and Erickson, 2008). MITF plays a key role
in melanoblast survival and melanocyte lineage commitment during embryogenesis, and
regulates the expression of enzymes involved in melanin biosynthetic pathway, such as
TYRP-1, TYR and Dopachrome tautomerase (Dct) (reviewed in Goding 2000, Widlund and

Fisher, 2003).

Mounting evidence also suggests a functional link between T-box genes, which are
transcription factors characterised by a highly conserved DNA-binding domain (T-domain),

and developmental processes, such as determination of cell fate during organogenesis
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(Lamolet et al., 2001, Szeto et al., 2002). Recently, ChIP analysis and cell-based reporter
assays demonstrated that Tbx2 and Thx3 directly repress the expression of E-cadherin
(Rodriguez et al., 2008, Wang et al., 2012). In addition, it has been shown that the Thx2
promoter contains a MITF binding site indicating that activation of MITF upon commitment

to the melanocyte lineage is likely to modulate Thx2 expression (Carreira et al., 1998).

Finally, apart from the NC development during embryogenesis, which requires large-scale
cell movements, other best studied embryogenic EMT events include the formation of
mesoderm (an embryonic layer generated during gastrulation), placenta, somites, cardiac
valve development and male Miillerian duct regression (in male reproductive tracts) (Gros et
al., 2005, Kokkinos et al., 2010, Nakaya and Sheng, 2008, Person et al., 2005, Zhan et al.,

2006).
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Figure 1.6 - EMT-associated transcription factors control trunk neural crest induction, survival and
delamination during embryogenesis. Strong evidence from gain- and loss-of-function analyses in Xenopus
laevis (frog) embryos indicated that activation of several transcription factors [including but not restricted to
SRY (sex determining region Y)-box 9, 10 (Sox 9/10), paired-domain box 3, 7 (Pax3/7), forkhead box D3
(FoxD3), SNAIL, SNAI2 and TWIST1] in the pre-migratory NCCs are needed not only for the specification of
both neuronal and melanogenic lineages but also in modifying cell-cell adhesion properties (reviewed in
Betancur et al., 2010, Steventon et al., 2005). FoxD3 and Sox 9/10 are directly responsible for the negative
regulation of type I-cadherins, such as N-cadherin, in chicken and mouse embryos. In addition, type II-
cadherins, such as Cadherin 7 (Cad7) and B1 integrins, are upregulated to promote delamination (Cheung et al.,
2005). Sox10 and Pax3 induce MITF expression in melanoblasts when they exit the neural tube. Furthermore,
and based in Xenopus model system it is reported that SNAIL expression precedes SNAI2 and plays an early
role in neural crest development (Aybar et al., 2003). SNAI1 directly represses E-cadherin expression in NCCs
in mouse embryos (Cano et al., 2000). In mouse embryos, pre-migratory and migrating cranial NCCs showed
high levels of ZEB2 transcripts and a possible indirect transcriptional effect of ZEB2 on Sox10 (Van de Putte
et al., 2003). Finally, the transcription factor FoxD3 plays a critical role in the lineage switch from neuronal to
melanoblast as repress melanogenesis by binding directly to the MITF promoter. Therefore, in order for the
melanoblasts to migrate and enter the dorsolateral pathway FoxD3 should be downregulated by upstream
inhibitory cues. 1 indicates activation; | or T-shaped arrows indicate inactivation; --> indicates possible
indirect activation.
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Figure 1.7 - Schematic representation showing the main regulatory interactions controlling melanoblast
specification. MITF expression is regulated by the synergistic activity of Pax3 and Sox10 and also requires
Whnt B-catenin-dependent signalling. Although it has been postulated an indirect transcriptional effect of ZEB2
on Sox10 in pre-migratory and migrating cranial NCCs (Van de Putte et al., 2003), it is currently unknown
whether there is ZEB2 activation that could contribute to melanoblast specification through Sox10 and MITF
upregulation. Upon Whnt signals (Wnt3a and Wnt1), B-catenin enters the nucleus, associates with the LEF1 and
the forming complex binds to the M promoter of the MITF upregulating its expression and promoting
melanoblast formation (reviewed in Dorsky et al., 1998, Saito et al., 2003). In contrast, Wnt signalling in
mouse NC induced formation of sensory neurons in a B-catenin-dependent manner (Lee et al., 2004). Gain of
Whnt signalling is required in combination with bone morphogenic proteins (BMP) to induce FoxD3 expression
and subsequent neurogenesis (Jones and Trainor, 2005, Thomas and Erickson, 2008). A recent study
demonstrated that MITF is inhibited via a FoxD3-mediated repression of Pax3 (Thomas and Erickson, 2009).
Abbreviation: GSK3p, glycogen synthase kinase-3f.

27



1.4.2 EMT in disease

Historically, the epithelial to mesenchymal transitions were first described in a chick embryo
by Matthias Duval in 1879, who observed emigration of neural crest cells emerged from the
neural tube. However, he was not able to distinguish between epithelial and migratory
mesenchymal cells (Duval, 1879). In the early 1980s Greenburg and Hay were the first to
show that epithelial cells are not stationary under certain conditions and they concluded that
adult and embryonic epithelial cells if suspended in type | collagen gels have the capacity to

acquire EMT-like traits, such as loss of polarity and motility (Greenburg and Hay, 1982).

EMT programs are normally operative in embryonic morphogenesis, transiently activated
during wound healing, but can also contribute to different diseases. The best known
paradigms of EMT-dependent pathological situations are those of fibrosis and
carcinogenesis. In fibrosis, tissue injury at sites of chronic inflammation, such as kidney,
lung, liver and heart, leads to accumulation of fibroblasts, mainly derived from epithelial
cells undergoing local EMT or bone marrow (Kalluri and Neilson, 2003). In tumours,
activation of EMT by transformed cells is essential for invasion and establishment of
secondary tumours at distant sites, which represents the last step of the metastatic cascade of
malignancies. This cascade can be divided into two major phases, the physical dissemination
of primary tumour and colonisation, also called macrometastasis (Geiger and Peeper, 2009,

Lee et al., 2006a, Yang and Weinberg, 2008).

In the first phase, malignant cells with activated EMT invade locally and degrade the
basement membranes by releasing protein-degrading enzymes, such as matrix
metalloproteinases (MMPs). Then, invasive transformed cells can migrate either slowly in a
mesenchymal form or faster acquiring an amoeboid form and translocate through

vasculature (blood and/or lymph vessels) to distant anatomical sites, in a process called
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intravasation. A very small proportion of transformed cells will eventually survive from cell
death and extravasate from vessels into organs (micrometastasis). In the second phase of the
invasion-metastasis cascade, disseminated micrometastatic tumour cells can, on rare
occasions, spread to specific organs forming macroscopic tumours (colonisation/
metastasis). In several cases mesenchymal micrometastatic cells revert to an epithelial state,
a process analogous in the formation of epithelial organs during embryonic development,

known as mesenchymal to epithelial transition (MET) (Hugo et al., 2007).

A prerequisite for disseminated malignant cells to successfully colonise to distant sites is
their ability to adapt to a "foreign™ microenvironment and suppress anoikis, a process in
which apoptosis (programmed cell death) is triggered by loss of cell adhesions (detachment-
induced apoptosis) (Frisch and Francis, 1994, Mayhew et al., 1999). Anoikis also occurs
under normal physiological conditions, for instance replacement of the epithelial lining in
the gastrointestinal tract, when enterocytes, the predominant cells in the intestinal epithelium
generated from stem cells at the crypt base, reach the tip of the intestinal villi (do Vale et al.,
2007, Grossmann et al., 2001, Hall et al., 1994). In addition, numerous studies showed that
establishment of a macrometastasis is also dependent on tumour cell dormancy, a state in
which extravasated transformed cells remain quiescent for a prolong period of time (Barkan

etal., 2008, Luzzi et al., 1998, Morris et al., 1997, Paez et al., 2012).
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1.4.2.1 Definition of EMT in melanoma

It is becoming increasingly common to read of the concept of EMT in melanocytic
malignancies. In addition, a notable body of literature suggests that melanocytes perturb
elements of embryonic EMT pathways during propagation of the disease. By definition, it is
important to understand that “classic” EMT, like the one described in carcinomas and

embryonic development, does not exist in melanomas.

To start with, EMT in melanocytic lesions refers to transformation of melanocytes rather
than epithelial cells. As further described in various in vitro experiments a transformed
melanocyte acquires a very large number of coordinated molecular changes, including loss
of senescence, gradual loss of intercellular adhesions (e.g. E-cadherin), switch to other
cadherins (e.g. from P- and E-cadherins to N-cadherin) and gain of stem-cells associated
proteins, such as Nodal (Bosserhoff et al., 2011, Cook et al., 2003, Topczewska et al., 2006).
Furthermore, transformed melanocytes are phenotypically plastic with neural crest-derived
melanoblasts, the progenitors of melanocytes. In vivo analyses pose the question that
evidence for EMT may escape histological analysis as no methods are currently available to
track cells undergoing EMT in time and space. Nonetheless, development of melanoma
animal models with conditional knock-in or knock-outs of EMT transcriptional mediators
will aim to further define the role of EMT in melanoma. Evidence of EMT in clinical
biopsies can further be supported by detection of mesenchymal biomarkers and loss of

junctional cadherins in neoplastic cells (Liu and Brown, 2010, Zhang et al., 2012).

Finally, it is noteworthy to mention that melanocytes have subtle differences compared to
epithelial cells, such as lack of apical-basal polarity and tight junctions. However, an
apparent paradox comes from the observation that melanocytes acquire a phenotype that

both E-cadherin, an epithelial cell marker, and vimentin, an intermediate filament protein
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synthesized primarily by cells of mesenchymal origin, are strongly expressed (Si et al.,
1993). Therefore, melanocytes are neither epithelial nor mesenchymal cells and may be best

viewed as a mixed cell type displaying properties of both.

1.42.2 Developmental regulators determine tumour progression

As already described in Figure 1.6, in order for neural oligopotent precursor cells to migrate
and further differentiate into unipotent cell types, either melanoblasts or neural precursors,
need to pass through an EMT. Studies based on embryonic model systems and cell lines
(normal and transformed) revealed that tumorigenic cells in order to invade and disseminate
to distant sites in the body reactivate EMT processes, which share similar characteristics
with those occur during the embryonic development (Kuriyama and Mayor, 2008, Nieto,

2009, Theveneau and Mayor, 2012).

A number of studies have postulated a convergence between cell lineage and tumour
phenotype (lineage-dependency or addiction). In this model of cancer progression, cell of
origin plays a central role in tumour morphology and behaviour as transformed cells seem to
accomplish a molecular reprogramming by adapting traits of mesenchymal progenitor cells.
Following this model, functional analyses showed that expression of developmental
mesenchymal markers, for example nuclear B-catenin, transcriptional repressors, like SNAIs
and ZEBs, and fibroblast-specific protein 1 (FSP1), also known as S100A4, and loss of
lineage-markers characteristic for epithelial cells, for instance cytokeratins 8/18 and
E-cadherin, associates with high-grade malignancies and poor prognosis (Barrallo-Gimeno
and Nieto, 2005, Garraway and Sellers, 2006, Peinado et al., 2004, Thiery, 2002, Thiery,
2003, Thiery et al., 2009, Xue et al., 2003). It is also demonstrated an EMT correlation with
the expression of S100A4 and B-catenin in different types of cancers, as their inhibition in
malignant cells suppress metastasis. Moreover, thorough review of the literature identifies

the MITF and the androgen receptor gene (AR) as the most typical examples of master
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lineage-survival oncogenes (Berger et al., 2004, Garraway et al., 2005). Increasing
experimental data suggests that few lineage-associated transcriptional repressors are also

deregulated in different malignancies of the relevant lineage.

MITF, as previously mentioned in section 1.4.1, is considered as the master regulator gene
of melanogenesis having an essential role in melanoblast survival, melanocytic lineage
commitment and melanocyte differentiation by triggering cell cycle exit through induction
of the cyclin dependent kinase inhibitor (cdki) p16™<** (reviewed in Goding 2000, Widlund
and Fisher, 2003). However, emerging evidence suggests that this gene also plays an
important role in melanoma pathogenesis. Gene expression profiling and genetic studies
demonstrated that MITF gene was amplified in 15-23% of human metastatic melanomas and
associated with decreased patient survival (Table 1.2, Garraway et al., 2005). A recent study
by Wellbrock and colleagues demonstrated that high levels of MITF are required
downstream of oncogenic BRAF®%F to stimulate proliferation and survival in melanoma
cells. In this regard, BRAFY?F stimulates MITF transcription through upregulation of the

octamer-binding transcription factor BRN2 (N-Oct-3) (Wellbrock et al., 2008).

Like MITF, other lineage-survival markers are characterised, including the androgen
receptor gene, cyclin D1 oncoprotein (CCND1) and FMS-related tyrosine kinase 3 (FLT3)
(Brasel et al., 1995, Garraway and Sellers, 2006, Sicinski et al., 1995, Thiede et al., 2002).
The androgen receptor has a decisive role in normal prostate prenatal development
promoting survival and differentiation of the associated epithelial prostate lineage.
Interestingly, androgen (5a-dihydrotestosterone (DHT) and testosterone)-dependent AR
activation mediates the malignant transformation of the prostate epithelium (Berger et al.,
2004). In addition, it is found that retinoblastoma (RB) tumour suppressor gene, an

important negative regulator of cell-cycle progression, plays a dominant role in AR
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transcription as its deletion or silencing in progressed prostate malignancies is associated
with AR downregulation and loss of cell-cycle control (Heinlein and Chang, 2004, Sharma
et al., 2010). Apart from MITF and AR role in oncogenesis, emerging data based on animal
models and cell lines suggest that several distinct lineage-associated transcription repressors
of E-cadherin are capable of orchestrating EMT programmes during prenatal development

and in different types of cancer.

1.4.2.3 Master regulators of EMT (MR-EMT) in tumourigenesis

In recent years, transcriptional factors were uncovered as negative regulators of E-cadherin
expression and have been associated with cancer aggressiveness, resistance to anoikis and
chemotherapeutics. Among them, TWIST family of transcriptional repressors is increasingly
considered to have an important contribution to neoplastic transformation and progression.
The embryonic helix-loop-helix transcription factor TWIST1 suppresses directly E-cadherin
when complexed with the chromatin modifier polycomb-group protein Bmil (Yang et al.,
2010). However and in contrast to its direct E-cadherin repression a recent report suggested
that TWIST1-induced EMT requires a direct activation of SNAI2 to repress E-cadherin
transcription (Casas et al., 2011). Rosivatz et al. indicated that overexpression of TWIST1 is
associated with E-cadherin loss and metastatic potential in human diffuse-type gastric

carcinomas (Rosivatz et al., 2002).

Additional studies revealed that TWISTL1 is associated with many types of human and
murine aggressive tumours, including breast malignancies (Martin et al., 2005), prostate
tumours (Kwok et al., 2005), hepatocellular carcinomas (HCC) (Lee et al., 2006b) and
oesophageal squamous cell carcinomas (ESCC) (Yuen et al., 2007). In addition, a study
conducted by Yang and colleagues demonstrated that TWISTL1 is highly induced in late
stage breast malignancies and inversely correlated with E-cadherin expression (Yang et al.,

2004). The same group has also highlighted that TWIST1 silencing of expression in 4T1, a
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highly invasive mouse mammary tumour cell line, markedly reduced the formation of lung
metastatic nodules. In a different study, melanoma tissue microarrays showed that TWIST1
was notably upregulated and correlated with poor survival in more than 50% of melanoma

samples (Hoek et al., 2004).

Even if TWIST2 has been studied to a lesser extent, a limited number of reports
demonstrated that similarly to its sibling gene, TWIST1, is upregulated in different tumour-
derived cancer cell lines (from melanoma, kidney, breast and lung ) (Ansieau et al., 2008,
Fang et al., 2011, Hui et al., 2009, Li et al., 2012) and frequently overexpressed in human
head and neck squamous cell carcinomas (HNSCC) (Gasparotto et al., 2011), melanoma
tumours (Ansieau et al., 2008) and cervical carcinomas (Li et al., 2012). However, an
elegant recent study by Ansieau et al suggested that both TWIST genes, apart from their
essential contribution as progression factors in late stage malignancies may also prevent an
early stage oncogene-induced senescence (Ansieau et al., 2008). These experiments have
raised the possibility that a potential mechanism for avoidance of RAS-induced senescence
could be the cooperative oncogenic action of RAS and TWIST1/2 with subsequent loss of

key senescent inducers, like the tumour suppressor p16 gene.

Work by Serrano and colleagues in 1997 addressed for the first time the phenomenon of
RAS (oncogene)-induced cellular senescence as a protective mechanism in pre-malignant
lesions against uncontrolled proliferation (Serrano et al., 1997). A characteristic example
refers to melanocytic naevi (benign lesions), which remain in a stable proliferative arrest for
prolonged period of time upon constitutive activation of oncogenic BRAF. However,
transformed melanocytes require additional hits, such as loss of p53 or pl6 tumour
suppressor proteins, before acquisition of invasive and metastatic phenotypes (Gray-

Schopfer et al., 2006, Michaloglou et al., 2005, Patton et al., 2005).
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Over the past few years, studies revealed that expression of the SNAI superfamily of zinc-
finger transcription factors play a crucial role in both neural crest cell migration and cancer
invasiveness (Barrallo-Gimeno and Nieto, 2005, Huber et al., 2005, Nieto, 2002). The
vertebrate specific SNAI-related genes are divided into two subfamilies, SNAI1 and SNAI2
and both induce EMT. The first member of the SNAI family, SNAI1, is a homologue of the
snail gene in Drosophila melanogaster, where it was initially identified as a gene essential
for cell migration in a developing mesoderm (Grau et al., 1984). The second member,
SNAI2, was first characterised in chick embryos and was found to be critical for neural crest

and mesoderm delamination (Nieto et al., 1994).

SNAIL1 and SNAI2 activation is now believed to favour tumour progression in a subset of
carcinomas by repression of E-cadherin and other epithelial genes, such as cytokeratin-18
and desmoplakin (Batlle et al., 2000, Cano et al., 2000, Guaita et al., 2002). Based on
various in vitro and in vivo analyses, expression of these direct E-cadherin repressors have
been associated with progression, lymph node metastasis and poor prognosis in a panel of
clinical breast, ovarian, HNSCC and ESCC samples and cell lines (Blanco et al., 2002,
Come et al., 2006, Elloul et al., 2005, Uchikado et al., 2005, Yang et al., 2007). Moreover,
SNAIL expression was overexpressed and correlated with loss of E-cadherin and distant
metastasis in most of the colon carcinoma biopsies (Roy et al., 2005), as well as with
MMP-7 and MT1-MMP expressions in HCCs (Miyoshi et al., 2005). SNAI1 expression was
associated with MMP-2 increase, E-cadherin decrease and tumour invasion in squamous cell

carcinomas (SCCs) (Yokoyama et al., 2003).

An interesting study conducted by Saito proposed a potential role of SNAI1-mediated
E-cadherin inactivation as an alternative mechanism of E-cadherin downregulation in

synovial sarcomas (SS) (Saito et al., 2004). In this model, a small proportion of SS cases
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acquire a spindle-shaped phenotype, which resembles mesenchymal cell morphology, due to
SNAI1 mediated repression of genes involved in epithelial differentiation. Another study
reported an important association between SNAI2 expression and experimental melanoma
metastasis in mice (Gupta et al., 2005). Remarkably, short-interfering RNA (siRNA)-
mediated inhibition of SNAI2 in immortalized melanocytes that have been previously
transformed with oncogenic Ras protein (RasG12V, yielding Mel-STR cells) and
subcutaneously introduced into postnatal mice led to suppression of lung metastases by

more than ten-fold when compared to control Mel-STR tumours.

Similarly to SNAI and TWIST genes, the ZEB family of transcription factors has also been
reported to have a central position in malignant cancer progression. In vertebrates there are
two well-characterised two-handed zinc finger / homeodomain ZEB proteins, ZEB1 and
ZEB2. ZEB1 transcription factor was firstly identified as a post-gastrulation DNA-binding
transcriptional repressor that regulates J-crystallin gene in embryonic chicken lens by
inhibiting its enhancer element (Funahashi et al., 1993). On the other hand, vertebrate ZEB2
shares sequence similarities with ZEB1 and it was characterised using the yeast two-hybrid
screening system as a transcriptional repressor that specifically binds to TGF-p receptor-

activated Smad-interacting proteins (SIPs) (Verschueren et al., 1999).

Nuclear accumulation of Smads and interaction with ZEB2 mediates DNA-binding to
regulatory regions, for instance E-box sequences, located in the promoters of target genes.
Screening of ZEBL1 protein for different colorectal, non-small-cell lung (NSCLC) and type 11
endometrial cancer cell lines and tumour samples showed correlation with complete
suppression of E-cadherin, dedifferentiation, increased invasion and poor prognosis (Aigner
et al., 2007, Ohira et al., 2003, Singh et al., 2008). In contrast, RNA-i mediated knockdown

of ZEBL1 in a poorly differentiated breast cancer cell line MDA-MB-231 was sufficient to
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reverse the mesenchymal features of these cells (Eger et al., 2005). ZEB2 expression has
been associated with acquisition of a mesenchymal invasive phenotype in different
malignancies and particularly in oral squamous cell carcinoma, lung, kidney, breast, ovarian
and gastric advanced tumours (Elloul et al., 2005, Maeda et al., 2005, Oztas et al., 2010,
Rosivatz et al., 2002, Vandewalle et al., 2009). In addition, ZEB2 metastatic propensity
seems to be dependent on MMP-1,-2,-MT1 upregulation in a panel of HCC cell lines
(Miyoshi et al., 2004). Recent reports provided evidence that ZEB1 and ZEB2 expression is

targeted by different non-coding RNAs, so-called microRNAs (miRs).

1.4.2.4 MicroRNAs in EMT and metastasis

MiRs are short (~22 nucleotides) non-protein-coding ribonucleic acids (RNAs) that have
been shown to inhibit gene expression (Esquela-Kerscher and Slack, 2006). More than a
decade ago, Victor Ambros and Rosalind Lee have discovered that lin-4, a gene responsible
for the developmental timing of the ring warm Caenorhabitis elegans (a nematode),
produces small non-coding RNA, rather than a protein-coding mRNA, repressing the
expression of the mRNA lin-14 by binding to its 3’untranslated region (3’UTR) (Lee et al.,
1993). As a consequence of the lin-7 function, the nematodes could only progress to the
second stage of their development (Reinhart et al., 2000). Since then, hundreds of miRs
(logged at the miRBase at Sanger Institute) have been identified in human genome, showing
that miRs could be considered as one of the most important classes of regulatory genes in

humans.

Further bioinformatic studies have provided evidence that a large number of the human
MRNAs (approximately one-third) could be regulated by miRs (Kiriakidou et al., 2004,
Lewis et al., 2003, Rajewsky, 2006). In addition, many experiments using mutations on
various components of the miR pathway have demonstrated that miRs have an essential role

in many biological processes, such as cell death, cell proliferation and regulation of insulin
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secretion (Calin and Croce, 2006, He and Hannon, 2004). Apart from miRs physiological
role as regulators of gene expression, recent findings have demonstrated that more than 50%
of the miR genes are located at chromosomes associated with various human cancers (Calin
et al., 2004, Zhang et al., 2007). Genetic aberrations, such as genomic deletions,
amplifications, mutations, and epigenetic factors like, DNA hypermethylation, lead to
human carcinogenesis by altering the expression of target proteins implicated in important
biological processes (Volinia et al., 2006). Furthermore, an increasing number of
publications reveal the dual role of miRs as tumour suppressors or oncoproteins during the
acquisition of a malignant phenotype. Finally, advances in high-throughput techniques, such
as microarrays and quantitative real-time PCR (QRT-PCR), supported the identification of
differential miR expression profiles in neoplastic cells compared to their normal counterpart

cells (Nelson et al., 2004).
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1.5 Aims and Objectives

MR-EMT, mainly represented by the SNAI, TWIST and ZEB families, act downstream of
embryonic EMT pathways in vivo and efficiently induce EMT upon ectopic expression in
epithelial cell cultures. Elevated expression of MR-EMT is generally considered as poor
prognosis marker associated with a high risk of metastatic dissemination. To date no
comprehensive study on the MR-EMT network in melanoma has yet been performed.
Therefore the main aim of this study was to investigate the expression and regulation of the
MR-EMT network in melanoma cell lines and the clinical significance of specific MR-EMT

in tumour tissues.

Hypothesis

Malignant melanomas acquire a specific MR-EMT phenotype, characteristic of neural crest

melanocyte precursors, which is associated with metastasis and poor prognosis.

The specific aims and objectives for each results chapter were as follows:

Chapter 3 - Aims

o To assess which MR-EMT proteins are expressed and how these transcription factors

are regulated in vitro.

o To test whether there is a link between the MR-EMT expression and oncogenic

signalling pathways activated in malignant melanoma.

Obijectives

o Gene and protein expression studies were carried out on several melanoma cell lines

and assessed by real time qRT-PCR and western blotting. Experiments with siRNA-
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mediated knockdowns of individual MR-EMT and addition of pharmacological

inhibitors inhibiting different signalling cascades were also conducted.

Chapter 4 - Aim

o To assess which MR-EMT have a biological significance in melanoma.

Objectives
o An immunohistochemical work was carried out to compare the protein expression

levels between E-box binding MR-EMT and known target genes E-cadherin and VDR.

o To further evaluate the effect of MR-EMT on VDR and E-cadherin in vitro, SiRNA-
mediated knockdowns of specific MR-EMT proteins and motility assays were

conducted.

Chapter 5 - Aim

o To assess whether the expression of MR-EMT proteins has a clinical significance to

melanoma progression and patient survival.

Objectives
o An immunohistochemical work was carried out to assess the expression of MR-EMT

in a mouse melanoma model and human melanoma samples from a cohort of patients.

o To correlate the expression of MR-EMT with clinicopathological variables using

univariate and multivariate models.
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2 Materials and Methods

2.1 Materials

2.1.1 Patients and melanoma tissues

Melanocytic tissues were identified from the Histopathology and Dermatology
Departments, University Hospitals of Leicester and represent patients presenting
between 1996 and 2006. Local Ethics Committee approval was obtained for the tissue
analysis (Appendix I, REC: 6791, UHL: 8141, LNR REC1). Histological sections and
formalin-fixed paraffin embedded (FFPE) tissue blocks were retrieved from the archive.
Unfortunately, access to melanoma clinical samples was limited and sequential cases
were used if sufficient material was remained in the tissue blocks. Demographic
information on the MM cases included age at primary excision, gender, time to last
follow-up visit / clinical metastasis and stage was determined from the Breslow
thickness and ulceration of the primary tumour. All pathological data was available
from reports and checked by Dr. PE Hutchinson and Dr. JE Osborne (Dermatology
department, Leicester Royal Infirmary, UK). Details of cases with follow-up data used

in this study are summarized in Appendix II.

2.1.2 Chemicals and reagents

All general chemicals were purchased from Sigma-Aldrich Ltd (Dorset, UK) and

Fischer Scientific Ltd (Loughborough, UK) unless otherwise stated.
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2.1.3 Eukaryotic cell lines

Cell lines used in this study (SK-MEL-2, SK-MEL-5, SK-MEL-28, RPMI-7951, and
WM-266-4) were from the American Type Culture Collection (ATCC, Manassas, VA,
USA). SK-MEL-30 and IPC-298 were obtained from the German Collection of
Microorganisms and Cell Cultures (Leibniz Institut DSMZ, Braunschweig, Germany).
A375P and A375M were originally obtained from Wellcome Trust Functional
Genomics Cell Bank (St. George’s, University of London, UK). The Human Epidermal
Melanocytes (HEM)-neonatal (HEMN) and -adult (HEMa) were from the TCS
Cellworks Ltd (Buckingham, London, UK). The human urinary bladder RT-112,
osteosarcoma HOS, human epithelial carcinoma A431, human embryonic kidney 293
(HEK293) and HEK293 Snail-8SA-transfected (Grotegut et al., 2006) were carcinoma
cell lines obtained from Dr. E Tulchinsky (Department of Cancer Studies and
Molecular Medicine, Leicester University, UK). All cell lines were maintained at low
passages and stored in vials at a temperature of about 196°C, in in-house tanks of liquid
nitrogen. Classification of melanoma cell lines according to BRAF or NRAS mutation

status is described in Table 2.1.
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Table 2.1 - BRAF and NRAS mutation status in human melanoma cell lines used in this study

Cell line BRAF NRAS Notes References
A375P + (V600E) WT A poorly metastatic human melanoma cell line (Bruggen etal., 1978,
derived from a 54-year-old female Giard etal., 1973)
A375M + (V600E) WT Derived from a metastasis of the parental A375P (Collisson et al., 2003,
Giard et al., 1973,
Kozlowski et al., 1984)
IPC-298 WT + (Q61L) Established from the primary tumour (right (Aubert et al., 1993)
cervical) of a 64-year-old woman with cutaneous
melanoma
RPMI-7951 + (V600E) WT Derived from a metastatic site of a MM (lymph (Tanami et al., 2004)
node)
SK-MEL-2 wTt! +(Q61R) Derived from a metastatic site of a MM (skin of (Davies etal., 2002, Fogh
thigh) etal., 1977)
SK-MEL-5 + (V600E) WT Derived from a metastatic site of a MM (axillary (Foghetal,, 1977,
node) Tanami et al., 2004)
SK-MEL-28 + (V600E) WT Derived from the primary tumour of a 51-year-old | (Davies etal., 2002, Fogh
man with cutaneous melanoma etal., 1977)
SK-MEL-30 WT + (Q61K) Derived from tumour tissue (subcutaneous (Carey etal., 1976)
metastasis) of a 67-year-old Caucasian man with
malignant melanoma
WM-266-4 + (V600D) WT Derived from a metastatic site of a MM (Davies et al., 2002)
"WT, wild type

2.1.4 Cell culture reagents and supplements

Epidermal melanocyte basal medium (a sterile HEPES and bicarbonate buffered

medium containing essential and non-essential amino acids, organic compounds,

inorganic salts, trace minerals and vitamins), growth supplement [a concentrated 100x

sterile solution containing bovine insulin, hydrocortisone, heparin, phorbol 12-myristate

13-acetate (PMA), bovine transferrin, basic fibroblast growth factor, foetal bovine

serum (FBS) and bovine pituitary extract (BPE)], antibiotic supplement (containing

25 mg/ml gentamicin and 50 pg/ml amphotericin B, 1000x concentrate), HEPES-

Buffered Saline Rinsing Solution, Trypsin/EDTA (T/E), and Trypsin Blocking Solution

were obtained from TCS Cellworks Ltd, UK. Eagle’s minimum essential medium

(EMEM) modified to contain Earle’s balanced salt solution (BSS), non-essential amino
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acids (NEAA), 2mM L-Glutamine, 1mM sodium pyruvate (NaP) and 1500 mg/L
sodium bicarbonate (NaHCO3, 1.5 g/L), without phenol red were obtained from ATCC,
USA. Roswell Park Memorial Institute (RPMI 1640) medium with L-Glutamine but
without phenol red, foetal bovine serum (FBS), Penicillin/Streptomycin antibiotic
solution (containing 5,000 units of penicillin and 5,000 pug of streptomycin/ml) and
dimethyl sulphoxide (DMSO) were from Gibco, UK. Tissue culture flasks (25, 75 and

150 cm?) and 6, 12 and 24 well plates were all supplied from BD Falcon, UK.

2.1.5 Manipulation of melanoma cell lines

U0126 (1,4-diamino-2,3-dicyano-1,4-bis [2-aminophenylthio] butadiene) and 1a, 25-
Dihydroxyvitamin D3 (calcitriol) were purchased from New England Biolabs
(Hertfordshire, UK) and Sigma-Aldrich respectively. Cell Line Nucleofector® Kit
Amaxa V was supplied by Lonza (Verviers, Belgium). PLX4720 and PD184352,
selective inhibitors of BRAFY®®® and MEK respectively, were obtained from
Prof. Catrin Pritchard (Department of Biochemistry, University of Leicester, UK).
Specific inhibitors for p38 mitogen-activated protein kinase (SB203580) and c-Jun
N-terminal kinase (SP600125) were from New England Biolabs and Sigma-Aldrich
respectively. Specific inhibitor for PI3 kinase (Wortmannin) was purchased from New
England Biolabs. The proteasome inhibitor MG132 and cycloheximide (CHX) were
obtained from Merck Millipore, UK. The GSK-3 inhibitor lithium chloride (LiCl) was

made in-house.

2.1.6 RNA extraction kit

TRIzol® and the RNAeasy Mini Kit were supplied by Sigma-Aldrich and Qiagen Ltd

(West Sussex, UK) respectively.
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2.1.7 Total RNA quality control analysis

The RNA 6000 NanoChip and RNA 6000 Nano reagent kit (containing gel matrix, dye
concentrate, marker and ladder) were all obtained from Agilent Technologies

(Berkshire, UK).

2.1.8 Quantitative and conventional PCR reagents and materials

For real-time quantitative PCR, microAMP 96-well plates, adhesive films, custom
designed and inventoried FAM-labelled TagMan probes, Fast SYBR® Green and
2xTagMan® Fast PCR Universal Master mixes were from Applied Biosystems (Foster
City, CA). Custom designed oligonucleotide primers were synthesized by Sigma-
Genosys, UK. The Tagman® MicroRNA assay (Applied Biosystems, Foster City, CA)
was used to analyse the expression of miRs. The short tandem repeat (STR) PCR was
performed by using the AmpFISTR® SGM Plus® PCR Amplification Kit (Applied

Biosystems, Foster City, CA).

2.1.9 Human Endogenous Control Array

The TagMan® Endogenous Control Array cards and the TagMan® Gene Expression

Master Mix were purchased from Applied Biosystems.

2.1.10 Preparation of cytoblocks

All human melanoma tissue and cell blocks were paraffin-embedded by Ms. AK Gillies

using the Shandon Cytoblock® cell block preparations system (Thermo Scientific).
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2.1.11 Immunohistochemical materials

Detection of human melanoma tissue-bound primary antibodies was performed using

the Novolink™

Polymer System and supplied by Leica Microsystems (Milton Keynes,
UK). Tris-HCI buffers saline (TBS, wash buffer containing 500 mM Tris base, 1.5 M
NaCl, pH 9.0), Tris-EDTA antigen retrieval buffers (10 mM Tris base, 1 mM EDTA,

pH 8.0) and veronal acetate buffer (VAB, pH 9.2) were from in-house stocks.

2.1.12 Immunoblotting materials

The supersignal western extended duration and enhanced chemiluminescence (ECL)
substrates for HPR, bicinchoninic (BCA) protein assay reagent, protein standard bovine
serum albumin (BSA) and the restore plus western blot stripping buffer, were all from
Thermo Scientific. The precision plus dual colour protein size marker and 30%
acrylamide / bis-acrylamide electrophoresis solution were from Bio-Rad Laboratories
(Hertfordshire, UK). N, N, N, N’-tetramethylethylenediamine (TEMED), ammonium
persulphate (APS) and Tween-20 were from Sigma-Aldrich. Polyvinylidene fluoride
(PVDF) membranes were purchased from Millipore (Durham, UK). Reagents including
Laemmli lysis buffer, TBS-T, loading buffer, transfer buffer, wash buffer, resolving gel

buffer and stacking buffer were made from in-house stocks.
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2.2 Methods

2.2.1 RNA Isolation and manipulation

2.2.1.1 Preparation of total RNA

Total RNA was extracted from cells by combing the TRIzol® extraction method with
Qiagen RNeasy mini kit (Qiagen, UK). This method is designed for the extraction and
purification of up to 100 pg of total RNA from 1 to 10 x 10° cells. All mammalian
eukaryotic cells were seeded in 25 or 75 cm? flasks. Total RNA from cell lines was
extracted at the exponential growing phase (around 1-2 x 10° cells) and then the cells
were trypsinised and centrifuged at 1000 rpm for 5 min. The resulting pellet was
resuspended in 1 ml of TRIzol® reagent (Sigma, UK) and either incubated at room
temperature for 5 min for immediate RNA extraction or stored at -20°C for later

handling.

Two hundred pl of chloroform (CHCIs) was then added to the lysed with TRIzol® cells
and left to stand for 3 minutes at ambient temperature. To precipitate total cellular RNA
the samples were centrifuged at 13,000 rpm for 15 min at 4°C (cold room). After the
centrifugation, upper aqueous layer containing RNA, was removed and transferred to
clean labelled sterile bijoux, where the volume was measured by pipetting. To provide
ideal binding conditions, not only for RNA species >200 nucleotides, but also for low-
molecular-weight RNAs, like miRs, 1.25x of absolute ethanol was added to the lysates.
Samples were then applied to a silica-base spin column and after a series of washes, in
order to remove all potential contaminants, pure and concentrated RNA was eluted in

30-50 pl of RNase-free water and stored at -20°C until required.
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2.2.1.2 Quantification of RNA

The concentration of RNA was determined by either the NanoDrop Spectrophotometer
ND-1000 (NanoDrop Technologies, USA) or ND-8000 8-Sample UV-Vis
Spectrophotometer (Thermo Scientific, Wilmington, USA). In order to measure the
RNA concentration, 1 pl of total RNA, previously prepared using the TRIzol®
extraction combined with the Qiagen RNeasy mini kit, was resuspended in RNase-free
water and loaded onto the pedestal. The purity of the RNA sample was verified by
comparing the absorbance values at 260 and 280 nm. Pure RNA has an A260/280 ratio

of around 2 (1.9-2.1).

2.2.1.3 Converting total RNA to cDNA

Prior to the utilisation of the quantitative real-time PCR (QRT-PCR), it is essential to
convert RNA to cDNA due to the fact that Tagq polymerase could not use RNA as a
template. Reverse transcription (RT) was conducted on all individual RNA samples
using a High Capacity RNA-to-cDNA kit (Applied Biosystems) and 100 ng of total
RNA was reverse transcribed with 20xRT Enzyme Mix according to the manufacturer’s
protocol. The 20 pul reactions were then incubated in a GeneAmp 9700 96-well thermal
cycler (Applied Biosystems) for 60 min at 37°C , 5 min at 95°C (to inactivate enzymes)
and stored at -20°C until required for RT-PCR analysis. The minus RT reactions were

used as control reactions for DNA contamination.

2.2.1.4 Oligonucleotide primers and probes

Oligonucleotide primers for this study were synthesised from Sigma-Genosys and the
most suitable for this project are listed in Table 2.2. The primers were supplied as
lyophilised pellets and before use were briefly centrifuged at 13,000 rpm at room
temperature. The primers were then diluted in sterile water to a final concentration of

200 pmoles/ul and aliquots were taken and further diluted (1:20) to a working
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concentration of 10 pmoles/ul, transferred into fresh eppendorf tubes and stored at
-20°C. TagMan® FAM-labelled MGB probes (working concentration of 200 nM / 10l
total volume reactions) were obtained from Applied Biosystems and stored at -20°C

(Table 2.2).

2.2.1.5 Primer and probe design

All custom primers for conventional PCR and gRT-PCR were designed using two web-
based programs, a program from MIT (U.S) called Primer3 version 0.4.0
(http://frodo.wi.mit.edu/) and the Primer Express version 3.0 from Applied Biosystems.
For quantitative real-time PCR assays, custom TagMan® FAM-labelled MGB probes
were designed using the Primer Express program software (version 3.0) from Applied
Biosystems. The same software was also used to check for eventual self and cross-
complementarities between the forward and reverse primers and hairpin loops
formation. Furthermore, certain criteria were taken into consideration during the primer
design and were in accordance with recommendations outlined by Applied Biosystems.
To begin with, the primers were designed to have a melting temperature (Tn,) with a
range from 58-60°C, a primer length between 18-26 nucleotides, a GC content range
from 30-80% and a maximum of two G and C residues in the last five 3’-end
nucleotides. Also for optimum PCR efficiency, the amplified PCR products were
expected to be 60-120 base pairs (bp) in length. Primer sequence specificity was cross-
checked with the NCBI Nucleotide Basic Local Alignment Search Tool (BLAST)
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). All primers were specifically designed close to
the 3’end and sequence variability among different samples was avoided by selecting
sequence regions free of known single nucleotide polymorphisms (SNPs)

(http://www.ncbi.nim.nih.gov/projects/SNP/). Similarly, custom and TagMan® FAM-
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labelled MGB probes were designed following recommendations outlined from Applied

Biosystems and their sequences were checked with the BLAST search tool.

Table 2.2 - Primers and TaqMan® gene expression assays for quantitative PCR experiments

Primer Sequence (5’ — 3°) Length(nt) | Entrez Accession | Genomic Amplicon

Number Position Length(bp)
(Exon)

PPIA

F GGT TCC TTC TGC GTG AAT TAC CA 23

R GGA ATA CGT AAC CAG ACAACACACA 25 NM_021130.3 5 75

Probe CCACTT GTG CATCTC AG 17

RPLPO

F GGC TAC CCA ACT GTT GCATCA 21

R GAC AAG GCC AGGACTCGTT 19 NM_001002.3 7 69

Probe CCC GTT GAT GAT AGA ATG 18

UBC

F CTT AGA GGT GGG ATG CAG ATC TTC 24

R TCG GCTCCACTTCGAGAGT 19 NM_021009 2 71

Probe ACC AGT CAG GGTCTT CA 17

ZEB1 Applied Biosystems (Hs00232783_m1) N/A NM_001128128.2 45 63

ZEB2 Applied Biosystems (Hs00207691_m1) N/A NM_001171653.1 5—6 67

SNAI2 Applied Biosystems (Hs00950344_m1) N/A NM_003068.4 2—3 86

TWIST1 | Applied Biosystems (Hs01675818 s1) N/A NM_000474.3 1 85

F - forward primer; R - reverse primer; PPIA - peptidylprolyl isomerase A; RPLPO - ribosomal protein, large, PO; UBC - ubiquitin C

2216

Quantitative PCR (qRT-PCR)

Real-time PCR was performed using a standard TagMan® PCR kit protocol on a

StepOnePlus™ thermal cycler (Applied Biosystems). The relative amount of gene

transcripts was normalized to UBC. Thermal cycling and reaction conditions are shown

in Figure 2.1 and Table 2.3 respectively. Data were analysed according to the AACt

method (Livak and Schmittgen, 2001).
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Table 2.3 - Reaction conditions for qRT-PCR using TagMan probes

Reaction component

pl/reaction [custom]

ul/reaction [inventoried]

2x TagMan Fast Universal Master Mix 5 5
Forward primer (F) 0.6 -
Reverse primer (R) 0.6 -
c-DNA sample* 3.6 4.5
FAM-MGB probe 0.2 0.5 (+F/R)
Total per reaction 10 10
Different dilutions
Stage 1 Stage 2
95.0 95.0
20 sec 1sec
60.0
20 sec
Repeats: | 1 Repeats: | 40

Figure 2.1 - Thermal cycling conditions for gRT-PCR using TagMan probes. At holding stage 1 the
denaturation program was 20 sec at 95°C. The amplification and quantification program (stage 2) was
repeated for 40 cycles (1 sec at 95°C and 20 sec at 60°C). Detection of the PCR products were performed
with TagMan® FAM-labelled MGB probes.

2.2.1.7 Standard curves

Standard curves were generated for each primer / probe set using suitable cDNA

templates. To optimise efficiency for each custom probe set, different dilution series

(1:2 to 1:10) of cDNAs were set up. Efficiency was calculated from the gradient of the

slope.
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2.2.2 miR expression by real-time gRT-PCR

2.2.2.1 miR extraction from melanoma specimens and cell lines

RNA was extracted manually from micro-dissected FFPE melanoma and naevus
sections using the Qiagen miRNeasy isolation kit (Qiagen) according to the
manufacturer’s instructions. MicroRNA isolation from melanoma cell lines was
achieved by combing the TRIzol® extraction method with Qiagen RNeasy mini kit
(section 2.2.1.1). Quantity and purity of RNA samples were determined using the

NanoDrop Spectrophotometer ND-1000 (section 2.2.1.2).

2.2.2.2 Reverse transcription and pre-amplification

To produce cDNA Tagman® MicroRNA RT kit (Applied Biosystems) was used in
accordance with the manufacturer’s instructions. MiR-200 family members (-a, -b, -c,
-141, -429), miR-125b and endogenous control miR-191 specific cDNAs were
generated from total RNA, previously extracted from melanoma cell lines or FFPE
tissues, using the TagMan® MicroRNA Reverse Transcription Kit with RNA-specific

RT primers (TagMan® MicroRNA Assay, Applied Biosystems).

2.2.2.3 Quantitative real-time PCR

Quantitative real-time PCR Tagman® MicroRNA assays (Applied Biosystems) were
used to analyse the expression of miRs that showed the most significant differential
expression in melanoma tissue microarray experiments performed by Dr. SR Elshaw
(Department of Cancer Studies and Molecular Medicine, Leicester University, UK). All
reactions, including no-template controls and -RT controls were performed in triplicate
on the 96-well StepOnePlus™ Fast Real Time PCR system (Applied Biosystems).
Selection of the most stable miR expressed across multiple melanoma samples was
carried out using geNorm algorithm-based software (section 2.2.3.2) and miR-191

emerged as the most stable. Data were analyzed according to the AACt method
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(Livak and Schmittgen, 2001). Details of miR assays used for quantitative PCR

experiments are shown in Table 2.4.

Table 2.4 - TagMan® MicroRNA Assays used in this study

miR Mature miRNA Sequence miRBase Accession Number”
hsa-miR-125b UCCCUGAGACCCUAACUUGUGA MIMATO0000423
hsa-miR-200a UAACACUGUCUGGUAACGAUGU MIMATO0000682
hsa-miR-200b UAAUACUGCCUGGUAAUGAUGA MI0000342

hsa-miR-200c UAAUACUGCCGGGUAAUGAUGGA MIMAT0000617

hsa-miR-141 UAACACUGUCUGGUAAAGAUGG MIMAT0000432

hsa-miR-429 UAAUACUGUCUGGUAAAACCGU MIMAT0001536

hsa-miR-191 CAACGGAAUCCCAAAAGCAGCUG MIMATO0000440

“miRBase: the miR database (http://www.mirbase.org/)

2.2.2.4 Short tandem repeat (STR) profiling for melanoma cell lines

To check whether there was any cross-contamination between human cell lines, STR
profiling was performed in two different batches of A375P and A375M cells by

Ms. E Socratous (East Midlands Forensic Pathology Unit, University of Leicester, UK).

2.2.2.5 Extraction of genomic DNA from frozen A375 pellets

Removal of proteins from genomic DNA was achieved by extraction with
phenol:chloroform:isoamyl alcohol (25:24:1) solutions according to manufacturer’s
instructions (Sigma-Aldrich). Melanoma cells were initially ruptured using a lysis
solution (0.5 mL, 0.05 M Tris, pH 8.0 / 0.1% SDS) and 25 ul of proteinase K
(10 mg/mL) and incubated for 1 hr at 37°C. An equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1) was added to the samples and then
centrifuged at 13,000 rpm for 2 min at ambient temperature. Immediately after
centrifugation, the upper aqueous layer containing DNA was removed and transferred

into new microcentrifuge tubes, where the volume was measured by pipetting. An equal
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volume of chloroform:isoamyl alcohol (24:1) was added to the samples and further
centrifuged at 13,000 rpm for 2 min at room temperature. Aqueous phase was discarded
and the final volume of the DNA samples was measured by pipetting. Precipitation of
DNA was achieved by adding one-tenth volume of 1 M NaCl and three volumes of ice
cold absolute ethanol. Resultant solutions were then mixed by pipetting and placed at
-20°C overnight. Samples were then centrifuged for 10 min at 4°C and after carefully
removing the supernatant pellets were washed with 70% ethanol. Finally, the DNA
pellets were centrifuged, air-dried for 5 min, resuspended in 50 pl of 1xTE and stored at
4°C until required. The concentration of DNA in aqueous solution was determined
using the NanoDrop Spectrophotometer ND-1000. One ul of DNA was loaded onto the
pedestal and the absorbance was measured. The purity of the DNA sample was verified
by comparing the absorbance values at 260 and 280 nm. Pure DNA has an A260/280

ratio of around 1.8.

2.2.2.6 Polymerase chain reaction (PCR) for STR profiling

Polymerase chain reaction was first developed by Kary Mullis in 1986 and became one
of the most powerful techniques with many applications in gene diagnosis, forensics
and molecular evolution (Mullis et al., 1986). Briefly, this technique permits the
amplification of specific DNA sequences by the design of oligonucleotide primers
complementary to DNA strands (with a known base sequence) in a region of interest
(Powledge, 2004). The STR amplification reaction was performed by using the
AmpFISTR® SGM Plus® PCR Amplification Kit according to manufacturer’s
instructions  (Applied Biosystems). The PCR reactions were performed on
GeneAmp 9700 96-well thermal cycler and the thermal cycling conditions are shown in

Table 2.5.
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Table 2.5 — Thermal cycling conditions for STR profiling

~ Initial Melt Anneal Extend Final extension Final hold
incubation step
HOLD CYCLE (28) HOLD HOLD
Temperature 95°C 94°C 59°C 72°C 60°C 4°C
Time (min) 11:00 1:00 1:00 1:00 45:00 hold

PCR products were detected by capillary electrophoresis on a ABI Prism 3130 Genetic
Analyser (Applied Biosystems), data was collected using 3130 Data Collection v3.0
software and analysed using Genemapper® ID software v3.2. The STR profiles

generated for A375P and A375M cell lines are shown in Appendix IlI.

2.2.3 TagMan® Human Endogenous Control Array

2.2.3.1 RNA analysis and cDNA preparation

Total RNA was extracted from melanoma cell lines and cultured normal melanocytes
(section 2.2.1.1) and the concentration of RNA was quantified with a NanoDrop
ND-8000 8-Sample UV-Vis Spectrophotometer (Thermo Scientific, USA) at 260 nm
wavelength (section 2.2.1.2). Integrity of total RNA fraction was assessed using the
Agilent 2100 Bioanalyser and associated RNA NanoChip reagents according to
manufacturer’s instructions (Agilent Technologies, UK). An RNA integrity number
(RIN) was generated for each sample based on the ratio of ribosomal (28 and 18S)
bands. The RIN algorithm assigns a score from 10 to 1, where maximum score
represents a high quality intact RNA and minimum score represents a highly degraded
RNA. A threshold value of RIN >8 was applied. Reverse transcription was conducted

as previously described (Section 2.2.1.3).
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2.2.3.2  Array run and analysis of data

A commercially available pre-formatted and inventoried 384-well TagMan® Human
Endogenous Control Array, containing 16 assays for commonly used housekeeping
genes, was selected and real time gRT-PCR was performed using an ABI 7900HT Fast
Real-Time PCR system (Applied Biosystems, Foster City, CA). Reactions were
prepared in a total volume of 100 pl containing 2 pl (100 ng/ul) of cDNA, 48 ul of
nuclease free water and 50 ul of Gene Expression Master Mix (Applied Biosystems),
loaded into each sample-loading port and briefly centrifuged (Heraeus Multifuge 3S
Centrifuge, Thermo Scientific) for 1 min at 1200 rpm twice. Following the
centrifugation step the interconnecting channels were closed using a Sealing Device, the
loading ports were removed and the array was loaded into the ABI 7900HT Fast Real-
Time PCR system. Thermal cycling conditions, baseline and threshold values were
automatically set for all plates using the ABI SDS (vs. 2.3) software. The array data was
analysed using two freely-available programs, the geNorm (vs. 3.5) (Vandesompele et
al.,, 2002) and NormFinder (Andersen et al., 2004), in order to obtain stability
comparisons of candidate reference genes. Both validation programs are Microsoft
Excel add-ins and ranked all tested genes according to their expression stability across
samples. Best combination of two endogenous genes was also calculated

(Appendix V).
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2.2.4 Immunohistochemistry-Paraffin (IHC-P)

2.2.4.1 Haematoxylin and Eosin staining for morphology

Tissue sections were deparaffinised by immersion in 100% xylene twice (3 min each
time), rehydrated for 1 min in 99% and 95% industrial methylated spirits (IMS) and
rinsed in tap water for 1 min. The slides were then stained in Haematoxylin for 5 min
and Eosin for 1 min and rinsed in tap water for 3 min. Sections were dehydrated in 95%
and 99% industrial methylated spirits (IMS) for 1 min, immersed in 100% xylene twice
(3 min each time) and mounted using a DPX aqueous mounting agent (2 drops per

slide).

2.2.4.2 Dewax and rehydration of the sections under investigation

Consecutive sections from FFPE benign naevi, primary and metastatic melanoma
archival tissue specimens were cut (3um) and mounted onto Vectabond (VectorLabs,
UK) treated slides. The purpose of using vectabond coated slides was to avoid loss of
tissue from the slide surface following the use of heat-induced epitope retrieval
methods. Next, the slides were dried for 5 min at 65°C in an air incubator. Sections
were then dewaxed (a major limiting step) by immersion in 100% xylene for 5 min
once, rehydrated for 10-15 sec in 99% and 95% industrial methylated spirits (IMS) and

washed in tap water for 3 min.

2.2.4.3 Heat-induced antigen retrieval for melanoma tissues

In this study, the rehydrated slides were placed in a plastic rack and immersed in 1x TE
buffer (Tris at pH 9.0, EDTA) in order to inactivate nucleases which degrade DNA or
RNA. The slides were then microwaved in TE for 20 min on full power setting at
750 W. For E-cadherin, staining sections were pressure cooked in 1x citrate buffer
(at pH 6.0) for 30 sec at 120°C. After the epitope recovery procedure was complete, the

slides were allowed to cool down for 15 min at room temperature. For mouse
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melanoma sections, ZEB1 and ZEB2 antigen retrieval was performed in 1x citrate

buffer (at pH 6.0).

2.2.4.4 Application of primary antibodies

2.24.4.1 Human melanoma tissues

Following the antigen retrieval, the human melanoma slides were removed from the
rack, washed in TBS (Tris-buffered saline, pH 7.6, twice for 5 min) and placed in an
incubation tray where a peroxidase blocking solution was applied onto the slides for
5 min to neutralise endogenous peroxidase, followed by TBS washing (2x5 min). The
next step was to add a minimum amount of 100 ul protein block solution (Leica
Microsystems) onto each section for 5 min in order to reduce non-specific binding of
primary antibody and polymer, followed by TBS washing (2x5 min). After the critical
step of protein blocking, the primary antibodies were diluted in TBS. One hundred pl of
the diluted primary antibodies was then applied to serial tissue sections from each
specimen (Table 2.6). Non primary antibody (NPA) slides were kept in TBS and used
as negative controls for each run. Finally, the slides were incubated in an incubation

tray overnight at 4°C.

2.2.4.4.2 Mouse melanoma model sections

Following protein unmasking, the mouse melanoma tissue sections were removed from
the rack, washed in TBS (Tris-buffered saline, pH 7.6, twice for 5 min) and placed in an
incubation tray where 100 pl of the avidin solution was applied onto the slides for 10
min, followed by TBS washing (2x5 min). The next step was to add a minimum amount
of 100 pl biotin solution onto each section for 10 min and then sections were washed
again in TBS (2x5 min). After the critical step of biotin blocking, 100 pl of normal

swine serum (Dako, UK), diluted (1:5) in blocking solution (BS), which was prepared
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by mixing 50 ml of TBS, 1.5 g of 3% Bovine serum albumin (BSA) (Biomedicals,

Germany), and 50 pl of 0.1% Triton X-100, (Fisons, UK), was applied to each tissue

section for 10 min at room temperature. Serum blocking solution was then drained off

and optimally diluted primary antibodies were applied to cover mouse sections

(Table 2.6). Non primary antibody (NPA) slides were kept is TBS and used as negative

controls for each run. Finally, the slides were incubated in an incubation tray overnight

at 4°C.

Table 2.6 - List of primary antibodies used for immunohistochemistry

4°C overnight

Primary antibody Dilution | Antigen retrieval & Detection system | Vendor References”
Incubation duration & Chromogen
ZEB1 1:1000 20 min, 1xTE buffer, Novolink Santa Cruz (Sayan et al.,
(H-102 / rabbit-polyclonal) microwave (750W), Polymer, DAB Biotechnology 2009)
4°C overnight (Heidelberg,
Germany)
For mouse sections: 1:400 20 min, 1xCitrate buffer, | ABC-AP,
microwave (750W), Fast Red
4°C overnight
ZEB2 1:5000 20 min, 1xTE buffer, Novolink Donated by Dr. AE (Sayan et al.,
(CUK2 / rabbit-polyclonal) microwave (750W), Polymer, DAB Sayan, University of 2009)
4°C overnight Southampton, UK
For mouse sections: 1:5000 20 min, 1xCitrate buffer, | ABC-AP,
microwave (750W), Fast Red
4°C overnight
SNAIL 1:50 20 min, 1xTE buffer, Novolink Donated by Dr. AG (Franci et al.,
(clone EC3 / mouse) microwave (750W), Polymer, DAB De Herreros, 2006)
4°C overnight University of Pompeu
Fabra, Barcelona,
Spain
SNAI2 1:50 20 min, 1xTE buffer, Novolink New England Biolabs (Shirley et
(clone C19G7 / rabbit ) microwave (750W), Polymer, DAB (Ipswich, UK) al., 2012)
4°C overnight
TWIST1 1:100 20 min, 1xTE buffer, Novolink Abcam (Ansieau et
(clone 2Cla/ mouse) microwave (750W), Polymer, DAB (Cambridge, UK) al., 2008)
4°C overnight
E-cadherin 1:2000 30 sec, 1xCitrate buffer, Novolink BD Transduction (Doetal.,
(clone 36 / mouse) pressure cooker (120°C), | Polymer, DAB Laboratories™ 2004)
4°C overnight (Oxford, UK)
VDR 1:200 20 min, 1xTE buffer, Novolink Santa Cruz (Wang et al.,
(clone D-6 / mouse) microwave (750W), Polymer, DAB Biotechnology 2010)

“References to previous validation of primary antibodies used for IHC-P
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2.2.45 Application of the secondary antibody and the Novolink Polymer Detection
System

After treatment of slides with the relevant primary antibody, human melanoma tissue
sections were firstly washed in TBS (2x5 min), covered with the post primary blocking
solution for 30 min and followed by washing in TBS (2x5 min). The slides were then
incubated with the Novolink polymer, which recognises only mouse and rabbit
immunoglobulins, for 30 min, and further washed in TBS (2x5 min). For visualization
of the antigen-antibody interactions the slides were treated with 3, 3’-diaminobenzidine
(DAB) working solution, by adding 50 ul of DAB chromogen to 1 mL of Novolink
DAB substrate buffer, for 5 min. Finally, the slides were washed in tap water for 5 min,
counterstained in Mayer’s Haematoxylin for 30 sec, washed again in running tap water

and mounted using an Aquatex aqueous mounting agent (2 drops per slide).

2.2.4.6  Application of the secondary antibody and the ABC-AP Detection System

After treatment of slides with either ZEB1 or ZEB2 primary antibodies, mouse tissue
sections were removed from the tray and washed in TBS (2x5 min). Then, the slides
were placed in the incubation tray where 100 ul of the polyclonal secondary
biotinylated swine anti-rabbit antibody (Bt’d SaR, Dako), previously diluted 1:800 in

BS, was added to each slide for 30 min.

Detection of ZEB1 and ZEB2 was performed by the avidin-biotin complex method
(ABC). After incubation with the primary and the biotinylated secondary antibodies, the
slides were washed in TBS (2x5 min), covered by 100 pl of avidin-biotin complex
alkaline phosphatase-AP conjugated [ABC-AP, containing 492 pl of BS, 4 ul of
Streptavidin (Dako) and 4 pl of biotinylated alkaline phosphatase (Dako)], which had
been previously mixed and then left to stand at room temperature for 30 min before use.

The slides were then incubated for 30 min at room temperature. All treated slides were
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transferred into a Coplin or Hallendahl jar, washed firstly in TBS (2x5 min) followed

by washing in distilled water (5 min) and VAB for another 5 min.

For visualization of the antigen-antibody interactions the slides were treated with Fast
Red solution. This solution was prepared by combining 50 ml of VAB with 12 mg of
levamisole and 25 mg of fast red TR salt and then by adding with gentle mixing 25 mg
of naphthol AS-BI phosphate disodium salt, previously dissolved in 20 pl of
dimethylformamide. After filtration, 50 ul of the Fast Red solution was poured onto the
slides for 1 hr. Finally, the slides were washed in tap water for 5 min, counterstained in
Mayer’s Haematoxylin for 10 sec, washed again in running tap water for 5 min and

mounted using an Aquatex aqueous mounting agent (2 drops per slide).

2.2.4.7 Semiquantitative immunohistochemical evaluation for MR-EMT, VDR and E-
cadherin

In this study staining of MR-EMT was graded as positive only when nuclear staining
was detectable. H-Score which measures the percentage of stained tumour cells and the
intensity of the staining was used to evaluate MR-EMT staining. To each section was
given a score on a scale of 0 to 3 for the intensity of the nuclear staining, with a
maximum immunoreactivity of 300 and minimum of 0. Positive staining was scored via

the H-Score (Kinsel et al., 1989) and calculated as follows:

H-Score = 1x (% weak staining) + 2x (% moderate staining) + 3x (% strong staining)

Three observers agreed the criteria for levels of positive staining (Dr. JH Pringle,
Dr. PE Hutchinson and Mr. E Papadogeorgakis). Four representative dermal fields were
assessed; two from the superficial tumour close to the epidermal basal lamina in the
papillary dermis and two from the deepest tumour sites within the reticular dermis and

H-Scores were calculated separately for superficial and deep sites. Inter-observer
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agreement was measured using 20 randomly selected cases and an intra-class

correlation coefficient (ICC) indicated high agreement (ICC = 0.92).

For ZEB1 and TWIST1, scores of 0 (H-Score = 0) were considered negative and
immunoreactivity of 1 (H-Score = 1-100), 2 (H-Score = 100-200) and 3 (H-Score =
200-300) was scored as positive. For ZEB2, SNAI2 and E-cadherin, scores of 0 and 1
(H-Score = 1-100) were considered negative and immunoreactivity of 2 (H-Score =
100-200) and 3 (H-Score = 200-300) was scored as positive. For VDR, all melanoma
tumours presenting either a cytoplasmic or nuclear immunostaining in at least 25% of

the neoplastic cells were scored as positive (1+).

2.2.5 Cell culture of normal melanocytes and melanoma cell lines

2.2.5.1 Recovery of cells from frozen storage

All melanoma cell lines and human epidermal melanocytes were retrieved from liquid
nitrogen and immediately transferred to a 37°C water bath, until fully thawed by
agitation. Then the cells were rapidly removed from ampoules in a class Il safety
cabinet and re-suspended in 10 ml of a relevant to each cell line pre-warmed media
(described in section 2.1.4) supplemented with 10% FCS and Penicillin / Streptomycin
antibiotic solution. SK-MEL-2, SK-MEL-5, RPMI-7951 and WM-266-4 were further
supplemented with 1% NEAA and 1% NaP, and SK-MEL-28 with 1% NEAA.
Epidermal melanocytes were resuspended in a bicarbonate buffered medium containing
a mix of vitamins, minerals, inorganic salts, essential and non-essential amino acids,
supplemented with antibiotics and growth supplements (described in section 2.1.4). The
cells were centrifuged at 1000 rpm for 5min at room temperature and the pellets were

resuspended in 5-10 ml of complete media. Finally, an appropriate number of cells was
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seeded in 25/ 75 cm? flasks or 6 / 12 well plates and incubated at 37°C under 5% CO2

in a humidified atmosphere, until passaging.

2.2.5.2 Passaging of normal melanocytes and melanoma cells

Both normal and melanoma cells were grown until reached 80-90% confluency and
then passaged every 72 hr. To passage the cells, the appropriate culture medium was
removed and each flask was washed with PBS and 3-5 ml of fresh sterile 1x Trypsin /
EDTA (TE) solution was added. The flasks were then incubated at 37°C for 1-2 min
until complete detachment of cells. Trypsin activity was terminated by addition of
5-10 ml pre-warmed complete media, and cells were transferred to a fresh 15 ml Falcon
tube and centrifuged at 1000 rpm for 5 min. After centrifugation of cells, 2 ml of a cell

suspension was used to seed a 75 cm? flask containing 10 ml of complete media.

2.2.5.3 Long term storage of cell cultures

Cells at the exponential growing phase (around 1-2 x 10° cells) were washed,
trypsinised and centrifuged at 1000 rpm for 5 min. The resulting pellet was resuspended
in 10% DMSO and FCS solution, and approximately 1 x 10° cells were transferred to a
cryotube and stored initially at -80°C overnight (under isopropanol) and then to liquid

nitrogen for later handling.

2.2.5.4 Treatment of HEMN with 1a, 25-Dihydroxyvitamin D3

For induction of VDR expression 1a, 25-Dihydroxyvitamin D3 (calcitriol, from Sigma-
Aldrich) was used. Normal melanocytes were cultivated in Melanocyte Growth
Medium in either 25 cm? flasks or 6 / 12-well plates. Semi-confluent cells were then
incubated with calcitriol and culture medium at different concentrations
(10® and 10° M) for 24, 48 and 72 hrs, without replacing the medium. Normal

melanocytes incubated with culture medium and absolute ethanol served as controls
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(untreated cells). Calcitriol stock solutions of 10 uM in absolute ethanol were stored at

-20°C in the dark until needed for use.

2.2.5.5 Treatment of melanoma cell lines with pharmacological inhibitors

For inhibition of the ERK/MAPK signalling pathway, the U0126 was used. To make
10 mM stock solutions, 5 mg of U0126 (supplied as a lyophilized white powder)
dissolved in 1.31 ml DMSO, aliquoted to avoid multiple freeze / thaw cycles and
subsequent degradation of the inhibitor, and stored at -20°C until required. Melanoma
cells were grown in appropriate complete medium in 75 cm? flasks until reached
60-70% confluency, at 37°C in a humidified atmosphere of 5% CO2. U0126 inhibitor
was added at a dose of 10 uM directly to the culture complete medium of melanoma
cells at different time points. Melanoma cells incubated with culture medium and
DMSO served as controls (untreated cells). Similarly, a final concentration of 10 uM
for PLX4720 and PD184352 was used for all treatments of melanoma cells. SB203580
and wortmannin were used at final concentrations of 10 uM and 1 uM respectively.

For inhibition of JNK activation cells were treated with 10 uM of SP600125.

2.2.5.6 RNA interference experiments for A375 melanoma cells

When melanoma cultured cells, grown in 150 cm? flasks, had reached optimal density
(70-80% confluency) were harvested using trypsin, transferred to a 1.5 ml fresh
eppendorf tube and centrifuged at 3000 rpm for 2 min. The resulting supernatant was
discarded and the cell pellet was resuspended in 1 ml PBS. Ten ul of cell suspension
was then transferred to Coulter Counter vials and mixed with 10 ml of Isoton. Cell
concentration was determined by using the Z2 Coulter counter (Beckman Coulter, UK).
Six cm? dishes were pre-incubated in a humified incubator (37°C, under 5% CO2 in a
humidified atmosphere) by filling the appropriate number of the dishes with 3 ml of

RPMI 1640. The required number of cells (1 x 10° cells per sample) was centrifuged at
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1000 rpm for 5 min at room temperature. The resulting supernatant was removed

completely and cell pellets were carefully resuspended in 100 pl room temperature

Amaxa Nucleofector® Solution V / sample, and combined with 100 nM / sample

siRNAs or 2 pg pmaxGFP® Vector (Lonza, UK) or negative scramble (non-targeting)
siRNA (Thermo Scientific, UK). Resulting cell suspensions were transferred to certified
cuvettes, closed with the cap and inserted into Amaxa’s Nucleofector® Cuvette Holder
(Lonza, UK) applying program X-001. After transfection, cell suspensions were added
immediately to approximately 500 ul of pre-equilibrated RPMI 1640 complete media,
gently mixed and finally transferred into the pre-equilibrated 6 cm? dishes (final volume
3.5 ml media per dish). Cells were then incubated at 37°C under 5% CO2 in a
humidified atmosphere until required for assaying. Western blots were used to confirm
siRNA-mediated gene knockdown. Details of siRNAs used for transient transfections of

melanoma cells are shown in Table 2.7.

Table 2.7 - List of siRNAs used for transient transfections

;I]':;]geet siRNA sequence (sense strand) Vendor Reference

SNAI2 (#1) 5’- GGACCACAGUGGCUCAGAA(UU) - 3 Sigma-Genosys (Park et al., 2008b)
SNAI2 (#2) 5’- GCAUUUGCAGACAGGUCAA(UU) - 3° Sigma-Genosys (Tripathi et al., 2005)
ZEB1 5’- GGACUCAAGACAUCUCAGU(dTAG) - 3> | Donated by Dr. E Tulchinsky” -

ZEB2 5’- GAACAGACAGGCUUACUUA(ATT) - 3° Donated by Dr. E Tulchinsky -
TWIST1 ON-TARGET plus SMARTpool Thermo Scientific -

Fra-1 (#1) 5’- CACCAUGAGUGGCAGUCAG(dTdT) - 3> | Donated by Dr. E Tulchinsky -

Fra-1 (#2) ON-TARGET plus SMARTpool Thermo Scientific -

“"Department of Cancer Studies and Molecular Medicine, Leicester University, UK
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2.2.5.7 Luciferase reporter assays

For luciferase assays, 5 x 10° cells were seeded in 6 cm? dishes one day prior to
transfections. A375P and A375M cells were transfected with 1 ug of either wild type
pmiR luciferase reporter vectors (PMIR-REPORT, Invitrogen, UK) or with the vector
containing 3’UTR of human ZEB1 or ZEB2 (a kind gift from Dr. E Tulchinsky) using
Lipofectamine® 2000 (Invitrogen, UK) for 24 hrs. The efficiency of each transfection
was monitored using 1 ug co-transfected B-galactosidase expression vector, pPCMV-gal
(Invitrogen, UK). Transfected A375 cells were treated with U0126 or MOCK-treated
for further 24 hrs. Forty-eight hrs post transfection, cells were harvested, lysed and the
luciferase activity was measured according to the manufacturer’s instructions (Promega,
Southampton, UK) with Sirius single tube luminometer (Titertek-Berthold, Pforzheim,
Germany). All experiments were performed in triplicate and normalized to the activity

of B-galactosidase.
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2.2.5.8  Cell motility assays

Transfected A375 cells with siRNAs against ZEB1 and ZEB2 (section 2.2.5.6) were
cultured for 48 hrs. Cells were fluorescently labelled with the lipophilic tracer
1,1'-Didodecyl-3,3,3',3'-tetramethylindocarbocyanine  perchlorate [DilC1,(3)] at a
concentration of 10 ug/ml in phenol-free RPMI 1640 containing 1% FCS at 37°C
(under 5% CO2 in a humidified atmosphere) for 1 hr. Melanoma cells were then
washed three times in PBS and phenol-free RPMI 1640 / 1% FCS was added for a

further 1 hr. Finally, cells were harvested and counted in preparation for assaying.

The required number of FluoroBlok™

cell culture inserts with 8 um fluorescence
blocking polyethylene terephthalate (PET) membranes (BD Biosciences, UK) was
placed into each well of a 24-well companion plate. Melanoma cells were resuspended
in 200 pl of phenol-free RPMI 1640 / 1% FCS and added to the upper chambers at a
density of 5x10* cells/insert. Seven hundred pl of RPMI 1640 / 10% FCS was used as a
chemoattractant in the lower wells, while 2x10” cells were added to the control wells
(no insert, 700 ul RPMI 1640 / 10% FCS). The migration assay was run for up to 72 hrs
at 37°C under 5% CO2 in a humidified atmosphere, and migrating cells were detected
by a bottom-reading fluorescent plate reader (FLUOstar OPTIMA plate reader, BMG

Labtech, UK) using excitation/emission wavelengths of 530/590 nm, with

measurements taken every 2 hrs.

2.2.5.9 Sample preparation for Western blotting

For cell pellets, cells were harvested and centrifuged at 1000 rpm for 5 min. The
supernatant was then removed and the cell pellet resuspended in appropriate pre-
warmed complete medium, transferred to 1.5 ml fresh eppendorf tubes and centrifuged
for 13,000 rpm for 2 min. The resulting supernatant was discarded and cell pellets were

stored at -20°C until required.
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2.2.6  Western blotting

2.2.6.1 Protein extraction from melanoma and HEM cell lines

200-500 pl of 1xLaemmli lysis buffer (100 mM Tris-HCI, pH 6.8, 20% glycerol and
2% SDS) were added to each sample according to size pellet. Samples were then
denatured by heating at 95°C for 5 min, cooled down for 2 min, sonicated for
approximately 10 seconds (Amplitude did not exceed 10 microns) and centrifuged for

13,000 rpm for 1 min. The resulting solutions were then stored at -20°C until required.

2.2.6.2 Protein quantification

Protein quantification in each sample was carried out using the BCA protein assay Kit
(Thermo Scientific-Pierce, Rockford, USA). Briefly, a working solution, with an apple
green colour, was prepared by mixing 50 parts of reagent A (carbonate buffer
containing BCA) with 1 part of BCA reagent B (cupric sulphate solution) (50:1, reagent
A:B), for example 5 ml of reagent A with 100 pl of reagent B. Then, 5 ul of a protein
solution containing 1xLaemmli lysis buffer was added to 500 ul of the BCA working
solution and the resulting solution was briefly vortexed and incubated either for 5 min
at 37°C incubator (5% CO2 in a humidified atmosphere ) or left at room temperature
for 10 min. The absorbance at 562 nm was measured after the zero had been set against
500 pl of BCA reagent containing 5 pl of the same buffer (1xLaemmli) as the protein
solution. The protein concentration of samples was finally calculated by reference to a
standard curve constructed from absorbance against known protein concentrations for a

series of BSA standards (2 ug/ul) (Thermo Scientific-Pierce, Rockford, USA).
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2.2.6.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

Slab minigels (10 cm x 7 cm x 0.75 cm) were poured between glass plates of 1.5 mm
thickness. An example of the required volumes of each solution to achieve 10%
resolving and 5% stacking gels is shown in Table 2.8. Polymerisation was initiated by
addition of 10% APS and 0.1% TEMED to each gel. The forming solution was mixed
gently, poured into a Bio-Rad cassette and 150 pl of 99% IMS was layered over the top
of the acrylamide solution to prevent evaporation and the gel was left for 30-45 min to
polymerise. After the gel had set the IMS was removed and washed briefly in water
before the stacking gel was poured. The stacking gel was loaded and left for further

30-45 min to set. Finally, a gel comb inserted and left to set at room temperature.

10-25 pg of total protein per sample was mixed in a ratio of 1:10 with 5% loading
buffer, containing fresh 2 mM B-mercaptoethanol, 0.125 % w/v bromophenol blue and
5% Laemmli buffer. Samples were then denatured at 95°C for 5 min and loaded into
each well. Five ul of a protein weight marker (Precision Plus dual Colour, BioRad, UK)
was also loaded into a separate well. Electrophoresis was performed in running buffer
containing 25 mM Tris-HCI, 190 mM glycine and 0.1% w/v SDS, at 120 Volts and
once the bromophenol blue dye front had run the required distance, the gel was used for

immunoblotting.

Table 2.8 - Required volumes for 10% resolving and 5% stacking gels

Solution 10% resolving gel 5% stacking gel
(mL, 2 gels) (mL, 2 gels)

30% acrylamide / bis acrylamide solution 5 1.7

Gel buffer 38 1.5

(1.5 Tris-HCI, pH 8.8 for resolving and 6.8 for stacking gels) ' '

10% wi/v SDS 0.15 0.1

10% APS 0.15 0.1

TEMED 0.006 0.01

Sterile H,0 5.9 6.8
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2.2.6.4 Protein transfer and immunological detection of PVDF immobilised proteins

Transfer of polypeptides on either PVDF or nitrocellulose membranes was performed
as previously described (Towbin et al., 1979). Protein fractionated on an SDS-PAGE
gel was initially removed and washed by immersing the gel in transfer buffer (25 mM
Tris-HCI, 190 mM glycine and 20% (v/v) methanol) for 2 minutes. Then the gel was
placed onto a PVDF membrane, previously wetted with methanol for few seconds, and
soaked in transfer buffer for 1 minute. The SDS-PAGE gel and PVDF membrane were
then sandwiched between two pieces of pre-wetted in transfer buffer Whatmann 3MM
filter papers and fiber pads (equally in size to the gel), assembled into a BioRad gel
holder cassette, with the gel facing the cathode and the membrane the anode, before
transferred in a Trans-Blot wet electrophoresis transfer tank (BioRad, UK). Protein
electrophoresis was performed in transfer buffer at 25 V overnight at RT or at 100 V for
1 hr at 4°C. PVDF membranes containing immobilised proteins were removed from the
cassette and blocked by incubation in blocking solution [5% Marvel milk powder in
TBS-T (0.1% v/v Tween-20, 1xTBS (150 mM NacCl, 10 mM Tris-HCI, pH 7.5)] for
1 hr at RT. Membranes were then probed with the indicated primary antibodies
(Table 2.9) in TBS-T-Milk blocking solution for 1 hour at room temperature with
shaking. The blots were washed 4 times in TBS-T at RT for 4 min and the antibody
binding was detected by using the appropriate horseradish peroxidase (HRP)-
conjugated secondary antibodies (Dako, UK) in blocking solution for 1 hr at RT
(Table 2.9). The blots were further washed 4 times for 4 minutes with TBS-T and
peroxidase activity was detected by incubating the membranes either for 1 min, when
using enhanced chemiluminescent substrates, or 5 min with extended duration
substrates (Pierce, UK). Finally, light emission was visualised using X-ray film

(General Electric, UK) at different exposure time periods.
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Table 2.9 - List of primary and secondary antibodies used for immunoblotting

. . —— Target
Primary antibody Dilution MW (kDa) Vendor References
. ) _ Santa Cruz
ZEB1 (H-102/rabbit polyclonal) 1:2000 200 Biotechnology (Sayan et al., 2009)
L5 Donated by Dr. AE (Oztas et al., 2010
ZEB2 (clone 1C6/mouse) (Hybridoma ~190 ' " '
Sayan Sayan et al., 2009)
supernatant)
SNAI1 (clone EC3/mouse) 1:100 ~30 Donated by Dr. A (Franci et al., 2006)
arcia De Herreros
SNAI2 (clone C19G7/rabbit ) 1:200 ~30 New England Biolabs (Joost et al., 2012)
TWIST1 (clone 2C1la/mouse) 1:100 ~21 Abcam (Ansieau et al., 2008)
. . - BD Transduction
E-cadherin (clone 36/mouse) 1:2000 120 Laboratories™ (Gross et al., 2009)
VDR (clone D-6/mouse) 1:2000 ~50 Santa Cruz (Wang et al., 2010)
' Biotechnology v

p-JNK (Thr183/Tyr185, clone 81E11/rabbit) 1:1000 ~46, 54 New England Biolabs (2%'1“1’)” and Ashkenazi,
p-c-Jun (Ser63, clone 54B3/rabbit) 1:1000 ~48 New England Biolabs | (Lan et al., 2012)
pAKT (Thr308, clone C31E5/rabbit) 1:1000 ~60 New England Biolabs | (Guertin et al., 2009)
pFra-1 (Ser265/rabbit polyclonal) 1:1000 ~40 New England Biolabs (Sayan et al., 2012)
p-p38 (Thrl80/Tyr182, clone 12F8/rabbit) 1:1000 ~43 New England Biolabs (Miyaiji et al., 2009)

; . . (Fehrenbacher et al.,
pERK1/2 (Thr202/Tyr204, clone 197G2/ rabbit) | 1:1000 ~42,44 New England Biolabs 2008)
p-MAPKAPK2 (Thr334, clone 27B7 / rabbit) 1:1000 ~49 New England Biolabs | (Carrozzino et al., 2009)

i i . _ Santa Cruz .

Cyclin D1 (H-295 / rabbit polyclonal) 1:500 37 Biotechnology (Mejlvang et al., 2007)
a-Tubulin (clone B-5-1-2 / mouse) 1:10000 ~50 Sigma-Aldrich (Vergara et al., 2011)
Secondary antibody
Goat Anti-Rabbit 1:2500 - Dako -
Rabbit Anti-Mouse 1:2500 - Dako -
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2.2.7 Statistical analysis

For statistical analysis of the IHC results, the effect of tumour type (e.g. metastasising
and no-metastasising primary tumours) was investigated by the Kruskal-Wallis one-
way analysis of variance (ANOVA) (independent samples) or Friedman test (matched
samples). The effect of tumour site within individuals was investigated by the Wilcoxon
Signed Rank Test (Unistat Statistical Package, version 5.0, Unistat, UK). Trend analysis
for independent and matched samples was investigated by the Jonckheere-Terpstra and
Page’s L tests respectively using the Statistical Package for the Social Sciences (SPSS),
version 20.0, (IBM, USA). Correlations were investigated by Spearman’s rho test and
inter-relationships by linear regression analysis (Stata software package, version 7.0,
Stata Corporation, Texas, USA). Effects on metastasis were investigated by Kaplan-
Meier analysis of H-Scores (SPSS), which were compared by the log-rank test and by
univariate and multivariate Cox regression (SPSS). To identify patient groups
distinguished by patterns of MR-EMT immunostaining a two-step cluster analysis was
performed (SPSS). In regards to the in vitro assays, results were analyzed by repeated-
measures two-way ANOVA followed by Bonferroni’s post- tests (GraphPad Prism
Software Inc., version 5, San Diego, CA). All experiments were representative of at
least three individual experiments, unless otherwise stated. P values of <0.05 were

considered statistically significant.
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3 Regulation of MR-EMT by the RAS-RAF MAPK pathway

3.1 Introduction

Stimulation of the RTK/NRAS/BRAF/MEK/ERK signalling stream is central in the
majority of melanomas. However, increasing evidence suggests that other MAPK
signalling cascades play an important role as well in at least a subset of melanomas

(section 1.2.3, Figures 1.3 and 3.2).

Initial preliminary unpublished data obtained from Dr. E Tulchinsky (Department of
Cancer Studies and Molecular Medicine, Leicester University, UK) (Figure 3.1) has
indicated that a small number of BRAF and NRAS mutated melanoma cell lines express
both the embryonic transcription factors ZEB1 and ZEB2, which are responsible for the
execution of EMT embryonic genetic programs. EMT has been implicated in metastatic
dissemination of different carcinoma types and also in the progression of melanoma. In

addition, ZEB1 was correlated with loss of E-cadherin expression (Figure 3.1).
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Figure 3.1 - Protein analysis of MR-EMT in different melanoma cell lines, HEMN and
keratinocytes. The colon cancer cell line DLD1 with Tet-on DOX-regulated ZEB2 expression was
constructed. Cells were cultured with or without DOX for 48 hrs.
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Figure 3.2 - Pharmaceutical agents inhibiting MAPK-signalling pathways used in this study.
Pharmaceutical agents known to inhibit various components of MAPK signalling pathways and used in
this study are listed in the white boxes. Concomitant activation of both Ras and PI3K/AKT pathways is
commonly seen in MMs. Upon stimulation, ERK1/2, p38 and JNK phosporylate a large number of
transcription factors (shown in pink boxes). Other MAPK pathways (p38, PI3K and JNK) are also
depicted. Figure redrawn from Lopez-Bergami, 2011. Abbreviations: ELK1, member of ETS oncogene
family; c-FOS, FBJ murine osteosarcoma viral oncogene homolog; c-Myc, v-myc myelocytomatosis viral
oncogene homolog; STAT3, signal transducer and activator of transcription 3 (acute-phase response
factor); CREB, cAMP responsive element binding protein; MAPKAPK, mitogen-activated protein kinase-
activated protein kinase; ATF2, activating transcription factor 2; c-Jun, jun proto-oncogene; ETS1, v-ets
erythroblastosis virus E26 oncogene homolog 1; MNK, MAP kinase interacting serine/threonine kinase 1;
BAX, BCL2-associated X protein.
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3.2 Aims and Objectives

The main aim of this chapter was to determine which MR-EMT proteins are expressed

in melanoma and how they are regulated in cultured melanoma cells.

The specific objectives for this chapter were as follows:

o Is there a link between the oncogenic NRAS/BRAF MAPK pathway and
expression of MR-EMT proteins in melanoma cells? Are other MAPK signalling
cascades (p38, PI3K and JNK) important in regulating MR-EMT expression in
melanoma cells? To address these questions, potent kinase and oncogene

inhibitors were applied to melanoma cultures.

o To investigate at which level (transcriptional or posttranslational) the effect of
BRAF and MEK inhibition regulates the MR-EMT by gRT-PCR assays and

western blotting after addition of U0126.

o To test whether MEK signalling influences the protein stability of MR-EMT. For
this purpose, cycloheximide, MG132 and LiCl treatments of melanoma cells were

carried out.

o To assess interactions between MR-EMT by siRNA mediated knockdowns and

treatment of melanoma cells with the MEK inhibitor U0126.

o To test whether Fra-1 links BRAF-MAPK signalling with ZEB1 and ZEB2

proteins by siRNA experiments and western blotting.

o To assess the effect of miR on MR-EMT in melanoma cultures by siRNA-

mediated knockdowns of MR-EMT and gRT-PCR assays.
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3.3 Results

3.3.1 MR-EMT expression in melanoma cell lines and melanocytes

Protein expression levels of MR-EMT in a panel of established malignant melanoma
cell lines, with either BRAF or NRAS mutations as well as in human epidermal
melanocytes, were measured by western blotting (Figure 3.3). RT-112 urinary bladder
carcinoma cell line was used as a negative control for MR-EMT proteins apart from
SNAI2. Osteosarcoma cells (HOS) were used as a positive control as it has been shown
to express ZEB1/2, SNAI1/2 and TWIST1 (Sayan et al., 2009). Expression of
constitutive-active Snail-8SA was induced in HEK293-FIpInTRex-Snail-8SA cells,
HEK-293 cells expressing Snail under the control of the tetracycline-inducible system,
by adding 1 ug/ml DOX to the culture medium and was used as a positive control for
SNAIL expression (Grotegut et al., 2006). Cell cultures of human primary neonatal
melanocytes were positive for ZEB2 and SNAI2, but negative for ZEB1 and TWISTL.
Whereas BRAF mutated melanoma cell lines expressed either ZEB2 or both ZEB
proteins, TWIST1 expression was correlated with ZEB1. By contrast, ZEB2 protein
expression was detected only in one mutant NRAS cell line (IPC-298). All melanoma
cell lines expressed different levels of SNAI2, and SNAI1 was expressed only in a
small proportion of the cell lines (WM-266-4, A375P and A375M). Of note, the
expression level of SNAIL was higher in the metastatic A375M cell line in comparison

with the parental non invasive A375P (Figure 3.3).
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Figure 3.3 - Western blot analysis of the expression of MR-EMT proteins in a panel of melanoma
cell lines. (i) BRAF and (ii) NRAS mutated melanoma cell lines and HEMN. HEK-293 cells were used as
a negative control for SNAI2. To control for equal loading blots were probed with anti- a-Tubulin
antibody. (*) HEK-293 cells expressing Snail.

3.3.2 The effect of BRAF*%F and MEK inhibitors on the expression of MR-EMT in

melanoma cells

Treatment of A375P cells with PLX4720, a potent and selective mutant BRAF
inhibitor, and MEK inhibitors, PD184352 and U0126, effectively inhibited pERK1/2
signalling (Figure 3.4). By contrast, PLX4720 treatment of mutant NRAS?®'- |PC-298
cell line was found to increase ERK1/2 phosphorylation after 24 hours. This
observation confirmed that inhibition of BRAF"" in RAS mutant cancer cells enhances
MEK-ERK hyperactivation (Heidorn et al., 2010). In addition, treatment of A375P cells
with PLX4720 or MEK inhibitors PD184352 and U0126 downregulated ZEB1 and
TWISTL, but upregulated ZEB2 and SNAI2. Likewise, in NRAS mutated IPC-298 cells
expression levels of ZEB1/TWIST1 or ZEB2/SNAI2 were down- or upregulated
respectively, when MEK was inhibited. However, it was noted that rebound pERK1/2

activity after PLX4720 treatment in IPC-298 cells led to increased expression of ZEB1
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and TWIST1 and downregulation of ZEB2 and SNAI2. Thus, inhibition of RAS-RAF

signalling showed a clear tendency of bringing MR-EMT expression to a pattern

observed in normal melanocytes (ZEB2""SNAI2"/ZEB1' " TWIST1'™).

A375P IPC-298
PLX4720 - + - - - + - -
PD184352 - - + - - - + -
U0126 - - - + - - - +

ZEBI1 b- - — - - - i

TWIST1 P
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Figure 3.4 - The effect of BRAF and MEK inhibitions on the expression of MR-EMT in A375P
and IPC-298 cells. Melanoma cells were treated with DMSO (-), 10 uM PLX4720, 10 uM
PD184352 and 10 uM U0126 for 24 hours. The efficacy of the inhibitors was monitored by pERK1/2

detection.
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3.3.3 The effect of p38 / INK and PI3K inhibitors on the expression of MR-EMT in

melanoma cells

To test whether key constitutive active signal transduction pathways in melanoma other
than the MAPK-ERK contributed to the regulation of MR-EMT, melanoma cells were
treated with a panel of pharmacological inhibitors. The efficacy of the p38-MAPK
pathway inhibitor SB203580, the c-Jun N-terminal kinase (JNK) SP600125 inhibitor
and the PI3K inhibitor Wortmannin, in inhibiting their target pathways, was validated
by western blotting analyses for total and phosphorylated MAPKAPK-2 (a direct target
of p38 MAPK), c-Jun (regulated by phosphorylation at Ser63 and Ser73 through

SAPK-JNK) and AKT respectively (Figures 3.5-3.7).

As previously documented (Estrada et al., 2009), simultaneous activation of both ERK
and p38 pathways is unique to melanomas. A375P and A375M cells had not only high
ERK activity but also elevated p38 kinase activity (Figure 3.5). Inhibition of melanoma
cell lines with SB203580 alone for 24 hours yielded similar expression of EMT
regulators following treatment with the specific MEK inhibitors U0126 and PD184352

(ZEB1Y/TWIST1""/ZEB2""/SNAI2"") (Figure 3.4).
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Figure 3.5 - The effect of SB203580 inhibitor on MR-EMT in A375P and A375M melanoma cell
lines. Melanoma cells were treated with 10 uM SB203580 (p38 inhibitor) for 24 hrs and their efficacy
was monitored by p-MAPKAPK-2 detection.

To determine the implication of JNK signalling pathway in EMT repressors in
melanoma, A375P and A375M cells were treated with the JNK inhibitor SP600125
(10 uM) for 24 hours (Figure 3.6). Inhibition of either A375P or A375M cells resulted
in a minor augment of p-JNK and ZEB1 protein expression, however SP600125
efficacy could not be assessed with certainty due to undetectable protein levels of
p-c-Jun (Ser63) in these cells. As shown in Figure 3.6 there was no effect of JNK

inhibition on the expression levels of ZEB2, SNAI2 and TWIST1.

Finally, potential contribution of PI3K pathway in MR-EMT in melanoma was assessed
with the PI3K inhibitor wortmannin (1 uM) (Figure 3.7). MR-EMT proteins did not
appear to be affected by pAKT depletion in melanoma cell lines tested. Of note,
wortmannin efficacy could not be assessed with certainty in IPC-298 and A375M cells

due to undetectable basal levels of pAKT (Thr308) in these cells. In addition,
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combination of PI3K (wortmannin, 1 uM) and MEK (U0126, 10 puM) inhibitors
significantly induced ZEB2 and decreased ZEB1 protein levels in melanoma cells,
suggesting that MR-EMT expression was affected only after ERK-MAPK pathway

inhibition.
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Figure 3.6 - The effect of SP600125 inhibitor on MR-EMT in A375P and A375M melanoma cell
lines. Melanoma cells were treated with 10 uM SP600125 (JNK inhibitor) for 24 hrs and their efficacy
was monitored by p-c-Jun detection. Total cell extracts from HEK-293 cells, prepared without treatment,
served as a negative control. HEK-293 cells treated with UV light served as a positive control.
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Figure 3.7 - The effect of the PI3K inhibitor wortmannin on MR-EMT factors in melanoma cell
lines. (i) IPC-298, (ii) A375P and (iii) A375M cells were cultured with wortmannin (1 uM) for different
times and also treated with U0126 (10 uM). A375M cells were treated with U0126 and wortmannin for
24 hrs. Protein lysates were analysed by western blotting with the indicated antibodies. To control U0126

treatments pERK1/2 antibody was used.

82



3.3.4 The kinetics of MR-EMT modulation in melanoma cells treated with U0126

To further investigate the contribution of the BRAF-MEK pathway to the regulation of
MR-EMT in melanoma, A375P and A375M cells were treated for different time
periods (0.5 to 24 hours) with 10 uM U0126 (Figures 3.8 and 3.9). Transcript levels of
ZEB1, ZEB2, SNAI2 and TWIST1 were determined by real time gRT-PCR using the
TagMan system with specific gene expression assays (Chapter 2, Table 2.2). Real time
gRT-PCR analysis showed that the UBC Ct values obtained for A375P and A375M
remained unchanged before and after U0126 treatment (Ct average ~17). Relative
expression of MR-EMT was normalized to endogenous control gene UBC. Untreated
A375P and A375M cells (average Ct values after 0.5 and 24 hours) were used as
calibrators for each separate run. The fold-change of MR-EMT compared to UBC for

each sample was measured against the expression level of the calibrator (RQ=1).

The kinetics of upregulation of SNAI2 and ZEB2 after U0126 treatment in A375P cells
showed a maximum fold change by 3.7 and 3.4 respectively after 6 hours compared to
the untreated melanoma cells (Figure 3.8-i). Increased expression levels of SNAI2 and
ZEB2 were observed as early as 1 and 2 hours respectively after exposure to U0126
(P<0.001 in both, two-way ANOVA / Bonferroni post-test). In contrast, ZEB1 and
TWIST1 mRNA expression levels were significantly decreased after 4 and at 24 hours
respectively after U0126 addition (P<0.001 in both, two-way ANOVA / Bonferroni
post-test). Furthermore, downregulation of ZEB1 and TWIST1 after U0126 treatment
indicated a maximum fold change by 0.2 and 0.4 respectively after 24 hours compared

to the untreated melanoma cells (Figure 3.8-i).
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In A375M cells, U0126 suppressed ZEB1 and TWIST1 expression by 0.28 and 0.3-fold
respectively after 24 hours (Figure 3.9-i). On the contrary, MEK1/2 depletion has
induced SNAI2 and ZEB2 expression by 3 and 4-fold respectively after 6 hours. In
addition, kinetic analysis showed that U0126 treatment significantly inhibited ZEB1
and TWIST1 after 4 (P<0.05, two-way ANOVA / Bonferroni post-test) and 24 hours
(P<0.01) respectively, but induced SNAI2 and ZEB2 mRNA expression after
4 (P<0.01) and 2 hours (P<0.05) respectively. Of note, activation of ZEB2 and SNAI2
in both cell lines preceded the downregulation of ZEB1 and TWIST1. Similar kinetics
was observed when protein expression of MR-EMT was analysed by immunoblotting
(Figures 3.8-ii and 3.9-ii). However, transcriptional effects of U0126 on SNAI2 and

TWIST1 were not as substantial as the effects on protein levels.
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Figure 3.8 - The kinetics of MR-EMT modulation in A375P treated with U0126. Melanoma cells
were treated with U0126 (10 uM) for indicated intervals and the expression of MR-EMT was analysed by
(i) qRT-PCR with gene specific primers and (ii) western blotting. Real time qRT-PCR assays were
performed in triplicate wells. Graphs represent the mean values of the relative transcript levels and error
bars represent the standard error of the mean (mean + SD) from three independent assays. Data was
analysed by two-way ANOVA with Bonferroni post-tests. *** denote significant difference between
untreated (DMSO) and treated with U0126 A375P cells (P<0.001). For all western blotting experiments
melanoma cells incubated with DMSO served as controls (untreated cells). Inhibition of ERK1/2
phosphorylation by U0126 was confirmed by using an anti-pERK1/2 antibody. Equal loading was
confirmed by a-Tubulin.
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3.9 - The kinetics of MR-EMT modulation in A375M treated with UO0126.

Melanoma cells were treated with U0126 (10 pM) for indicated intervals and the expression of MR-
EMT was analysed by (i) qRT-PCR with gene specific primers and (ii) western blotting. qRT-PCR
assays were performed in triplicate wells. Graphs represent the mean values of the relative transcript
levels and error bars represent the mean £ SD from three independent assays. Significant difference
compared to untreated A375M cells was determined by two-way ANOVA followed by Bonferroni
post-tests (*P<0.05; **P<0.01; ***P<0.001). For all western blotting experiments melanoma cells
incubated with DMSO served as controls (untreated cells). Inhibition of ERK1/2 phosphorylation by
U0126 was confirmed by using an anti-pERK1/2 antibody. Equal loading was confirmed by a-Tubulin.
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3.3.5 Does MEK signalling influence MR-EMT protein stability?

Regulation of TWIST1 and SNAI2, but not ZEB1 or ZEB2, occurred also on the level
of protein stability. The effect of cycloheximide (CHX), a translational inhibitor, on the
MR-EMT stability was examined using the metastatic A375 melanoma cell line. ZEB1
and ZEBZ2 appeared to be stable and their stability was unaffected by MEK inhibition
(Figure 3.10-i). On the contrary, treatment of the A375M cells with both CHX and
U0126 led to increased SNAI2 protein stability, but TWIST1 was markedly
destabilised. Consistently, ZEB1 and ZEB2 proteins were insensitive to the proteasomal
inhibitor MG132, whereas SNAI2 and TWIST1 were degraded via a proteasome
pathway (Figure 3.10-ii). The amount of TWIST1 was clearly increased in melanoma
cells pre-treated with LiCl (a potent GSK-3p inhibitor) indicating that GSK-33 may
promote TWIST1 degradation in melanoma cells. Treatment of melanoma cells with
both LiCl and MG132 stabilised SNAI2, as well as SNAI1, indicating that proteasomal
degradation and GSK-3B-dependent phosphorylation were involved in the regulation of
SNAIL1 and SNAI2 (Figure 3.10-ii). Finally, decreased expression of ZEB1 and ZEB2
proteins after combined addition of LiCl and MG132 (24 hrs, +/- U0126) may be

explained, at least in part, by low viability of melanoma cells.
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Figure 3.10 - Regulation of MR-EMT on the level of protein stability in melanoma cells.
(i) A375M cells were cultured with or without U0126 for 24 hours and then treated with
cycloheximide for different times. To control cycloheximide treatment a short-lived protein
(cyclin D1) was used. (ii) A375M cells were treated with U0126, the proteosomal inhibitor MG132,
GSK-3p inhibitor LiCl or left untreated for 6 and 24 hours. Protein lysates were analysed by western
blotting with the indicated antibodies. All blots were kindly provided by Dr. GJ Browne (Department
of Cancer Studies and Molecular Medicine, University of Leicester, UK).
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3.3.6 ZEBI expression is repressed by ZEB2

To further investigate the functional relevance of MEK-dependent alterations in
MR-EMT expression pattern to melanoma progression ZEB1, ZEB2, SNAI2 and
TWIST1 were specifically and individually depleted in A375M cells by transfection
with short-interfering RNAs. The efficacy of each knockdown was verified in A375P
and A375M cell lines by western blotting 72 (for SNAI2 and TWIST1) and 96 hours
(for ZEB1 and ZEB?2) after transfection (Figure 3.11). SNAI2 knockdown was tested
with two different siRNAs. SNAI2-2 and combined siRNAs had the greatest effect

(Figure 3.11).

In A375M cells, siRNA mediated knockdown of either SNAI2 or TWIST1 had no
effect on ZEB1, ZEB2 and E-cadherin protein expression levels (Figure 3.12-i/ii). In
contrast, coexposure of melanoma cells to TWIST1 siRNA and MEK inhibitor U0126
increased ZEB2 and SNAI2, but reduced ZEB1 protein level (Figure 3.12-ii).
Knockdown of SNAI2 combined with U0126 showed no difference in the expression of
TWIST1, ZEB1 and ZEB2 (Figure 3.12-i). Finally, ZEB2 depletion reproducibly
augmented ZEB1 protein levels (Figure 3.13-i) and markedly attenuated
downregulation of ZEB1 by MEK inhibition (Figure 3.13-ii). ZEB1 and ZEB2
knockdowns did not affect SNAI2 and TWISTL1 levels in metastatic melanoma A375M

cells (Figure 3.13-i).
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Figure 3.11 - Post-transfection efficiency analysis of MR-EMT by western blotting. To enhance
target specificity for TWIST1 a mixture of four siRNAs (SMARTpool) was used. Melanoma cells were
transfected for 72 hours with different siRNAs to SNAI2. To further assess transfection efficiency for
SNAI2 knockdown, 10 uM U0126 was added for 24 hours. (1): si SNAI2-1, (2): si SNAI2-2, (1+2): si
SNAI2-1+2 and si —ve: negative control siRNA (with a scrambled sequence).
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Figure 3.12 - siRNA-mediated depletion of SNAI2 and TWIST1 in A375M melanoma cells.
A375M cells were transfected with (i) SNAI2 and (ii) TWIST1 or control siRNAs for 72 hours, treated
with DMSO or U0126 for 24 hours and the immunoblotting was performed with the indicated antibodies.
(1): si SNAI2-1, (2): si SNAI2-2, (1+2): si SNAI2-1/2 and si —ve: negative control sSiRNA (with a
scrambled sequence). Note that knockdowns of SNAI2 and TWIST1 produced no effect on E-cadherin

expression.
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Figure 3.13 - The effect of siRNA-mediated depletion and MEK inhibition of ZEB proteins in
A375M melanoma cells. (i) A375M cells were transfected with ZEB1, ZEB2 or control siRNAs for 96
hours. (ii) A375M cells were transfected with ZEB2 siRNA for 96 hours and treated with U0126 for 24
hours. The expression of MR-EMT proteins was analysed in western blotting as indicated.

3.3.7 Fra-1 links the BRAF pathway with the MR-EMT network in A375 cells

Given that the RAS-RAF-MEK-ERK pathway plays a key role in melanoma, it has
been anticipated accumulation of Fra-1, which requires ERK-dependent stabilising
phosphorylation events, in melanoma cell lines (Casalino et al., 2003). Indeed,
preliminary in vitro experiments showed that phosphorylated Fra-1 (active form) was
highly expressed in the majority of melanoma cell lines, but not in normal primary
melanocytes (Figure 3.14-i). In order to determine whether Fra-1 is necessary for ZEB1
and ZEB2 regulation, melanoma cells were transfected with two different small
interfering RNAs - Fra-1 specific (Chapter 2, Table 2.7) and compared with a
scrambled siRNA control. As shown in Figure 3.14-ii, effective silencing of Fra-1 in
A375P and A375M cells resulted in strong activation of ZEB2, but downregulation of

ZEBL1. Finally, combined Fra-1 transient depletion and MEK inhibition by U0126 in
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A375P cells resulted in augmented ZEB2 expression, but decreased ZEB1 protein

levels, compared to siFra-1 or MEK inhibition alone (Figure 3.14-iii).
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Figure 3.14 - The effect of Fra-1 siRNA mediated depletion and U0126 on ZEB proteins in A375
melanoma cells. (i) Western blot analysis of the expression of Fra-1 protein (upper bands indicate
phosphorylation at Ser265) in a panel of human melanoma cell lines and normal neonatal (HEMN) and
adult (HEMa) melanocytes. (ii) Fra-1 knockdown with siRNA #1 and #2 (SMARTpool) in A375P and
A375M cell lines. (iii) Combined Fral knockdown with siRNA #2 and U0126 in A375P cells.
Expression of phosphorylated (p) Fra-1 at Ser265, pERK1/2 and ZEB proteins was analysed 72 hours
post-transfection by western blotting.
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3.3.8 Is regulation of ZEB1 and ZEB2 genes dependent on miRs in BRAF'*%F

melanoma cells?

To address the effect of MEK1/2 inhibition on the expression levels of miR-200 family
members and whether the BRAF-MAPK pathway regulates ZEB1 and ZEB2 via these
miRs, ZEB1 and ZEB2 3’ UTR luciferase reporters, previously validated on bladder
cancer cell lines by Dr. E Tulchinsky (Department of Cancer Studies and Molecular
Medicine, Leicester University, UK), were used. Adjunction of miR-200-targeted
3’UTR sequences of ZEB1 or ZEB2 to a luciferase reporter strongly repressed ZEB1
(P<0.05, two-way ANOVA / Bonferroni post-test) or ZEB2 expression (P<0.05) in
RT-112 cells (epithelial phenotype), but had no significant effect in UMUC-3 cells
(mesenchymal phenotype) compared to the empty pMIR-REPORT vectors (no ZEB1 or

ZEB2 3’UTRs) (Figure 3.15).

In BRAFYE melanoma cell lines A375P and A375M, the highest relative luciferase
activity was observed in DMSO treated cells transfected with luciferase reporters
containing ZEB1 or ZEB2 3” UTRs (Figure 3.16). In addition, the luciferase activities
were significantly reduced after addition of U0126 (P<0.05, two-way ANOVA /
Bonferroni post-test) compared to DMSO treated vectors containing ZEB2 or
ZEB1/ZEB2 3’UTRs in A375P and A375M cells respectively. Thus, these results
suggest that both ZEB1 and ZEB2 are regulated at the transcriptional level, but

independently of miRs (Figure 3.16).
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Figure 3.15 - The effect of luciferase miRNA expression reporter vectors containing ZEB1 or ZEB2
3°UTRs in bladder cancer cell lines. An epithelial ZEB1/ZEB2-negative (RT-112) cell line (i) and a
ZEB1-positive (UMUC-3) mesenchymal cell line (ii) were transiently transfected with the wild type
PMIR-REPORT vector or with vectors containing ZEB1 or ZEB2 3°UTRs (clones #1 and #2). The
activity of the wild type pmiR reporter was taken as 1. pCMVp-gal was co-transfected in each
experiment to normalise for transfection efficiency. Relative luciferase activity is expressed as means
+ SD from three individual experiments and analyzed by two-way ANOVA with Bonferroni post-tests
(*P<0.05; **P<0.01).
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Figure 3.16 - The effect of miRNA expression reporter vectors in melanoma cancer cell lines.
Melanoma cell lines A375P (i) and A375M (ii) were transiently transfected with the wild type pMIR-
REPORT vector or with vectors containing ZEB1 or ZEB2 3°’UTRs (clone #1). Transfected melanoma
cells were treated with U0126 or MOCK-treated for 24 hrs. The activity of the wild type pmiR vector /
DMSO was taken as 1. pCMVp-gal was co-transfected in each experiment to normalise for transfection
efficiency. Relative luciferase activity is expressed as means + SD from three individual experiments and
analyzed by two-way ANOVA with Bonferroni post-tests (*P<0.05; **P<0.01).
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As the basal expression levels of miR-200 family members in melanoma cell lines
A375P (high ZEB2 and low ZEB1/TWIST1 protein expression) and A375M (high
ZEB1/TWIST1 and low ZEB2 protein expression) were low to undetectable, it was
worth investigating whether siRNA-mediated depletion of ZEB1, ZEB2 or TWIST1
would have any effect on miR-200 family expression levels. Untransfected cell lines
with known miR-200 levels (MDA-468, miR-200 high-expressing cells / MDA-231,
miR-200 low-expressing malignant cells) and double negative for ZEB1/ZEB2 protein
expression RT-112 cells were also used to control the experiments. Although the
ZEB1/ZEB2 and TWIST1 siRNA-mediated knockdowns were efficient (Figure 3.11),
gRT-PCR analyses of miR-200a,-c,-141 and -429 showed a similar expression level
compared to the scrambled siRNA controls in A375P and A375M cell lines (P>0.05,
two-way ANOVA / Bonferroni post-test) (Figure 3.17-A-D). Similarly, no significant
differences were observed in miR-200 family expression levels between MDA-231 and
A375 melanoma cells and between cancer cells with an epithelial phenotype (RT-112
and MDA-468) (P>0.05, two-way ANOVA / Bonferroni post-test). However, the
miR-200 family expression levels in MDA-231 (mesenchymal phenotype) and
melanoma cells was significantly lower compared to cancer cells with epithelial
phenotypic characteristics (RT-112 and MDA-468) (P<0.001, two-way ANOVA /

Bonferroni post-test).
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Figure 3.17 - miR-200 family expression in A375 melanoma cell lines by gRT-PCR.
Relative expression of miR-200a (A), miR-200c (B), miR-141(C) and miR-429 (D) was calculated
based on the AACt method and normalised with miR-191. The y axis is a log scale. Changes in miR
expression in melanoma cell lines A375P and A375M were analysed 48 and 72 hours after sSiRNA
transfections to TWIST1 and ZEB1/ZEB2 respectively. MDA-231 (mesenchymal phenotype) and
RT-112/MDA-468 (epithelial phenotype) cell lines were untransfected (orange coloured bars).
MDA-468 benign breast cells were used as calibrators for each separate run. Data are representative of
triplicate experiments. Each value shown is the mean + SD of three replicate measurements. Data was
analysed by two-way ANOVA with Bonferroni post-tests. *** denote significant difference between
A375 or MDA-231 cells (mesenchymal phenotype) and cancer cells with an epithelial phenotype
(RT-112 and MDA-468) (P<0.001). Note that miR-200b was excluded from analysis as Ct values were
higher than the cut-off of 35. 99



3.4 Discussion

3.4.1 Regulation of MR-EMT by the BRAF-MEK MAPK signalling pathway in

melanoma cells

The cell-based findings from this study indicated that MR-EMT, which are essential for
normal embryogenesis, are reactivated in melanoma cultures. Moreover, the MAPK
pathway seems to play an important role by regulating a network of MR-EMT in
melanomas. Comparing the protein expression levels of MR-EMT, ZEB1 and TWIST1
were co-expressed at higher levels in poorly differentiated cell lines (Figure 3.3). In
contrast to ZEB1 and TWIST1, SNAI2 and ZEB2 were expressed in all tested human
melanoma cell lines harboring a BRAF mutation. Interestingly, it has been observed a
switch  from  SNAI1-ZEB1-TWIST1""/SNAI2-ZEB2"" to  SNAI1-ZEBI-
TWIST1""/SNAI2-ZEB2"" protein expression patterns between low (P) and high
metastatic (M) A375 cells respectively (Figure 3.3). Compared to highly metastatic
A375 cells, melanocytes expressed higher protein levels of ZEB2 and SNAI2, but not
ZEB1, TWIST1 and SNAIL, indicating that these transcription factors may be key

determinants in regulating neural crest cell precursor differentiation into melanocytes.

In accordance with previous work, SNAI1 has been associated with the mobility and
invasive properties in various carcinoma cell lines. In this study, SNAI1 protein
expression was only detectable in three BRAF mutated melanoma cell lines and this
may be attributed to its unstable nature (half-life ~25 min) (Mikesh et al., 2010, Zhou et
al., 2004). Therefore it is plausible to suggest that the biological role of a subset of
MR-EMT in melanoma cells may include maintenance of a phenotype characteristic of
neural crest precursor cells after transient activation of other EMT regulators, for

example SNAIL.
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Pharmacological inhibition of the BRAF-MEK pathway and assessment of
ZEB1, ZEB2, TWIST1 and SNAI2 mRNA expressions by real time gRT-PCR revealed
that this pathway regulates these factors at the transcriptional level (Figures 3.8 and
3.9). In addition, it has been provided evidence that reactivation of ZEB2 and SNAI2
preceded the inhibition of ZEB1 and TWIST1, suggesting a potential regulatory

hierarchy between these genes in the course of melanoma progression.

Taken together, the findings from this work indicated that BRAF-MEK activation in
transformed melanocytes drives a rapid reprogramming of MR-EMT, an event that
contributes to malignant transformation. Moreover, a transient inactivation of the
BRAF-MEK MAPK pathway restitutes the original pattern of expression of these

transcription factors, highlighting the reversibility of melanoma transformation.

3.4.2 lIsthere any effect of PI3K, JNK and p38 signalling pathways on MR-EMT?

The RAS/RAF/MEK/ERK signalling cascade is the major tumorigenic subgroup of the
MAPK pathway in melanoma. Multiple lines of evidence indicated that hyperactivation
of this pathway represent a hallmark of cutaneous malignant melanoma as direct cell
proliferation, metastasis and survival programs (reviewed in Lopez-Bergami, 2011).
Although the ERK pathway has been extendedly studied in melanomas recent
publications documented that other MAPK signalling subgroups, namely the JNK, p38
and the PIBK-AKT, play an essential role in melanoma development. Therefore, while
this study demonstrated a reprogramming of embryonic MR-EMT, initiated in response
to BRAF-MEK activation, it has been queried the relationship between MR-EMT and

other MAPK signalling pathways.
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Several recent evidences revealed a growth-promoting role of the stress-activated
protein kinases or JNK proteins (reviewed in Lopez-Bergami, 2011). In melanomas,
JNK activation supports survival by controlling cycle arrest and apoptosis. Phospho-
JNK activation showed a markedly increased ZEB1 protein expression levels in A375
melanoma cells (Figure 3.6). However, SP600125 efficacy could not be assessed with

certainty in these cells as basal levels of p-c-Jun were not detectable.

A recent report demonstrated that the PI3K-PTEN pathway downregulates E-cadherin
via transcriptional upregulation of SNAI1 and TWIST1 in melanoma cells (Hao et al.,
2012). Additionally, attenuation of ZEB2 mRNA was shown to promote
melanomagenesis by regulating PTEN expression in a miR dependent manner (Karreth
et al., 2011). Herein, effective inhibition of AKT activity by wortmannin treatment in
A375P cells did not induce any significant changes in the protein expression levels of
ZEB1 and ZEB2 (Figure 3.7-ii). Protein expression of ZEB1 and ZEB2 was only
altered upon combination of U0126 and wortmannin inhibitors indicating a MEK-

dependent modulation of these transcription factors.

The p38 MAPK pathway is activated upon external stress signals and often engages a
tumour suppression function by negatively regulating cell survival and proliferation. In
melanomas a number of studies indicated p38 MAPK involvement in melanogenic
differentiation and apoptosis (reviewed in Lopez-Bergami, 2011). Remarkably,
constitutive active ERK has been found to be linked with activation of JNK and p38 in
human melanoma indicating interplay among these cascades (Lopez-Bergami et al.,
2007). Concurrent activation of p38 and ERK seems to be unique to melanomas, as in
carcinomas p38 inhibition predictably resulted in enhanced ERK activity preventing

tumourigenesis.
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A375 cell lines showed high pERK1/2 and p-p38 ratio reinforcing the perception of
their simultaneous activation and lack of negative feedback from p38 to ERK in
melanomas (Figure 3.5). In addition, p-MAPKAPK2 downregulation showed a similar
MR-EMT expression profile following treatment with MEK inhibitors (Figures 3.4 and
3.5). However, SB203580 treatments did not change the levels of ERK compared to the
untreated control suggesting that p38 MAPK may be linked to an ERK-independent

regulation of MR-EMT in melanoma.

3.4.3 Posttranslational modifications of MR-EMT in BRAF % melanoma cells

Posttranslational modification by ubiquitin is a common mechanism for targeting
proteins for proteasomal degradation by the proteasome (Hershko and Ciechanover,
1998). Recently, a common regulatory pathway for SNAIL, SNAI2, TWIST1 and ZEB2
has been characterised in Xenopus embryos (Lander et al., 2011). The stability of these
EMT-induced transcription factors was found to be tightly controlled by the ubiquitin-
proteasome system (UPS) and a single ubiquitin E3 ligase Ppa (Partner of paired,;
human homologue FBXL14) that targets their proteasomal degradation. This
mechanism may also exist during tumour progression and herein it was addressed

whether MR-EMT are regulated at a posttranslational level in melanoma cells.

According to this study, regulation of SNAI2 and TWIST1, but not ZEB1 or ZEB2
occurred also on the level of protein stability (Figure 3.10). Notably, while MEK
inhibition stabilised SNAI2, it destabilised TWIST1, suggesting that RAS-BRAF
MAPK pathway plays a key role in the stability of these proteins (Figure 3.10).
Consistently, experiments with the inhibitor MG132 demonstrated that in A375 cells

both SNAIs and TWIST1 proteins are degraded via a proteasomal pathway. However,
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the underlying mechanisms seem to be different. Firstly, while proteasomal degradation
of SNAI1 and TWIST1 was stimulated, degradation of SNAI2 was attenuated by a
MEKZ1/2 inhibitor. Secondly, treatment of melanoma cultures with a GSK-3f inhibitor
(LiCl) augmented the protein expression of TWIST1. This suggests that active GSK-3f3
may counteract TWIST1 transcriptional repressor activity by promoting its proteasomal

degradation in melanoma cells.

A study by Lopez-Bergami and colleagues demonstrated that in A375 melanoma cells
constitutively active ERK mediates inactivation of GSK-3p via its phosphorylation at
Ser9/Ser21 (Lopez-Bergami et al., 2007). Therefore, it can be proposed a mechanism in
which inactivation of ERK leads to phosphorylation and nuclear export of TWIST1 by
GSK-3B with subsequent ubiquitylation and degradation of TWIST1. A recent report
indicated that a small C-terminal domain phosphatase dephosphorylates and suppresses
the ubiquitylation of SNAIL (Wu et al., 2009). It has also been suggested an
antagonistic function of the phosphatase to active GSK-3p that stabilises SNAI1.
Similarly, an upstream active MAPK signalling may also induce TWIST1 protein

stability by upregulating an as yet unidentified phosphatase.

The pattern of the response of SNAI2 to LiCl is similar to that of SNAIL, a known
GSK-3p target. The concentration of SNAIL and SNAI2 was increased in melanoma
cells only in the presence of combined LiCl and MG132. The same effect of both
inhibitors on SNAIL1 protein expression was observed in MCF7 cells (SNAIL-MCF7
stable clones) where GSK-3p-mediated phosphorylation and proteasomal degradation
was first described (Zhou et al., 2004). Additionally, it was evident that ZEB1 and
ZEB?2 proteins were stable and resistant against proteasomal degradation in A375 cells

independently of MAPK signalling.
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3.4.4 Establishment of an EMT interactome in BRAF mutated melanoma cells

Increasing evidence suggest that the EMT-induced transcriptional repressors are rarely
expressed on their own during tumour development. Indeed, few reports revealed that in
different subset of cancers, cross-talk among these factors may act cooperatively by
inducing each other expression to program EMTSs, thereby establishing an
"EMT interactome" (Taube et al., 2010). Initial studies in colorectal cell lines showed
that ectopic overexpression of SNAI1 was able to enhance ZEB1, but not ZEB2,
expression, and repress different epithelial promoters (E-cadherin and cytokeratin 18)
(Guaita et al., 2002). Another study demonstrated that SNAIL acts rather as an early
marker of EMT, followed by SNAI2 upregulation which seems to be more implicated

in the late stages of invasive colorectal tumours (Shioiri et al., 2006).

Similarly, a recent report using two mouse skin carcinoma cell lines, CarB and HaCa4,
revealed that SNAIL and SNAI2 collaboration reflects a different invasion potential
(Olmeda et al., 2008). As such, SNAIL favours local invasion, but SNAI2 expression
further contributes to acquisition of a more aggressive phenotype, associated with
distant site-specific metastasis in the lung and liver. Based on IHC-P, Western blot and
MRNA analyses, a study by Yoshida et al in ovarian clinical samples and cell lines
reported that a set of transcription regulators, SNAI1, SNAI2, ZEB2 and TWIST1 were
upregulated in progressed carcinoma rather than benign neoplasms (Yoshida et al.,
2009). However, only SNAI1 showed an inverse correlation with E-cadherin in
aggressive ovarian cancers. Additive function of EMT regulators was also demonstrated
in HCCs. In this type of cancer, co-expression of SNAI1 and TWIST1, but not SNAIZ2,
promotes invasion and metastasis (Yang et al., 2009). Recent data analyses using gRT-
PCR and ICH-P in a cohort of gastric carcinoma formalin-fixed, paraffin-embedded

tissues have presented evidence that SNAI2 upregulation, in 58% of samples, correlates
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significantly with E-cadherin loss and may act synergistically with ZEB2 in intestinal-

type and SNAIL in diffuse-type gastric malignancies (Alves et al., 2007).

ZEB2" mouse embryos express significantly high ZEB1 in paraxial mesoderm and in
neural folds than their wild-type counterparts indicating that interplay between ZEB
proteins may exist (Miyoshi et al., 2006). Herein, using RNA interference technology
silencing of ZEB2 led to a markedly upregulation of ZEB1 (Figure 3.13). Transient
depletion of ZEB2 and MEK inhibition further reduced downregulation of ZEB1
underlying a MEK-dependent switch from ZEB2 to ZEB1 in melanoma cultures. Thus,
the biological role of MEK-repressed ZEB2 might be to stabilise a melanoblast-like
phenotype by activating ZEB1. Elimination of ZEB1 did not markedly affect ZEB2
protein levels indicating a hierarchical but not a mutual dependence between these
factors. For effective repression of target genes, ZEB2 binds DNA as a monomer to
bipartite CACCT sequences located in close proximity to each other (separated by at
least 44 bp) (Remacle et al., 1999). As TF search program (TFSEARCH: Searching
Transcription Factor Binding Sites) predicted three putative ZEB2-binding bipartite
DNA elements localised within 1.3 kb upstream the ZEB1 transcription start site, it is

plausible to assume involvement of these sites in the silencing of ZEB1.

3.4.5 Fra-1 perturbs the expression of MR-EMT in melanoma cells

Activator protein (AP1) transcription factor complexes represent heterodimers between
basic region-leucine zipper transcription factors of Fos (c-Fos, FosB, Fra-1 and Fra-2)
and Jun (c-Jun, JunB and JunD) families or homodimers of Jun-Jun (Young and
Colburn, 2006). Despite the fact that deregulated activation of AP-1 is linked to

oncogenesis, increasing evidence suggests that detection of Fra-1 protein, encoded by
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the fosl1 gene, may be more predictive for oncogenic activity. Moreover, several lines
of evidence have demonstrated that Fra-1 plays a crucial role in tumour cell motility,
cell cycle progression and survival and regulated in an ERK-dependent manner in
different types of tumour cell lines and human malignancies either at earlier or late

stages of their development (Ramos-Nino et al., 2002, Tulchinsky, 2000).

Few studies have documented that Fra-1 links EMT with RAS-ERK signalling
pathways in carcinoma cells. A recent report has indicated that activation of ERK2 and
the late response gene Fra-1 by RAS induces an EMT phenotype via a downstream
upregulation of ZEB1 and ZEB2 expression in MCF-10A cells, a transformed human
mammary epithelial cell line with constitutively active ERK2 or Ras-V12 (Shin et al.,
2010a). Induction of ZEB1 and ZEB2 subsequently contributed to loss of E-cadherin.
Likewise, a study has also reported a Fra-1 dependent stimulation of SNAI2 expression
in response to MEK1 signalling in intestinal cells (Lemieux et al., 2009). In parallel to
this study, another group has confirmed SNAI2 association with ERK-Fra-1 axis in
breast cancer cell lines (Chen et al., 2009). The same group has also demonstrated that

Fra-1-dependent SNAI2 activation is required for in vitro cell invasiveness.

In melanoma cells the RAS-RAF-MEK-ERK pathway is constitutively active and there
is a growing body of evidence suggesting its role in the oncogenic behaviour of
melanoma (Fecher et al., 2008). More recent evidence from Massoumi and colleagues
revealed a direct link between ERK activation and SNAIL expression in malignant
melanoma cells (Massoumi et al., 2009). However, activation of SNAI1 by ERK1/2
was Fra-1 independent. A microarray analysis (Dr. E Tulchinsky, personal
communication) showed that in Fra-1 silenced bladder cultures the expression of

SNAI2 was decreased more than 3-fold in comparison with the control (scramble
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siRNA transfected cells). Notably, none of other EMT transcription factors expression

was changed compared to control bladder cells.

This study demonstrated that phosphorylated Fra-1 was elevated in all melanoma cell
lines but not in SK-MEL-5 and cultured human epidermal melanocytes. SK-MEL-2, an
NRAS mutant, also exhibited low Fra-1 activity but less in comparison with the BRAF
mutated cell lines (Figure 3.14-i). Effective transient knockdown of Fra-1 in A375
melanoma cells largely mimicked the effect of MEK inhibitors on ZEB1 and ZEB2
expression, suggesting that Fra-1 links the BRAF pathway with the MR-EMT network,
may act as a direct repressor of ZEB2 and ZEB2 is in turn a repressor of ZEB1 in MM
(Figures 3.4 and 3.14-ii). This shift has functional implications because ZEB1 is
considered as the bona fide repressor for E-cadherin in tumours of epithelial origin.
Interestingly, simultaneous Fra-1 depletion and MEK inhibition by U0126 in A375P
cells resulted in stronger activation of ZEB2 protein expression, but downregulation of
ZEB1, compared to single treatments with siFral or U0126 indicating that Fra-1 is
necessary for ERK1/2-mediated regulation of ZEB1 and ZEB2 protein expression

(Figure 3.14-iii).

Unpublished data from ChIP analyses and a conventional 5’-RACE in BRAF mutated
melanoma cell lines further suggested that Fra-1 acts as a MEK-induced factor, which
directly represses ZEB2 transcription via a repressor element located 2.7 kb upstream of
the transcription site (Dr. E Tulchinsky and Dr. GJ Browne, personal communication).
Thus, these observations support the notion that the RAS-MEK-Fra-1-MR-EMT axis
not only exists but also Fra-1 could act as a transcriptional repressor, rather than an
activator of ZEB2, in melanocytic tumours. However, additional studies are required to

address the relevance of Fra-1 to melanoma spread and regulation of MR-EMT network
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in vivo and examine the mechanisms of transcriptional repression of ZEB2 mediated by

Fra-1.

3.4.6 Posttranscriptional regulation of MR-EMT: miRs

A large body of evidence has postulated the correlation of modified miR expressions
with the EMT-induced switch between cell phenotypes and metastasis (reviewed in
Korpal et al.,, 2008). Screening of 60 human cancer cell lines (NCI60), divided
according to the ratio of E-cadherin/Vimentin expression, and ovarian cancer specimens
for endogenous miR targets revealed that miR-200 family (miR-200a,-b,-c,-141 and -
429) is a powerful marker of epithelial phenotype and repress the expression of ZEB1
and ZEB?2 transcription factors. In that model authors proposed a novel mechanism in
which miR-200 family contributes to suppression of cancer metastasis by targeting
directly ZEB1 and ZEB2. So, upregulation of miR-200 family members suppress ZEB1
and ZEB2 functions and allow cells to maintain an epithelial phenotype (high E-
cadherin expression). Inversely, inhibition of endogenous miR-200 family members can
induce a mesenchymal phenotype and tumour progression (loss of E-cadherin, high

vimentin expression) (Park et al., 2008a).

In a parallel study, Gregory and colleagues demonstrated a cooperative repression of
ZEB1 and ZEB2 by miR-200 family and miR-205 in a mesenchymal group of Madin-
Darby canine kidney (MDCK) cells following TGF-f induction in FIGO (International
Federation of Gynecology and Obstetrics) stage IlI-1V advanced ovarian tumour
samples (Gregory et al., 2008). Subsequent studies supported the role of miR-200
family and miR-205 on ZEB1 and ZEB2 in multiple human tumour types, including
spindle cell carcinoma (SpCC) (Zidar et al., 2011), breast cancer (Tryndyak et al., 2010)

and endometrial carcinosarcomas (ECSs) (Castilla et al., 2011). In addition to the
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repressive effect of miR-200 on ZEB1 and ZEB?2, it has been reported a ZEB/miR-200
double-negative feedback loop, suggesting that miR-200 family members are
transcriptional targets of ZEB1 and ZEB2 (Brabletz and Brabletz, 2010, Burk et al.,
2008). Similar to ZEB family genes, qRT-PCR analyses revealed that TWIST1 may act
as a transcriptional activator for miR-200 and miR-205 in invasive bladder tumours

(Wiklund et al., 2011).

To date, there are few data in the literature to demonstrate a possible effect of miRs on
other MR-EMT. A report by Ma et al. showed that miR-10b has an important role in the
metastasis of breast cancer cells (Ma et al., 2007). This particular miR, induced by
TWIST1, was found to exert its regulatory function by silencing the expression of the
HOXD10 (Homeobox D10) protein, previously characterised as an important gene
progressively lost in high-grade breast malignancies (Carrio et al., 2005). In both
metastatic melanoma clinical samples and cell lines, decreased expression of miR-9
indicated a nuclear factor kappa B1 (NF-xB1)-dependent upregulation of SNAI1 (Liu et
al., 2012a). In addition, the direct interaction of miR-203 with the SNAI2 3°UTR could

influence tumourigenicity in breast tumours (Zhang et al., 2011).

As previously described, miR-200 family and miR-205 are key regulators of ZEB1 and
ZEB2 in carcinoma cells and are frequently silenced in advanced malignancies. In
A375 cultures, activities of luciferase reporters containing 3’UTR of ZEB1 and ZEB2
were not diminished as compared with the empty pmiR vectors (Figure 3.16). In
agreement with these data, luciferase reporters were also insensitive to MEK inhibition
(Figure 3.16). Moreover, siRNA-mediated transfections of ZEB1, ZEB2 and TWIST1
showed minute changes in the expression of miR-a,-c,-141 and -429 members of the

miR-200 family compared to scrambled siRNA controls (Figure 3.17). Hence, transient
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knockdown of ZEB1, ZEB2 and TWIST1 did not result to an increase in the expression
of miR-200 family members, supporting an independent regulation of these
transcription factors by miR-200 family. This conclusion is consistent with previous
data showing lack of miR-200 family expression even in E-cadherin-positive melanoma

cells, such as SK-MEL-28 (Park et al., 2008c).

These observations were further supported by unpublished results in our lab that
showed a significant downregulation of miR-200 family and miR-205 in primary MMs
and nodal metastases when compared with naevi, suggesting a tumour suppressor role
in this disease (Dr JH Pringle, personal communication). In contrast to our results,
Mueller et al reported distinct miR expression profiles in melanomas and found
miR-200-a,-c,-141 to be significantly upregulated in primary tumour melanoma cell
lines relative to normal cultured melanocytes, indicating their possible role in early
progression of the disease (Mueller et al., 2009). However, these miRs have not been
tested in vivo suggesting that their upregulation might be due to an artefact of long-term
cultures and cell culture conditions. Nevertheless, loss or reduced expression of
miR-200 family and miR-205 was recently found to be reproducibly reduced with
melanoma progression in patient samples (Liu et al., 2012b, Philippidou et al., 2010, Xu

etal., 2012).

Since miR levels in A375 cultures were not significantly upregulated by knockdown of
the MR-EMT, it is clear that these genes are not key regulatory factors controlling EMT
and are possibly regulated by a different mechanism in melanocytes and melanoma
transformed cells. A number of mechanisms may help control miR-200 activity, such as
the epigenetic inactivation by CpG island hypermethylation and associated retention of

E-cadherin expression. Indeed, a recent study indicated that repression of miR-200
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family is linked to an aberrantly methylated CpG island in the promoter region of these
miRs in a panel of human tumour cell lines (colon, lung and breast) (Davalos et al.,
2012). As a result, each of these carcinoma cell lines acquired a mesenchymal
phenotype displaying higher levels of expression of ZEB1 and ZEB2, and lack of
E-cadherin. In this context, epigenetic silencing of miR-200 family members is highly

plausible and could be advantageous for dissemination of melanoma cells.
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3.4.7 Conclusions

o BRAF and NRAS mutated melanoma cell lines showed two patterns of
expression with high ZEB2 and SNAI2 or high ZEB1, SNAI1 and TWIST1.
Interestingly, metastatic A375M cells showed increased protein levels of
ZEB1, TWIST1 and SNAI1, but decreased ZEB2 and SNAI2, compared to the

less metastatic parental (A375P) cells.

o Cultured human melanocytes expressed ZEB2 and SNAI2, but not ZEBI,

TWIST1 or SNAIL.

o Evidence from in vitro experiments indicated that a switch in MR-EMT
expression (ZEB1'*"/TWIST1'" / ZEB2"""/SNAI2"" to ZEB1"" /TWIST1"" /

ZEB2""/SNAI2"") is RAS-RAF-MEK MAPK-dependent.

o P38 MAPK signalling pathway may be linked to an ERK-independent

regulation of MR-EMT in melanoma.

o Pharmacological inhibition of MEK1/2 repressed two MR-EMT, ZEB2 at a
transcriptional level, and SNAI2 on two levels, transcriptional and

posttranslational, by promoting its proteasomal degradation.

o The effect on ZEB1 and ZEB2 expression was transcriptional and independent

of miR-200 family.

o Further experiments demonstrated that Fra-1 may act as a MEK-induced factor

which downregulates ZEB2 transcription and enhances ZEB1 expression.
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4 Functional effects of ZEB proteins in melanoma

4.1 Introduction

In the past two decades various studies demonstrated that EMT repressor genes are
upregulated in advanced stages of cancer and suppress E-cadherin expression.
Melanoma progression involves transition from a radial to wvertical growth,
characterised by invasion into the dermis and subcutaneous tissue. The underlying
mechanism involves loss of E-cadherin in concert with upregulation of N-cadherin.
This switch permits melanoma cells to interact with N-cadherin-expressing cells in the
dermis, dermal fibroblasts and with the vascular endothelium, which stimulates
metastasis (reviewed in Bonitsis et al., 2006). However, apart from E-cadherin other
target genes essential to cancer development were found to be inhibited by these
repressors. One of the most important identified targets in high-grade tumours is the

Vitamin D Receptor (VDR) gene.

Vitamin D receptor was first discovered in chicken intestine, belongs to the superfamily
of nuclear receptors for steroid hormones, and can be considered as a ligand-activated
transcription factor (Haussler and Norman, 1969). Binding of the active hormone
1a,25-dihydroxyvitamin D3 to its nuclear receptor (VDR) causes a conformational
change and recruitment of its dimerization partner retinoid X receptor (RXR). The
effect of the activated heterodimer VDR-RXR is to interact with vitamin D response
elements (VDRES) in the promoter region of target genes. Subsequent recruitment into
the transcriptional pre-initiation complex (VDR-RXR-VDRE) of several distinct
nuclear proteins, such as steroid receptor co-activators (SRCs), vitamin D receptor
interacting protein (DRIP) and Ski-interacting protein (SKIP), regulates gene

expression (Brown et al., 1999, Haussler et al., 1997, Plum and DelLuca, 2010). Since
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VDR discovery in 1969, a plethora of studies illustrated that VDR mediates most, if not
all, of the biological effects of 1a,25-dihydroxyvitamin D3, also called calcitriol or

designated as 1,25(OH),D3, the most active metabolite of vitamin D.

As yet, more than two hundred genes have been reported to exhibit functional VDREs
(Ramagopalan et al., 2010). A subset of vitamin D responsive genes are associated with
the classical actions of vitamin D hormone, which include bone mineralization,
attainment of calcium homeostasis, and regulation of cell proliferation, apoptosis and
differentiation (Holick, 2007). Functional VDREs related to bone homeostasis include
several bone-related genes, like osteopontin, osteocalcin, parathyroid hormone (PTH)
and bone sialoprotein (Farach-Carson and Ridall, 1998). On the other hand, VDRESs
associated with anti-proliferative and pro-differentiation functions include the cell cycle
regulating protein p21, transforming growth factor (TGF-p), fibronectin and B3-integrin
(reviewed in Haussler et al., 1997). Furthermore, diversity of scientific literature
suggests that alterations in vitamin D levels and polymorphisms of the VDR gene are
implicated in many diseases, such as hypertension (Wang et al., 2008), diabetes (Zipitis
and Akobeng, 2008) and diverse tumour types (Hendrickson et al., 2011, Lopes et al.,

2010, Thill et al., 2010).

The data obtained in recent years indicate that E-cadherin repressors interact with VDR
and contribute to the progression of cancer. Experiments by Cano and Palmer were the
first to indicate that E-cadherin expression is activated by 1,25(0OH),D3 but repressed
from SNAIL in colon carcinoma cells (Cano et al., 2000, Palmer et al., 2001).
Preliminary unpublished data from our lab demonstrated that downregulation of the
VDR protein levels is associated with malignant transformation and local invasion in

melanoma tissue samples.
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4.2 Aims and Objectives

The primary aim of this chapter was to test whether ZEB1 and ZEB2 modulates the

expression of known E-box binding targets, E-cadherin and VDR, in melanoma.
The specific objectives of this chapter were as follows:

o To assess the protein expression pattern of ZEB1, ZEB2 and E-cadherin in a

small subset of paired primary and secondary melanoma tissues by IHC-P.

o To test the expression of VDR in selected ZEB1 immunopositive melanocytic

lesions by IHC-P.

o To investigate the effect of ZEB1 and ZEB2 on VDR and E-cadherin protein

expressions in melanoma cells by transient sSIRNA-mediated assays.

o To assess the expression of miR-125b, known to target VDR, in naevi, primary

melanomas and nodal metastases.

o To test the effect of transient sSiRNA-mediated depletion of ZEB1 and ZEB2 on

the motility of melanoma cells by migration assays.
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4.3 Results

4.3.1 The effect of ZEB proteins on the expression of E-cadherin in melanoma

tissues

To evaluate the expression of ZEB1 and ZEB2 with E-cadherin status, a small cohort of
ten matched pairs of primary tumours and their corresponding metastases was assessed
by immunohistochemistry. Validation of antibody specificity using IHC-P and western
blotting is shown in Chapter 5 (Figures 5.1 and 5.3-B). E-cadherin was localized to the
cell membrane, while ZEB1 and ZEB2 staining was nuclear. E-cadherin, ZEB1 and
ZEB2 were scored based on overall intensity and extent of immunoreactivity (see
section 2.2.4.7). E-cadherin immunoreactivity revealed a homogeneous staining in
metastatic primary MMs and a gradient of staining with stronger peripheral staining
compared to the intratumoural sites in nodal metastases, where in some cases there were
areas of negative staining. Out of ten primary tumours with strong membrane-bound
E-cadherin immunoreactivity, eight (80%) showed reduced expression in the
corresponding metastases (Figures 4.1-4.7-A, Table 4.1). This result was in line with
previous publications indicating that E-cadherin loss is associated with melanoma

invasiveness (Haass et al., 2004, Shirley et al., 2012).

ZEB1 was detected in 20% (2/10) of primary melanomas and in 40% (4/10) of paired
metastases and interestingly its immunoreactivity was confined in small areas at deep /
intratumoural sites of primary MMs and matched metastases (Figures 4.1, 4.3 and 4.5-
B, Table 4.1). In addition, ZEB1-positive tumour areas showed lack of E-cadherin
expression (Figures 4.3-A/B and 4.5-A/B). This near mutually exclusive pattern of
ZEB1 and E-cadherin expression may indicate a critical role of ZEB1 in EMT in

melanocytic lesions.
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Expression of ZEB2 was detected in 100% (10/10) of primary melanomas and in
60% (6/10) of corresponding metastases (Figures 4.1-4.7-C). Comparing expression of
ZEB2 in primary melanomas in the superficial and deep sites, there was decreased
expression in the deep sites in 90% (9/10) of primary melanomas (Figure 4.2-C-i, Table
4.1). Furthermore, out of six matched lymph nodes with positive ZEB2
Immunoreactivity at peripheral sites, all cases revealed very low reactivity in the
intratumoural sites (Figures 4.3, 4.5 and 4.7-C, Table 4.1). ZEB1-positive tumours with
absent E-cadherin showed negative ZEB2 protein expression (Figures 4.3 and 4.5), but
interestingly in ZEB1-negative melanomas E-cadherin and ZEB2 were co-expressed
(Figures 4.1, 4.2, 4.4, 4.6, and 4.7). Unfortunately, due to the small sample size of
melanomas and the low number of ZEB1-positive tumours it was not feasible to
evaluate statistically the reciprocal staining pattern between ZEB1 and ZEB2 /

E-cadherin.

Table 4.1 - Distribution of ZEB1/ZEB2 and E-cadherin staining intensity and pattern in matched
melanoma cases

PAIRED SAMPLES

Tumour area Measure Primary MMs | Nodal
(positive) Metastases
ici 0, 0,

E-cadherin Superficial 2+, 34) 10/10 (100%) 2/10 (20%)
(membrane staining) Deep H-Score>100 5/10 (50%) 2/10 (20%)

B Superficial (1+, 2+, 34) 0 0
(nuclear staining) | peep H-Score >0 2110 (20%) 4110 (40%)
ZEB? Superficial 2+, 34) 10/10 (100%) 6/10 (60%)
(nuclear staining) Deep H-Score>100 1/10 (10%) 1/10 (10%)
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Figure 4.1 - Immunohistochemical staining of serial sections of paired metastasis specimens for the
expression of E-cadherin, ZEB1 and ZEB2. Low power view (x20) of the primary MM shows strong cell
membrane reactivity for E-cadherin (A-i), complete absence of staining for nuclear ZEB1 (B-i) and positive
nuclear ZEB2 immunostaining (C-i) of tumour cells in superficial sites of MM. Low power magnification (x20) of
the matched lymph node metastasis reveals weak cell membrane staining for E-cadherin (A-ii), positive nuclear
ZEB1 reactivity (B-ii) and negative ZEBZ2 staining (C-ii) of tumour cells in the intratumoural area of the node.
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Figure 4.2 — Immunohistochemical staining of serial sections of a metastatic primary melanoma specimen
for the expression of E-cadherin, ZEB1 and ZEB2. Low power view (x20) of the primary metastatic
melanoma exhibits strong cell membrane E-cadherin reactivity (A-i), complete absence of staining for nuclear
ZEB1 (B-i) and strong nuclear ZEB2 immunoreactivity (C-i) of tumour cells in superficial sites of MM. (A-C-ii)
High power magnifications (x40) of A-C-i (rectangles). Staining of the paired lymph node metastasis is shown in
Figure 4.3.
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Figure 4.4 - Immunohistochemical staining of serial sections of a metastatic primary melanoma specimen
for the expression of E-cadherin, ZEB1 and ZEB2. Low power view (x20) of the primary metastatic
melanoma revealed strong cell membrane E-cadherin reactivity (A-i), complete absence of staining for nuclear
ZEB1 (B-i) and weak nuclear ZEB2 immunoreactivity (C-i) of tumour cells in the deep sites of MM.
(B-ii) High power magnification (x40) of B-i (rectangle) shows few positive stromal cells for ZEB1 in contrast
with adjacent negative-tumour cells. A-C-ii: higher magnifications (x40) of A-C-i (rectangles). Staining of the
paired nodal metastases is shown in Figure 4.5.
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Figure 4.5 - Immunohistochemical staining of serial sections of a matched lymph node metastasis specimen
for the expression of E-cadherin, ZEB1 and ZEB2. Low power view (x20) of a nodal metastasis demonstrating
complete absence of reactivity for E-cadherin (A-i), strong nuclear ZEB1 immunoreactivity (B-i) and complete
loss of ZEB2 nuclear staining (C-i) of tumour cells in the central part of the node. A-C-ii: higher magnifications
(x40) of A-C-i (rectangles).
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Figure 4.6 - Immunohistochemical staining of serial sections of a metastatic primary melanoma specimen
for the expression of E-cadherin, ZEB1 and ZEB2. Low power view (x20) of the primary metastatic melanoma
shows strong cell membrane E-cadherin reactivity (A-i), complete absence of staining for ZEB1 (B-i) and strong
nuclear ZEB2 immunoreactivity (C-i) of tumour cells in the superficial sites of MM. (B-ii) High power
magnification (x40) of B-i (rectangle) shows few positive stromal cells for ZEB1 in contrast with adjacent
negative-tumour cells. A/B/C-ii: higher power magnifications (x40) of A/B/C-i (rectangles). Staining of the
matched nodal metastasis is shown in Figure 4.7.
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Figure 4.7 - Immunohistochemical staining of serial sections of a matched lymph node metastasis specimen
for the expression of E-cadherin, ZEB1 and ZEB2. Low power view (x20) of a nodal matched metastasis
exhibiting moderate reactivity for E-cadherin (A-i), complete loss of nuclear ZEB1 immunoreactivity (B-i) and
weak nuclear ZEB?2 staining (C-i) of tumour cells in the intratumoural area of the node. High power magnification
(x40) of A-i (rectangle) shows positive cells for E-cadherin in contrast with adjacent negative-inflammatory and
endothelial cells. A-C-ii: higher magnifications (x40) of A-C-i (rectangles). Note that endothelial cells (circle)
were positive for ZEB1 (B-ii).
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4.3.2 The effect of MR-EMT on the expression of E-cadherin in melanoma cultures

A poorly metastatic (A375P) cell line and a highly metastatic melanoma cell line
(A375M), derived from a metastasis of the parental A375P, were used to determine
alterations in E-cadherin protein profile in vitro. Melanoma cells were transiently
transfected with either individual to ZEB1, ZEB2, SNAI2 and TWIST1 or combined
siRNAs to ZEB1 and ZEB2 (Figures 3.12, 3.13-i and 4.8). In A375M cells, western blot
analysis demonstrated that ZEB1 depletion led to an upregulation of E-cadherin protein
expression after 96 hours (Figures 3.13-i and 4.8). In contrast, A375P cells showed
reactivation of E-cadherin only after simultaneous silencing of ZEB1 and ZEB2 genes
(Figure 4.8). ZEB2 knockout alone in both A375P and A375M cell lines and transient
depletion of SNAI2 and TWISTL1 in A375M cells by siRNAs produced no effect on E-
cadherin protein levels (Figures 3.12, 3.13-i and 4.8). Interestingly, double knockdown
of ZEB1 and ZEB2 proteins resulted in augmented re-activation of E-cadherin
compared to siZEB1 alone, indicating an additive effect of ZEB2 on ZEBL1 in metastatic

melanoma cells (Figures 3.13-i and 4.8).
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Figure 4.8 - The effect of siRNA-mediated depletion of ZEB1 and ZEB2 on E-cadherin protein
expression in A375P and A375M cells. Melanoma cells were transfected with ZEB1, ZEB2 or
co-transfected with ZEB1 and ZEB2 or control (-) siRNAs for 96 hours. A431 and HOS cells were used
as a positive and negative control for E-cadherin (E-cad) respectively. Immunoblotting was performed
with the indicated antibodies. Equal loading was confirmed by o-Tubulin. The blots shown are
representative of four individual experiments.
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4.3.3 The effect of ZEB1 on VDR expression in melanoma cell lines and tissues

To investigate the possibility that ZEB1 upregulation in MMs may also cause VDR
downregulation, two melanoma cell lines (A375P and A375M) were examined by
western blotting. The protein expression level of VDR was less in high ZEB1-
expressing A375M metastatic melanoma cells compared to low ZEB1-A375P cells.
Transient transfection of melanoma cells with ZEB1 siRNA led to increased VDR
protein levels (Figure 4.9). In A375P cells, ZEB1 knockdown also showed an

insignificant increase in ZEB2 protein levels.

The inhibitory effect of ZEB1 on VDR expression was next examined by
immunohistochemistry in a small cohort of thirty specimens of melanomas, of which
ten primary MMs, ten lymph node metastases and ten matched pairs of primary tumours
and their corresponding metastases. Validation of antibody specificity using IHC-P and
western blotting is shown in Chapter 5 (Figures 5.1 and 5.3-C). The results of
immunohistochemistry staining of the VDR and ZEBL1 are shown in Figures 4.10-4.12
and Appendix V-e. Both nuclear and cytoplasmic VDR staining was seen in the
superficial and deeper sites of the primary MM cases (matched / independent). These
cases (n=20) showed a distinct gradient of staining with stronger superficial nuclear
staining compared to the deep sites, where the staining was mainly cytoplasmic
(Figures 4.10-A/B-i and 4.12-A-i). VDR protein expression in lymph node metastases
(matched / independent, n=20) showed cytoplasmic staining only (Figures 4.11-A-i,
4.12-B/C-i and Appendix V-e). Nuclear immunoreactivity of ZEB1 was detected in
20% (2/10) of primary tumours and 40% (4/10) of the corresponding matched
metastases. Similar results were obtained in independent primary melanomas and

metastases (n=20).
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Consistent with previous results (section 4.3.1), ZEB1 staining was confined in small
areas at deep / intratumoural sites of primary MMs and nodal metastases
(Figure 4.12-A/B-ii). When VDR and ZEB1 were co-expressed in the deeper sites of
the primary MMs and in the intratumoural areas of lymph nodes, VDR was localised to

the cytoplasm of malignant cells (Figures 4.11 and 4.12).
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Figure 4.9 - The effect of sSiRNA-mediated depletion of ZEB1 on VDR expression in A375P and
A375M cells. Melanoma cells were transfected with ZEB1 or control siRNA for 72 hours and the
expression of ZEB1, ZEB2 and VDR proteins was analysed in western blotting as indicated. RPMI-7951
and SK-MEL-5 melanoma cells were used as a positive and negative control for VDR respectively.
HOS and RT-112 cells were used as positive and negative controls for ZEB1 and ZEB2 respectively.
Note that two different batches of melanoma cells were tested (#1 and #2). Equal loading was confirmed
by a-Tubulin. The blots shown are representative of three individual experiments per batch of melanoma
cells.
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Figure 4.10 - Immunohistochemical staining of primary metastatic melanomas for VDR and ZEB1. Low
power view (x20) of the same area of two primary melanomas showing superficial positive nuclear VDR
staining (A/B-i) and ZEB1 negative staining (A/B-ii) in tumour cells.
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Figure 4.11 - Immunohistochemical staining of lymph node metastasis for VDR and ZEB1. Low power
view (x20) of a metastatic case in lymph nodes shows positive cytoplasmic VDR staining (A-i) and positive
nuclear ZEBL1 staining (A-ii) of tumour cells in the central part of the node (rectangle). (B-i/ii) High power view
(x40) of A-i/ii (rectangles).
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Figure 4.12 - Consecutive immunostainings for VDR and ZEB1 of a matched metastatic case. Low power
magnification (x20) reveals positive cytoplasmic VDR (A-i) and positive nuclear ZEB1 staining (A-ii) of tumour
cells in the deeper sites of a primary melanoma. Low power view (x20) of the corresponding metastasis in the
inner core part of the lymph node shows cytoplasmic VDR immunoreactivity (B-i) and occasional nuclear
staining for ZEB1 in cancer cells (B-ii). (C-i/ii) High power view (x40) of B-i/ii (rectangles).
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4.3.4 Expression of miR-125b in melanocytic tumours

The expression of miR-125b in 55 melanomas was compared to 15 common acquired
naevi (Figure 4.13). Unpaired t-tests revealed that there was a significant difference
between common acquired naevi and primary melanomas / nodal metastases
(P<0.0001). A significant trend was found between common acquired naevi, primary
melanomas with or without metastases and nodal metastases (P<0.001, one-way
ANOVA, post-test for a linear trend). These data suggest that loss of miR-125b may be

involved in an early progression of cutaneous MM.
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Figure 4.13 - Differential expression of miR-125b (ACt) in melanocytic lesions by gRT-PCR.
RNA was extracted from CAN, primary MMs and nodal metastases. All measurements were performed
in triplicates and normalized to endogenous levels of miR-191. Linear trend analysis showed a significant
loss of miR-125b expression with tumour progression (P<0.0001, one-way ANOVA, post-test for a linear
trend). Mean + standard error of the means is included for each group.
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4.3.5 The effect of ZEB1 and ZEB2 on the migration of melanoma cells

Transient knockdown with siRNAs was used to determine the effects of ZEB1, ZEB2
and combined siZEB1 / ZEB2 on migration in two melanoma cell lines (A375P and
A375M) (Figures 4.14 and 4.15). Melanoma cells were efficiently transfected as shown
in Figures 3.11, 3.13-i and 4.8. A375P cell line transfected with siZEB1 and siZEB1 /
ZEB2 showed no significant decrease in motility compared with scramble siRNA
controls (Figure 4.14-A/C). In contrast, siZEB2-transfected A375P cells showed
enhanced migration over scramble SiRNA control and became significant with
increasing time (P<0.01, two-way ANOVA / Bonferroni post-test) (Figure 4.14-B). No
significant increase in migration was evident in the siZEB2-transfected A375M cells
over scramble siRNA control with time (Figure 4.15-B). siZEB1 and siZEB1 / ZEB2
decreased tumour cell motility compared to scrambled siRNA in A375M cells, however
significance appeared at later time points (P<0.05 in both, two-way ANOVA /

Bonferroni post-test) (Figure 4.15-A/C).
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Figure 4.14 - The effects of ZEB1 and ZEB2 knockdown on tumour cell migration in A375P
melanoma cells. Monitoring tumour cell migration in real time using a modified Boyden chamber
assay in A375P cells transfected with siRNAs to ZEB1 (A), ZEB1 (B) and ZEB1/ZEB2 (C).
Monitoring of motility assays started 48 hrs post-transfection with the relevant sSiRNA. In all cases,
data points represent the mean of two replicates representing two separate transfections. Standard

error of the mean is included for each data point. *P<0.01 compared to scrambled siRNA.
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Figure 4.15 - The effects of ZEB1 and ZEB2 knockdown on tumour cell migration in A375M
melanoma cells. Monitoring tumour cell migration in real time using a modified Boyden chamber
assay in A375M cells transfected with siRNAs to ZEB1 (A), ZEB1 (B) and ZEB1/ZEB2 (C).
Monitoring of motility assays started 48 hrs post-transfection with the relevant siRNA. In all cases,
data points represent the mean of two replicates representing two separate transfections. Standard
error of the mean is included for each data point.*P<0.05 compared to scrambled siRNA.
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4.4 Discussion

4.4.1 E-cadherin - ZEB1/2 relationships in melanocytic tumours and cell lines

Loss of E-cadherin is a hallmark of EMT that is implicated in the transition from
horizontal to vertical growth in MM (Hsu et al., 2000). Its silencing could be mediated
by various epigenetic mechanisms, including transcriptional repression by MR-EMT
and promoter hypermethylation. In siRNA mediated knockdown experiments of
individual MR-EMT, ZEB1, but not ZEB2, SNAI2 or TWIST1, restored expression of
E-cadherin in melanoma cells which is consistent with previous results (Figures 3.12,
3.13-i and 4.8) (Wels et al., 2011). This observation was confirmed in other BRAF
mutated melanoma cell lines, including WM-266-4 and RPMI-7951 (Dr. E Tulchinsky,
personal communication). These findings may imply that transient activation of ZEB1
Is sufficient to maintain repression of E-cadherin without requiring additional

epigenetic mechanisms in malignant melanomas, such as DNA methylation.

It has been recently documented that both ZEB1 and SNAI2 cooperatively repressed
E-cadherin expression (Wels et al., 2011). Co-expression of these transcription factors
was essential in enhancing migration of metastatic melanoma cells and suggested a
regulatory feedback during EMT. Herein, simultaneous inhibition of ZEB1 and ZEB2
showed the most significant effect on E-cadherin upregulation and further enhanced the
effect of ZEBL1 individual gene silencing in A375M cells, indicating that ZEB2 does not

repress E-cadherin on its own.

The in vitro findings were consistent with IHC-P analyses that showed reduced
E-cadherin and increased ZEB1 protein levels in a subset of metastatic primary
melanomas and lymph node metastases. Several recent reports provided supporting

evidence for a reciprocal expression of ZEB1 and E-cadherin in the progression of
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different malignancies (section 1.4.2.3). In addition, a study by Browne et al
documented that even if ZEB1 was infrequently expressed in muscle invasive bladder
carcinomas, its expression was perfectly correlated with the lack of E-cadherin (Browne
et al., 2010). In the present study, the near mutually exclusive pattern of ZEB1 and
E-cadherin expression in metastatic melanoma tissues indicated that ZEB1 may act as a

potent repressor of E-cadherin in human melanocytic tumours.

Less published data is available concerning the expression of ZEB2 in tumour tissues.
Recently, new ZEB2 antibodies were tested showing high specificity and this has
opened the possibility of exploring the expression pattern of ZEB2 in patient tissues and
human tumour cell lines (Oztas et al., 2010). Whereas ZEB1 protein was expressed in a
range of E-cadherin negative carcinoma cell lines, ZEB2 was hardly ever detectable in
transformed malignant cells in vitro (Sayan et al., 2009). In contrast, this study
demonstrated a variable expression of ZEB2 protein in all melanoma cultures tested

(Figure 3.3).

Increased ZEB2 expression correlated inversely with E-cadherin in advanced stages of
different types of carcinomas (Dai et al., 2012, Imamichi et al., 2007, Sayan et al.,
2009). Interestingly, in this work immunohistochemical staining of serial sections in a
small series of paired melanoma specimens showed that the majority of tumour areas
co-expressed ZEB2 and E-cadherin. This result coincides with a limited number of
previous findings, which indicated a positive correlation between ZEB2 and E-cadherin
expression in a subset of aggressive carcinomas, including malignant mesotheliomas

(Sivertsen et al., 2006).
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More recently, Browne et al demonstrated muscle invasive bladder tumour cases in
which E-cadherin and ZEB2 were co-expressed (Browne et al., 2010). Multiple tissue
arrays suggested that in most of the analysed normal tissues, such as colon surface
epithelium and kidney tubules, ZEB2 and E-cadherin were co-existent (Oztas et al.,
2010). Therefore and unlike ZEB1, E-cadherin and ZEB2 expression is not necessarily
mutually exclusive. In accordance with this observation other MR-EMT showed the
same pattern of expression. SNAI2 was found to be co-expressed with E-cadherin in
invasive ductal carcinomas of the human breast, in patients with ESCC and during
cutaneous wound re-epithelialisation of migrating adult keratinocytes in mice (Come et
al., 2004, Savagner et al., 2005, Uchikado et al., 2005). Furthermore, the overall
survival rate was worse in a subset of ESCC patients with preserved E-cadherin
expression and SNAIL immunopositivity (Natsugoe et al., 2007). However, it remains
to be addressed the E-cadherin expression in the presence of potent transcription
repressors. It has been previously reported that ZEB2 protein sumoylation at Lys391
and Lys866 disrupts the recruitment of the co-repressor CtBP and therefore attenuates
repression of the E-cadherin promoter (Long et al., 2005). As a consequence,
posttranslational modifications may partly explain this phenomenon in benign and

malignant melanocytic lesions as well as in normal melanocytes.
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4.4.2 ZEBI regulates VDR expression in MM

In MM and other malignancies, there is evidence that cancer cells become unresponsive
to vitamin D and thus evade its anti-proliferative and anti-apoptotic activity (Evans et
al., 1996). Unpublished results of immunohistochemistry staining of VDR (Dr. PE
Hutchinson, personal communication) in an archive of patient samples revealed that a
significant proportion of primary and metastatic melanomas showed decrease in VDR
expression with tumour depth, negatively stained cells and highest cytoplasmic
localisation in nodal metastases. From the same data was also evident that in the benign
melanocytic lesions the VDR staining was confined only to the nuclei and deep lesions
showed weaker staining. In addition, a recent study demonstrated that VDR protein
reduction was more pronounced in cell nuclei than in cytoplasm with the development

of pigmented lesions (Brozyna et al., 2011).

Identical results have been observed in this study, when a small number of independent
and paired melanoma biopsies tested for VDR immunoreactivity showed decrease of
staining in the deep sites of primaries and nodal metastases and a cytoplasmic location
in all metastatic lesions (Figures 4.10 - 4.12-A/B-i, Appendix V-e). A possible
explanation for the loss of expression in deep melanocytic lesions is that during early
development tumour malignant cells with decreased expression of VDR are more likely
to invade deeper into the dermis and metastasise. In the progression of melanocytic
lesions, increasing ratios of the receptor expression in the cytoplasm compared with the
nucleus indicates that less of this protein translocate to the nucleus. Such augment of
the non-functional cytoplasmic protein expression can contribute to the escape of

neoplastic cells from growth control and homeostatic surveillance.
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As yet, the mechanism for cytoplasmic accumulation of VDR has not been explored
extensively. In addition, published evidence demonstrated that constitutive active
MAPK signalling-induced RXRa phosphorylation resulted in reduced 1,25(OH),Ds-
mediated gene transcription in transformed prostate epithelial cells (Zhang et al., 2010).
Phosphorylation of RXR at serine 260 also led to a disrupted recruitment of co-
activators to the VDR / RXRa complex inducing vitamin D resistance in RAS-
transformed keratinocytes (Macoritto et al., 2008). In addition, RXR was found to
promote VDR nuclear retention (Prufer and Barsony, 2002). Therefore, it is plausible to
argue that increased VDR cytoplasmic expression during melanoma progression may be

due in part to the RXR posttranscriptional changes at specific amino acid residues.

A study conducted by Reichrath and colleagues demonstrated that only about half of
melanoma cell lines respond to 1,25(0OH),D3 the ligand of the VDR (Reichrath et al.,
2007). VDR protein analysis in human malignant melanoma cell lines showed reduced
expression of VDR in the metastatic A375M cell line compared to the parental, less
aggressive, A375P. In contrast to the MM cell lines, endogenous protein expression of
VDR was absent in cultured normal melanocytes, but 1,25(0OH),D; induced VDR
responsiveness and that was in accordance with previous studies (Ranson et al., 1988)
(Appendix VI). This supports a mechanism whereby 1,25(0OH),D3 autoregulates the
expression of its own receptor by the presence of VDR response elements within the
VDR gene (Pike et al., 2007, Zella et al., 2006). In melanoma cultures this regulation
seems to be impaired as two of the MM cell lines derived from metastatic disease,
SK-MEL-2 and WM-266-4, were unresponsive to 1,25(0H),D3; (Appendix VI). In this
example the opposite is the case, as a melanoma cell line derived from a primary
melanoma (SK-MEL-28) showed a weak response to 1,25(OH).Ds;. Therefore,

decreased VDR nuclear expression in metastatic primary melanomas and nodal
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metastases and unresponsiveness to 1,25(0OH),D3; in most of melanoma cell lines
supports its important role controlling differentiation of melanoma cells and

suppressing transformation and progression of the disease.

The molecular mechanisms for 1,25(0OH),Ds ligand insensitivity in malignancies are as
yet ambiguous. A possible mechanism regulating VDR signalling in MM could include
a direct binding and functional inhibition of the VDR gene promoter by different EMT
transcriptional repressors. Consistent with the hypothesis that MR-EMT act as
transcriptional repressors of VDR with the development of cancer, Mittal et al
documented that SNAI2 repress directly the VDR by binding to its promoter in breast
cancer cells (Mittal et al., 2008). In addition, SNAIL and SNAI2 transcription factors
are not only inverse correlated with VDR but also act additively to represses the VDR
gene promoter in cultured colorectal cells and patient samples (Larriba et al., 2009). As
a result, a correlation between the upregulation of SNAIL and / or SNAI2 and the loss

of VDR may be a good indication of a similar resistance mechanism operating in MM.

Unlike to other carcinomas, recent findings of Mikesh et al and Shirley et al revealed
lower protein expression of SNAI1 and SNAI2 in metastatic melanocytic lesions
compared to naevi and primary melanomas and in metastatic cell lines (Mikesh et al.,
2010, Shirley et al., 2012). These findings indicated that downregulation of VDR is not
necessarily related to the repressive activity of the SNAI family members, and might
other EMT inducers, such as ZEB1 and ZEB2, contribute to the onset of an invasive

and metastatic phenotype during melanoma progression and the loss of VDR.
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Although, ZEB genes have been classically described as transcriptional repressors, it
has been reported an opposite effect of ZEB1 on VDR promoter activity in SW620
colon carcinoma cells (Lazarova et al., 2001). This switch of function of ZEB1 can be
achieved through differential recruitment of either co-activators (p300 and p300 / CBP-
associated factor, PCAF) or co-repressors (C-terminal-binding protein, CtBP) (Postigo
et al., 2003). However, the work of Larriba et al suggested that ZEB1 and ZEB2 did not
repress the VDR gene promoter activity in a colorectal cell line SW480-ADH, which is

responsive to 1,25(0OH),D; (Larriba et al., 2009).

The current study indicated that transient repression of ZEB1 by specific siRNAs
increased dramatically the endogenous VDR protein levels in the BRAF mutated A375
melanoma cells (Figure 4.9). In addition, immunohistochemical analysis in a subset of
tumour biopsies showed a differential staining pattern between VDR and ZEB1
(Figures 4.10-4.12). Taken together these results provided evidence that ZEB1 is
involved in the repression of VDR in melanoma. In addition, the changed ratio of
cytoplasmic relative to nuclear VDR may act synergistically with ZEB1 stimulation to

reduce or inhibit VDR activity and promote aberrant growth and tumour metastasis.

Another mechanism of downregulation of the VDR in malignancy includes miR
inhibition of VDR protein synthesis. In many studies different types of tumours showed
a negative correlation between the VDR protein and mRNA levels, indicating that VDR
suppression is partially subject to posttranscriptional regulation (Essa et al., 2012,
Vuolo et al., 2012). Recently it has been documented for the first time, that VDR is a
potential target for miR-125b (Mohri et al., 2009). This study revealed that miR-125b
could bind to the 3’UTR region of the mRNA-VDR, resulting in VDR downregulation

in MCF-7 breast cancer cells. This inverse relationship was further confirmed in
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melanoma cell lines (Essa et al., 2010). Two recent studies from Glud et al confirmed
that miR-125b expression not only was significantly reduced in non-metastasising
melanomas compared to metastases in lymph nodes but also induced senescence in
human transformed melanocytes (Glud et al., 2011, Glud et al., 2010). Evidence from
this study demonstrated miR-125b is lost with melanoma progression and therefore
cannot act to repress VDR. This suggests that expression of this particular miR may be
used to identify benign disease rather than a prognostic marker of metastasis (Figure

4.13).

4.4.3 ZEB proteins affect migration in BRAF mutated melanoma cell lines

Activation of ZEBL transcription by silencing of ZEB2 might have consequences for
functionality. There is a large body of evidence indicating that MR-EMT induce
migration in various cell types. Due to the E-cadherin reactivation after double
silencing of ZEB1 and ZEB2, it has been postulated a migratory-promoting role of
these factors. In fact, double knockdown of ZEB1 and ZEB2 by siRNAs resulted in a
decreased migration of A375M melanoma cell cultures (Figure 4.15). Of note,
individual knockdown for ZEB2 showed increased migration only in high-ZEB2 A375P
cells (Figure 4.14) that may be supported by recent findings indicating the tumour
suppressive properties of ZEB2 in melanoma (Karreth et al., 2011). Knockdown of
ZEB1 activated E-cadherin and suppressed migration only in high-ZEB1 A375M cells

(Figure 4.15).

Interestingly, migration assays showed that A375P cells were more motile (higher
relative fluorescence) compared to A375M cells. This observation is puzzling as high

metastatic variants were expected to have an enhanced migratory potential. However, a
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recent study demonstrated that A375P cells are subdivided into two cell populations
with different morphology (40%-mesenchymal / elongated phenotype and 60% rounded
/ amoeboid phenotype) (Sanz-Moreno et al., 2008). Alternatively, the A375M cells,

used in this study, were predominantly of an elongated phenotype (>95%).

In the Boyden chamber-based motility assays A375 cells were exposed to a
chemoattractant solution and passed through a uniform microporous membrane. In this
movement cells must squeeze their cell body through a narrow space. In addition, it has
been demonstrated that non-muscle myosin-Il activity is a prerequisite for nuclear
translocation through narrow pores, which is a vital step for rapid migration
(Breckenridge et al., 2010). Thus, it can be postulated that A375P single cells may
migrate fast through mechanically restrictive pores due to the presence of less bulky
rounded cells and increased activity of the non-muscle myosin-1l. Conversely,
decreased movement of A375M cells may be indicative of a perturbed non-muscle
myosin-1l activity and slower mesenchymal-type movement. Perhaps the use of
transverse micro-pores that vary in width and length will facilitate fast migration of the

relatively bulky A375M cells.

147



4.4.4 Conclusions

o In ZEB1 immunopositive tumour areas of metastatic melanomas, ZEB2 and
E-cadherin protein expressions were either reduced or completely lost. In the
same tumour areas, VDR protein expression was either absent or localised

exclusively in the cytoplasm of tumour cells.

. Transient knockdown of ZEB1 in melanoma cells demonstrated increased

protein expression for VDR and E-cadherin.

o siRNA experiments clearly indicated that ZEB1, but not ZEB2, SNAI2 or
TWIST1, represses E-cadherin in melanoma cells. Interestingly, double
knockdown of ZEB1 and ZEB2 showed the highest repressive activity in the

same cells.

o The previous work in melanoma cell lines showed that miR-125b targets VDR.
This was not confirmed in melanoma tissues as miR-125b expression was
significantly reduced in primary and metastatic melanoma tissues compared to

the naevi.

o Transient depletion of ZEB1 significantly reduced cell motility in A375M cells.
In contrast, ZEB2 siRNA-mediated inhibition significantly augmented the
migratory ability of A375P cells. Double knockdown of ZEB1 and ZEB2

significantly impaired cell motility in A375M melanoma cells.
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5 Distribution of MR-EMT in melanoma tissues and mouse
melanoma model

5.1 Introduction

The EMT repressor proteins are required to complete gastrulation and the migration of
the neural crest cells during embryonic development. In these tightly regulated
processes, different EMT transcription factors, including genes of the SNAI, TWIST and
ZEB superfamilies, repress E-cadherin expression, causing epithelial cells and
melanoblasts to acquire a fibroblastic phenotype. Notably, the same EMT regulators are
found to be reactivated in different types of highly-aggressive tumours. However, the
published data on a role of EMT transcription factors in melanocytic lesions is
incomplete and comes mostly from cell line and animal model studies. As yet, while
SNAI1 was found to be expressed only in a small number of melanoma tissue samples
(4%) (Mikesh et al., 2010), immunohistochemical distribution of other MR-EMT was
either assessed in a limited number of cases (TWIST1) (Ansieau et al., 2008) or not
studied at all (ZEB1 and ZEB2). In this respect, in vivo analysis of a subset of EMT
repressors will give a greater understanding to their potential role in melanoma

progression.
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5.2 Aims and Objectives

The aim of this chapter was to investigate the clinical significance of MR-EMT

expression in melanoma tissues, in particular ZEB1, ZEB2, SNAI2 and TWISTL1.

The specific objectives were as follows:

To evaluate the specificity of antibodies raised against ZEB1, ZEB2, TWIST],
SNAIL and SNAI2 by using control paraffin-embedded cell lines and tumour

samples.

To identify the expression pattern of ZEB1 and ZEB2 in a mouse BRAFY®"%

melanoma model.

To assess the IHC-P staining pattern of ZEB1, ZEB2, SNAI2 and TWIST1 with
melanoma progression, by comparing benign naevi with primary melanomas and

lymph node metastases using independent and matched tumour samples.

To evaluate the clinical significance of IHC-P staining for ZEB1, ZEB2 and
TWIST1 using tissue from a selected cohort of melanoma patients augmented
with extra cases showing lymph node metastases. The association of

clinicopathological variables was tested using univariate and multivariate models.
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5.3 Results

5.3.1 Patient demographics and melanocytic tissues

A total of one hundred forty two MM cases, including thirty one with both primary and
metastatic tissue, and twenty one compound naevi, were examined for ZEB1 and ZEB2
immunoreactivity. A total of one hundred and thirty three cases melanoma samples
were stained for TWIST1, comprising nineteen CAN, forty nine unpaired non
metastatic primary MMs and forty five metastatic primary MMs, of which thirty one
were pairs of primary tumours with their matching lymph node metastases. A small
cohort of thirty eight cases was analysed for SNAI2 expression by
immunohistochemistry, including four intradermal common acquired melanocytic
naevi, six unpaired primary melanomas with and without metastases (three each) and
fourteen matched pairs. To evaluate SNAIL protein expression in naevi versus primary
melanomas and nodal metastases, expression of SNAI1 was compared in three
compound naevi, twelve primary MMs and eleven distant metastases in lymph nodes.
For these tumours six cases were matched pairs of primary MMs and their
corresponding metastases. In addition, a small number of patient biopsies were
immunostained for VDR and E-cadherin (refer to sections 4.3.1 and 4.3.3). Finally,

patient demographics for all cases with 5-year follow-up (n=98) data is shown in

151



Table 5.1 - Clinicopathological characteristics in a subset of MM patients

Variable Evaluation n=98
<60 46
Age (years) > 60 52
Female 57
Gender Male 41
<1.5mm 29
Breslow >1.5mm<4.0 mm 43
> 4.0 mm 26
Ulceration No ulcergtlon 59
ulceration 39
1 24
2 14
Stage 3 35
4 25
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5.3.2 MR-EMT immunoreactivity control examples

To confirm specificity and functionality of both ZEB1 and TWIST1 antibodies
formalin-fixed, paraffin-embedded cytoblock preparations of the urinary bladder
carcinoma cell line RT-112 and osteosarcoma HOS cells were prepared and served as
external negative and positive controls respectively (Figures 5.1 and 5.2-A-i/ii). For the
analysis of ZEB1 staining in melanoma samples, blood and lymphatic vessels were
served as endogenous positive controls (Figure 5.1-B). Consistent with published data,
dermal fibroblasts were reactive for TWIST1 and used as an internal positive control
(Figure 5.6-A/B) (Ansieau et al., 2008). A431 cells expressing myc-tagged ZEB2 in
DOX-regulated manner (Mejlvang et al., 2007) and intercellular staining of normal
melanocytes were served as an external and internal positive control for ZEB2
respectively (Figures 5.1-C-ii, 5.5-D and 5.9-A-ii/C). Inflammatory cells were served as
an internal negative control for both ZEB1 and ZEB2 immunostaining (Figures 5.13-B
and 5.19). HEK-293 cells expressing Snail under the control of the tetracycline-
inducible system was used as a positive control for SNAIL expression (Figure 5.3-A-ii)
(Grotegut et al., 2006). For SNAI2, melanoma cells IPC-298 and SK-MEL-2 were
employed as external negative and positive control cell lines with every run of
immunohistochemistry, respectively (Figure 5.2-B). RPMI-7951 cells were acted as
external positive and negative control cell lines for VDR and E-cadherin expression,
respectively (Figure 5.3-B-i/C-ii). A nodal melanoma metastasis specimen was used as
a negative control tissue for VDR protein expression (Figure 5.3-C-i), while sections of
archival invasive ductal breast carcinoma were served as positive control tissue for
E-cadherin protein immunoreactivity (Figure 5.3-B-ii). The specificity of EMT
modulators antibodies was additionally confirmed by immunoblotting (Figures 5.1-D,

5.2-C and 5.3-D).
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Figure 5.1 - Immunohistochemical and western blot analyses of ZEB1 and ZEB2 expression in control
cell lines. (A) Low power view (x20) of paraffin-embedded (i) RT-112 and (ii) HOS cells exhibiting
negative and nuclear positive staining for ZEB1 respectively. (B) (i) The endothelium of peritumoural blood
vessels / fibroblasts and (ii) lymphatic vessels in melanocytic lesions served as internal positive controls for
ZEB1 staining. (C) (i) Low power view (x20) of A431 cells showed negative immunoreactivity for ZEB2.
(C) (i) A431 / ZEB2 | DOX+ induced cells demonstrated strong nuclear positive staining for ZEB2.
(D) The specificity of (i) ZEB1 and (ii) ZEB2 antibodies was also confirmed by immunoblotting.
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Figure 5.2 - Immunohistochemical and western blot analyses of TWIST1 and SNAI2 expression in
control cell lines. (A) Low power view (x20) of paraffin-embedded (i) RT-112 and (ii) HOS cells showed
negative and nuclear positive staining for TWIST1 respectively. (B) Low power view (x20) of (i) IPC-298 and
(ii) SK-MEL-2 melanoma cells exhibiting negative and nuclear positive staining for SNAI2 respectively. (C)
The specificity of (i) TWIST1 and (ii) SNAI2 antibodies was also confirmed by western blotting.
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Figure 5.3 - Immunohistochemical and western blot analyses of SNAIL, E-cadherin and VDR expression
in control cell lines and tissues. (A) Low power view (x20) of paraffin-embedded (i) HEK-293 and
(if) HEK-293 / SNAI1 / DOX induced cells exhibited a negative and nuclear positive immunoreactivity for
SNAIL respectively. (B) (i) Low power magnification (x20) showed no E-cadherin immunoreactivity for
RPMI-7951 melanoma cells. (B) (ii) Sections of invasive ductal breast carcinoma tissue showed strong cell
membrane staining and were used as a positive control for E-cadherin. (C) (i) Sections of nodal melanoma
metastasis tissue (intratumoural area) were used as a negative control for VDR immunoreactivity.
(C) (ii) Paraffin-embedded RPMI-7951 melanoma cells showed positive reactivity for VDR. (D) The specificity
of SNAI1 antibody was also confirmed by western blotting.
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5.3.3 Immunohistochemical evaluation examples

Expression of ZEB1, ZEB2 and TWIST1 was evaluated via a quantitative method

based on the H-score by lightmicroscopy (section 2.2.4.7), and representative examples

are presented in Figures 5.4-5.6. To determine the reliability of the staining an inter-

observer agreement (Dr. JH Pringle and Mr. E Papadogeorgakis) was measured using

twenty randomly selected cases and an intra-class correlation coefficient (ICC)

indicated high agreement (ICC = 0.92).
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Figure 5.4 - Staining intensity examples for ZEB1. (A) Low power view (x20) of a paraffin-embedded
melanoma sample showing no ZEB1 immunoreactivity (0). Stromal cells with fibroblastic morphology
were strongly positive for ZEB1 (3+) (arrows). (B) Representative primary melanoma section exhibiting
weak (1+) nuclear staining for ZEB1. (C) Primary MM demonstrating a heterogeneous ZEB1 staining from
0 to 2+ (arrows). (D) A paraffin-embedded metastatic melanoma (lymph node, peripheral area) specimen

showing strong (3+) ZEB1 immunoreactivity.
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Figure 5.5 - Staining intensity examples for ZEB2. (A) Low power view (x20) of a paraffin-embedded
nodal metastasis sample showing no ZEB2 immunoreactivity (0). (B) Representative primary melanoma
section exhibiting weak (1+) nuclear staining for ZEB2. (C) Primary MM demonstrating a heterogeneous
ZEB?2 staining from 2+ to 3+ (arrows). (D) A paraffin-embedded primary melanoma specimen showing strong
(3+) ZEB2 immunoreactivity. Normal melanocytes in the epidermis were positive for ZEB2 (arrows).
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Figure 5.6 - Staining intensity examples for TWISTL1. (A) Low power view (x20) of a common acquired
naevus exhibiting absent nuclear TWIST1 immunosignals in normal skin and benign intradermal melanocytic
nevi. (B) Negative TWISTL1 staining is more evident on higher power magnification (x40) of A (rectangle),
showing negative nuclear staining of intradermal nests / basal keratinocytes and positivity of stromal cells
(dark brown stained cells). Normal melanocytes in the epidermis showed no immunoreactivity for TWIST1
(arrows). (C-D) High power views (x40) of paraffin-embedded nodal metastasis specimens reveal
heterogeneous TWIST1 staining (0 to 3+).
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5.3.4 Expression of ZEB1 and ZEB2 in a mouse BRAF"*°F melanoma model

To assess the importance of ZEB1 and ZEB2 in vivo, IHC-P analysis was performed in
a model of malignant melanoma based on the conditional expression of the knock-in

FV60%E resylted in

BRAFY®E mutant allele in mouse melanocytes. Expression of BRA
different melanocyte-derived lesions including classic and blue naevi in all animals and
melanoma in 70% of one-year old mice. No metastases were observed in this model,
although, when melanoma cells were cultured and injected into the tail veins of nude
mice, colonization in lungs was detected (Andersen et al., 2002). Herein, high ZEB1
and ZEB2 immunoreactivity was detected in 30-50% of tumour cells in mouse

melanoma samples (n=4) (Figure 5.7-B-D). No immunoreactivity was seen in normal

mouse skin sections (n=2) (Figure 5.7-A).
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Figure 5.7 - Immunohistochemical analysis of the expression of ZEB1 and ZEB2 in the mouse
BRAF %€ model of malignant melanoma. ZEB1 and ZEB?2 staining is shown in panels A-D (i)
and A-D (ii) respectively. Low power view (x20) of serial sections of normal mouse skin revealed
no immunoreactivity for ZEB1 (A-i) and ZEB2 (A-ii) antibodies. (B-D) In mouse melanoma
sections, ZEB1 and ZEB2 are expressed in the majority of tumour cells and in likely overlapping
cell populations.
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5.3.5 Expression of MR-EMT proteins in benign and MM tumours

5.3.5.1 MR-EMT immunostaining patterns

Immunohistochemical staining of MR-EMT in benign and MM samples displayed an
exclusive nuclear reactivity. The strongest immunoreactivity for ZEB1 and TWIST1
antibodies was detected in lymph node metastases. TWIST1 staining demonstrated a
clonal distribution with distinct areas of the tumour revealing a heterogeneous staining
pattern. Examples of metastatic tumour heterogeneity are shown in Figures 5.6-C/D and
5.13-D. In most of ZEB1-positive cases the staining was confined in small areas of deep
primary MMs and nodal metastases (Figures 5.13-B and 5.15-A-ii). In melanocytic
naevi SNAI2 and ZEB2 immunoreactivity showed a distinct gradient of staining with
stronger staining at superficial sites compared to the deeper sites of the lesions (Figures
5.11 and 5.12). The staining pattern of MR-EMT in melanocytic naevi and epidermal
melanocytes is shown in Figures 5.8-5.10. Stratification of ZEB2 staining in relation to
the depth of the lesion was additionally observed in primary MMs (Figure 5.14-B).
Interestingly, ZEB1 expression in invasive portions of the primary melanomas and
intratumoural lymph nodes was inversely correlated with ZEB2 expression (Figures
5.17-5.19). In accordance with recent results, all analysed melanoma cases (n=26) were

SNAI1-negative (results not shown) (Mikesh et al., 2010).
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5.3.5.2 Expression of EMT modulators during melanoma progression

To further characterise the expression of MR-EMT in melanoma clinical samples,
comparison of tumour lesions at different stages of progression was performed. The
staining for ZEB1, ZEB2 and TWIST1 was measured at superficial and deep sites for

each melanocytic lesion (Figures 5.20-5.23).

53521 ZEB1

Stromal cells in the naevi and basal keratinocytes in the normal epidermis showed no
ZEB1 immunoreactivity. Interestingly, the majority of stromal cells in primary
melanomas and lymph node metastases were ZEB1 immunopositive (Figures 5.4-A and
5.13-A/B). In naevi cells ZEB1 staining was generally absent, with only two naevi
exhibiting a weak immunoreactivity in a small number of tumour cells at intradermal
nests (Figure 5.8-A-C-i and Appendix V-a). In addition, the median ZEB1 H-Score was
0 in both superficial and deep sites of the naevi (P>0.05, Wilcoxon signed rank test,

Figure 5.12).

Increased expression of ZEB1 protein was observed in independent and matched lymph
node metastases compared to primary MMs (Figures 5.13-A/B and 5.15-A). In addition,
ZEB1 expression was significantly increased in most deep sites of independent
metastatic primary melanomas and peripheral / intratumoural components of lymph
nodes compared to naevi (P=0.001 and P=0.003 / P=0.014, respectively, Dunn’s post-
Kruskal-Wallis test) (Figure 5.20-A/B). Independent primary MMs showed similar
levels of ZEB1 staining at both superficial and deep sites, irrespectively to their
metastatic potential (median H-Score <4.0, Figure 5.20-C-i). Based on the Jonckheere-
Terpstra trend analysis ZEB1 expression was significantly correlated with tumour

progression at both superficial and deep sites (P<0.0001 in both) of independent benign
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and malignant melanoma cases (Figure 5.20-C-ii). In cases of primary MMs with
matched metastases an increasing trend of staining was observed from superficial to
deep sites in the primary tumour and intratumoural areas of the metastases (P<0.01,

Page’s L Trend, Figure 5.23-A, E).

53522 ZEB2

Histological examination revealed strong positive nuclear ZEB2 staining in all
melanocytic naevi cases (Appendix V-b). The median H-score for ZEB2 in deep sites
(111.0) was lower compared to superficial sites (160.0) (P<0.0001, Wilcoxon signed
rank test, Figure 5.12). Normal melanocytes residing in the basal layer of the epidermis
revealed strong nuclear immunoreactivity for ZEB2. In contrast, stromal cells and basal
keratinocytes showed negative and occasional nuclear ZEB2 immunostaining

respectively (Figures 5.8-A-C-ii and 5.9-A-ii/C).

Increased expression of ZEB2 protein was observed in independent and matched
primary melanomas compared to lymph node metastases (Figures 5.14 and 5.15-B).
Statistical analysis demonstrated that ZEB2 protein was significantly downregulated in
both peripheral and intratumoural sites of independent lymph nodes compared to
melanocytic naevi (P<0.0001 in both, Dunn’s post-Kruskal-Wallis test) (Figure 5.21-
A/B). Furthermore, deep metastatic and non-metastatic primary MMs showed levels of
ZEB?2 that were similar to peripheral sites in lymph nodes (median H-Score=45.0, 47.5
and 28.5 respectively, Figure 5.21-C-i) and then further reduced in the central
component of the lymph nodes (median H-Score=5.0). It has also been demonstrated a
comparable ZEB?2 reactivity in superficial areas of primary melanomas with or without
metastases (median H-Score=135.0 and 121.5 respectively, Figure 5.21-A/B/C-i).

Melanoma tumour cells showed significant different levels of ZEB2 between the

164



superficial and deep dermal components of metastatic and non-metastatic primary MMs
(P<0.01 and P<0.05 respectively, Dunn’s post-Kruskal-Wallis test, Figure 5.21-C-i and
Appendix V-b). Based on the Jonckheere-Terpstra trend analysis, ZEB2 expression was
significantly correlated with tumour progression at both superficial and deep sites

(P=0.04 and P<0.0001 respectively) of independent melanoma cases (Figure 5.21-C-ii).

In cases of primary MMs with matched metastases, ZEB2 expression was significantly
decreased in deep sites of primary MMs and both peripheral and intratumoural areas of
the nodal metastases compared with superficial sites in primary MMs (P<0.001;
P<0.05; P<0.001 respectively, Dunn’s multiple comparison-Friedman test, Figure 5.23-
B). In addition, a decreasing trend of positive ZEB2 staining was observed from
superficial sites to deep sites in the primary tumour and intratumoural sites of the

metastases (P<0.01, Page’s L Trend, Figure 5.23-E).

53523 TWIST1

TWIST1 nuclear staining for benign naevi was negative in basilar keratinocytes and
normal melanocytes in the epidermis. Most melanocytic naevi showed negative
immunoreactivity, with three cases demonstrating positive staining at deep sites
(Figures 5.8-A/C-iii and Figure 5.9-D, Appendix V-c). In contrast, dermal fibroblasts
displayed strong positivity (Figures 5.6-A and 5.8-A/C-iii). Increased expression of
nuclear TWIST1 immunoreactivity was observed in independent and matched lymph

node metastases compared to primary MMs (Figures 5.13-C/D and 5.15-C).

Upon acquiring features of invasion, expression of TWIST1 was significantly
augmented at superficial sites of independent malignant melanomas, with or without
metastasis, and peripheral components of lymph nodes compared to naevi (P=0.014,

Jonckheere-Terpstra Trend) (Figure 5.22-A/C). In paired cases, the percentage of
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TWIST1-positive cells and the intensity of immunoreactivity were found to be
increased in the periphery of nodal metastases compared to primary melanomas
(Figure 5.23-C). However, no statistically significant trend was established (P>0.05,
Page’s L Trend, Figure 5.23-E). Of note, no staining differences were observed between
superficial and deep components of naevi, primary MMs and nodal metastases in both
independent and matched melanoma cases (Figures 5.21-C-i and 5.23-E,
Appendix V-c). Finally, H-scores for TWIST1 staining at deep sites of matched primary

MMs were correlated with ZEB1 scores (r?=0.295, P=0.005, Spearman’s rho).

5.3.5.24 SNAI2

Histological examination of cases with common acquired melanocytic intradermal
naevi (n=4) revealed positive nuclear SNAI2 staining in intradermal nests of naevi
cells, basal keratinocytes and occasional staining in normal melanocytes residing in the
basal layer of the epidermis (Figures 5.10 and 5.11). Interestingly, SNAI2 staining in
benign naevi suggested decreased SNAI2 expression with depth (Figure 5.11). Apart
from one non metastatic primary MM displaying weak superficial SNAI2 staining, the
rest of independent primary MMs (n=6), with or without metastases, showed no SNAI2
reactivity at both superficial and deep sites (Appendix V-d). Increased expression of
nuclear SNAI2 immunoreactivity was observed in matched primary MMs compared to
their corresponding lymph node metastases (Figure 5.16). Furthermore, in cases of
primary MMs with matched metastases a decreasing trend of positive staining was
observed from superficial sites to deep sites in the primary tumour and intratumoural
sites of the metastases (P<0.01, Page's L Trend, Figure 5.23-D/E-ii). Finally, H-Scores
for SNAI2 staining at deep sites of matched primary MMs were correlated with ZEB2

scores (r°=0.6744, P=0.006, Spearman’s rho).
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Figure 5.8 - Representative photomicrographs of ZEB1, ZEB2 and TWIST1 expression in common acquired
melanocytic naevi. Low power view (x20) of serial sections of naevi specimens reveals negative protein expression
for ZEB1 (A-C-i) and TWIST1 (A-C-iii) antibodies. Fibroblasts were strongly positive for TWIST1 (dark brown stained
cells). Melanocytic naevi cells exhibited strong nuclear immunoreactivity for ZEB2 (A-C-ii).
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Figure 59 - ZEB1l, ZEB2 and TWIST1 immunoreactivity in epidermal melanocytes.
Immunohistochemical staining of serial sections of common acquired naevi specimens showed negative ZEB1
(A-i-arrows, B) and TWIST1 (D) reactivity of normal melanocytes and intradermal nests of melanocytes
(B, D). In contrast, low power view (x20) revealed positive ZEB2 staining of normal melanocytes (A-ii,
C-arrows) and intradermal melanocytic nests (C, rectangle).
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Figure 5.10 - Representative photomicrographs of SNAI2 expression in common acquired melanocytic
naevi. Low power view (x20) revealed strong nuclear SNAI2 immunoreactivity in intradermal melanocytic
nests (A-C). Cytoplasmic melanin is also present (arrowheads in panel B). (D) A high power view (x40) of
the area outlined by the rectangle in panel C showing SNAI2-positive melanocytes (arrowheads).
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Figure 5.11 - Representative sections of benign naevi showing loss of SNAI2 expression throughout
the depth of the tumour. (A-B) Low power views revealed strong nuclear SNAI2 immunoreactivity in
the normal epidermis, mainly in the basal layer, and decreased or complete loss of staining in the deeper

sites of the tumour. (A) (x20); (B) (x10).
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Figure 5.12 - Box and whisker plot showing nuclear ZEB1 and ZEB2 immunostaining in
melanocytic naevi. ZEB2 expression was weaker at deep dermal components compared to the
superficial sites in the naevi (P<0.0001, Wilcoxon signed rank test). In contrast, ZEB1 immunoreactivity
was almost absent (P>0.05, Wilcoxon signed rank test). Error bars represent the 10th and 90th

percentiles.
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Figure 5.13 - Progression related ZEB1 and TWIST1 expression in independent primary MMs and
lymph node metastases. (A-B) Markedly increased expression of ZEB1 protein was observed in lymph node
metastasis (B) compared to a primary melanoma (A). (C) Immunohistochemistry showing a negative
TWISTL1 expression in the deep site of a primary melanoma. (D) A heterogeneous nuclear TWIST1 reactivity
of tumour cells at intratumoural site in a nodal metastasis. Note that tumour associated stromal cells (arrows
in panels A and C) and inflammatory cells, outlined by the rectangles in panels B and D, served as positive
and negative internal controls respectively. (A-C) (x20); (D) (x40).
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Figure 5.14 - Representative sections of progression related ZEB2 expression in MM.
(A-B) Immunostaining of ZEB2 revealed strong nuclear immunosignals in a melanocytic naevus (A) and
primary melanoma (B), and reduced or complete loss in nodal metastases (C, D). Of note, ZEB2
immunoreactivity was decreased in the deep sites in both naevus and primary melanoma (A, B). All
photomicrographs x20.
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Primary MMs » Paired nodal metastases

Figure 5.15 - Representative serial sections of progression related ZEB1, ZEB2 and TWIST1 expression in a
paired nodal metastasis. (A) Immunostaining of ZEB1 revealed absent immunosignals in a primary melanoma (i),
and increased nuclear reactivity of tumour cells in the matching lymph node metastasis (ii). (B) In contrast, ZEB2
expression showed strong immunoreactivity in the primary melanoma and markedly reduced expression in the
corresponding metastasis (ii, intratumoural area). (C-i/ii) TWIST1 staining pattern was similar to ZEB1. Dermal
fibroblasts were strongly positive for ZEB1 and TWIST1 antibodies (arrowheads in A-ii and C-i respectively). All
photomicrographs x20.
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Figure 5.16 - Representative photomicrographs of SNAI2 expression in a paired nodal metastasis.
(A) SNAI2-expressing cells are evident in malignant cells in the dermis of a primary melanoma (x20).
(B) Low power view (x20) showing complete loss of SNAI2 immunoreactivity in the corresponding lymph
node metastasis.
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Figure 5.17 - ZEB1 and ZEB2 immunohistochemical staining of serial sections of a primary MM.
(A-B) Comparing expression of ZEB1 between the deep and superficial sites, there was increased expression in
the deep sites of the melanoma. (C-D) In contrast, ZEB2 immunostaining was decreased in the deep site

compared to the superficial tumour area.
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Figure 5.18 - Immunostaining for ZEB1 and ZEB2 in serial sections of a nodal metastasis
(1% example). (A-i) Low power magnification (x20) in the periphery of the lymph node showed absent
ZEB1 immunoreactivity. (B-i) Same tumour area demonstrated strong nuclear ZEB2 reactivity.
(C-D) Inversely, immunostaining of ZEB1 revealed strong nuclear immunosignals (C-i) and complete
loss of ZEB2 expression (D-i), in the same intratumoural part of the lymph node. (A-D-ii) High power

views of the areas outlined by the rectangles in panels A-D (i).
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Periphery > Intratumoural

Figure 5.19 - Immunoreactivity for ZEB1 and ZEB2 in serial sections of a lymph node metastasis
(2™ example). (A) Low power view (x20) in the periphery of the lymph node showed absent ZEB1
immunoreactivity. (C) Same tumour area demonstrated strong nuclear ZEB2 reactivity. (B, D) In contrast,
immunostaining of ZEB1 revealed nuclear staining (B) and complete loss of ZEB2 expression (D) in the same
intratumoural part of the lymph node. Lymphocytes are negative for both ZEB proteins (rectangles in panels C and
D).
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Figure 5.20 - Box and whisker plots of ZEB1 IHC staining (H-Score) for a melanoma independent
progression series including naevi, primary melanoma and metastasis. Staining was measured at
superficial and deep sites for each melanocytic lesion. (A-B) Expression of ZEB1 was significantly
increased with melanoma progression at both superficial (A-i) and deeper lesions (B-i) (P=0.002,
Kruskal-Wallis). Higher levels of staining were found at deeper tumour sites. (A-B-ii) Schematic
representations of pairwise comparisons in which each node represents the sample average rank of
tumour type. Yellow lines correspond to a significant difference in staining between tumour types. Error
bars represent the 10th and 90th percentiles. (C) (i) Medians and P values between superficial and deep
IHC staining (Kruskal-Wallis). (ii) Jonckheere-Terpstra trend analysis showed a significant association of
ZEB1 expression with tumour progression.
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Figure 5.21 - Box and whisker plots of ZEB2 IHC staining (H-Score) for a melanoma independent
progression series including naevi, primary melanoma and metastasis. (A-B) Expression of ZEB2
was significantly decreased with melanoma progression at both superficial (A-i) and deeper lesions (B-i)
(P<0.0001, Kruskal-Wallis). Lower levels of staining were found at deeper tumour sites. (A-B-ii)
Schematic representations of pairwise comparisons in which each node represents the sample average
rank of tumour type. Yellow lines correspond to a significant difference in staining between tumour
types. Error bars represent the 10th and 90th percentiles. (C) (i) Medians and P values between
superficial and deep IHC staining (Kruskal-Wallis). (ii) Jonckheere-Terpstra trend analysis showed a
significant association of ZEB2 expression with tumour progression.
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Figure 5.22 - Box and whisker plots of TWIST1 IHC staining (H-Score) for a melanoma
independent progression series including naevi, primary melanoma and metastasis. Staining was
measured at superficial and deep sites for each melanocytic lesion. (A-B) Expression of TWIST1 was
significantly increased with melanoma progression at both superficial (A-i) and deeper lesions (B)
(P=0.007 and P=0.034, respectively-Kruskal-Wallis). (A-ii) A schematic representation of pairwise
comparisons, in which each node represents the sample average rank of tumour type. Yellow lines
correspond to a significant difference in staining between tumour types. Multiple comparisons were not
performed for TWIST1 (deep site) because the overall test did not show significant differences across
samples. Error bars represent the 10th and 90th percentiles. (C) (i) Medians and P values between
superficial and deep IHC staining (Kruskal-Wallis). (ii) Jonckheere-Terpstra trend analysis showed a
non significant association of TWIST1 expression with tumour progression.
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Figure 5.23 - MR-EMT expression in paired melanoma samples. (A) Expression of ZEB1 was
significantly increased in paired cases (P<0.0001, Friedman test). (B, D) Expression of ZEB2 and SNAI2
was significantly downregulated in paired cases (P<0.0001 in both, Friedman test). (C) TWIST1
upregulation was not statistically significant (P=0.6291, Friedman test). Error bars represent the 10th and
90th percentiles. (E) (i) Medians and P values between superficial and deep IHC-P staining (Friedman test).
(i) A decreasing trend of positive staining was observed from superficial sites to deep sites in the primary
tumour and intratumoural sites of the metastases for both ZEB2 and SNAI2. ZEB1 and TWIST1 staining
showed an increasing trend, but only ZEB1 was significant. ZEB1, ZEB2 and TWIST1 n=31; SNAI2 n=14.
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5.3.6 Correlation of MR-EMT expression with clinical parameters

Previous results (section 5.3.5.2) showed a trend of transition from
ZEB2""/SNAI""/ZEB1" "/ TWIST1"Y towards a ZEB2"""ISNAI2""/
ZEB1""/TWIST1"" expression pattern. This transition was evident at deeper sites of
the lesions and correlated with the level of malignancy. These findings prompted
further to perform survival analyses for all primary melanomas with 5-years follow-up
data (n=98). Kaplan Meier survival curves for the expression of different MR-EMT
modulators (ZEB1, ZEB2 and TWIST1) and Breslow depth are shown in Figure 5.24.
Significant shorter metastasis-free survival were observed for Breslow depth (<1.5mm,
<4.0mm, >4.0mm P<0.0001, log-rank test), ZEB1-positive (P<0.01) and ZEB2 low
(H-Score <50, P<0.05) at deep sites and TWISTL1 high (H-Score >40, P=0.001) at
superficial sites (Figure 5.24-A-D). Two step cluster analysis using H-Scores of these
MR-EMT identified three distinct natural groups of expression with significant
differences in clinical outcome. High ZEB1, low ZEB2 and high TWIST1 had the
worse prognosis, whereas those with low ZEB1, high ZEB2 and low TWIST1 had the
best disease-free survival rate. The third subgroup of patients with low H-Score staining
for these MR-EMT showed an intermediate survival rate (P=0.001, log-rank test)
(Figure 5.24-E). In univariate analysis, both superficial and deep staining of ZEB1,
deep staining of ZEB2 and superficial staining of TWISTL1 are significant with Breslow
depth (Table 5.2). In a multivariate analysis, both superficial and deep staining of ZEB1
and superficial TWIST1 combined with Breslow thickness, were all significant
independent predictors of time to metastasis (Table 5.2). Loss of ZEB2 staining at deep
sites decreased metastasis-free survival but not independent of tumour depth

(Table 5.2).
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Figure 5.24 - Kaplan Meier survival curves comparing disease free survival in patients with
primary cutaneous MM with or without metastases. (A) Breslow depth, (B) ZEB1 deep H-Score
(positive >1), (C) ZEB2 deep H-Score (cut-off >50 for high H-Score), (D) TWIST1 superficial H-Score
(cut-off >40 for high H-Score), (E) Two step cluster analysis survival curve, (F) Mean disease-free

survival and SEM values for survival curves.
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Table 5.2. Univariate and multivariate Cox proportional hazard analysis for clinical prognostic factors, age, gender, tumour Breslow depth, ulceration, stage
and MR-EMT expression (H-Score).

Univariate Cox Proportional hazard analysis

Metastasis free survival

Multivariate Cox Proportional hazard analysis

Metastasis free survival

. . . HR HR

Variable Evaluation N (95% confidence interval) P value (95% confidence interval) P value
Age <60 46 1 1

> 60 52 1.643 0.909-2.969 0.01 0.781 0.404-1.513 0.464
Gender Female 57 1 1

Male 41 1.995 1.119-3.555 0.02 1.760 0.933-3.320 0.081
Breslow <15mm 29 1 1

>1.5mm <4.0mm 43 2.674 1.159-6.17 0.021 3.088 1.179-8.088 0.0220

> 4.0mm 26 5.104 2.141-12.17 <0.001 5.352 1.893-15.12 0.002
Ulceration No ulceration 59 1 1

ulceration 39 1.808 1.008-3.242 0.049 1.178 0.585-2.374 0.646
Stage 1 24 1

2 14 2.976 1.774-11.449 0.113

3 35 6.222 2.061-8.784 0.001 N/T

4 25 10.380 3.342-32.241 <0.001
ZEB1 Superficial H-Score 98 1.0209 1.009-1.033 <0.001 1.0222 1.009-1.035 <0.001
ZEB1 Deep H-Score 98 1.0147 1.006-1.023 <0.001 1.0125 1.004-1.021 0.002
ZEB?2 Superficial H-Score 98 0.999 0.996-1.003 0.811 1.0022 0.997-1.007 0.357
ZEB2 Deep H-Score 98 0.993 0.988-0.998 0.017 0.998 0.992-1.004 0.443
TWIST1 Superficial H-Score 92 1.014 0.999-1.029 0.064 1.0204 1.004-1.036 0.012
TWIST1 Deep H-Score 92 1.003 0.989-1.0173 0.664 1.0094 0.995-1.024 0.195

“Cases were excluded where time-to-event was zero (i.e. 4 cases where metastasis was the outcome); N/T not tested
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5.4 Discussion

5.4.1 A subset of MR-EMT has distinct protein expression patterns in melanocytic

lesions

To date most expression studies of MR-EMT genes in different cancer types have used
RT-PCR or RNA microarrays in cell lines. Where MR-EMT mRNAs are expressed, the
cells invariably have a mesenchymal phenotype and the mRNA expression levels do not
necessarily always reflect protein levels. In addition, it is important to take into
consideration that extraction of total mMRNA from human tissues includes a population
of contaminating cells, such as fibroblasts. Recently, it has also been demonstrated that
post-transcriptional mechanisms are key players in the regulation of ZEB1 and ZEB2
abundance (Gregory et al., 2008, Park et al., 2008c). Therefore, RT-PCR analyses from

various reports need to be interpreted with caution.

In this chapter, the expression of MR-EMT was evaluated in benign naevi and
melanoma tissues by immunohistochemistry to provide a more accurate identification
of cellular expression of these transcription factors. In addition, to ensure specificity of
staining validated commercial or donated antibodies were further evaluated to confirm
the specificity of MR-EMT by immunopositivity in nuclei of control cells. Compared to
other studies, in this study the immunohistochemical analysis of melanoma biopsies has
also benefited from having a proportion of primary melanomas with their corresponding

lymph node metastases.
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5411 ZEB1

Immunohistochemical analysis of ZEB1 in various epithelial tumours supports the
hypothesis that ZEB1 contributes to the development and progression of malignancies
(reviewed in Sanchez-Tillo et al., 2011, Vandewalle et al., 2009). Elevated ZEB1
expression at the invasive front of different primary human carcinomas, including,
breast, colon, prostate, ovarian, endometrium and ovarian, translates into increased
aggressiveness and higher metastatic potential (Graham et al., 2010, Spaderna et al.,
2008). In most of these studies de-differentiated tumour cells at the tumour-host
interface exhibited primarily cytoplasmic ZEB1 staining. In contrast, tumour-associated

stromal cells displayed an exclusive nuclear reactivity.

Herein, ZEB1 expression was absent in benign melanocytic naevi and normal
melanocytes, but significantly increased with progressive tumour de-differentiation. In
contrast to previous reports, ZEB1 showed a nucleus-restricted immunoreactivity in
both tumour and reactive stromal cells. Interestingly, highest expression of ZEB1 was
observed in deep sites of metastatic primary MMs and intratumoural areas of lymph
node metastases, suggesting a potential role of ZEB1 in the invasion and dissemination
of tumour cells to metastatic sites via EMT. In addition, ZEB1 transient activation
seems to occur in a subset of cells which are confined to restricted areas at deep and
intratumoural components of metastatic primary melanomas and nodal metastases
respectively. It would be of great interest to investigate whether ZEB1
immunopositivity in these specific tumour regions is associated with vascular invasion
that predominantly occurs via lymphatic vessels (Storr et al., 2012). As previously
studies have shown, it was not possible to accurately assess ZEBL1 staining in relation to
lymphatic invasion using double immunolabelling (Massi et al., 2006, Niakosari et al.,

2008). Lymphatic vessels were predominantly identified by the specific endothelial
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marker D2-40 in the superficial / peripheral components of primary melanomas and
nodal metastases which showed fewer or none ZEB1 positive cells compared to

melanoma cells at deeper sites.

Noteworthy, the molecular cues that induce ZEB1 expression are still elusive. One
attractive hypothesis is that dermal fibroblasts, which are detected at the tumour-host
interface and previously shown to produce TGF-f and tumour necrosis factor-o
(TNF-0) may induce ZEBI1 expression (Chua et al., 2007, Nishimura et al., 2006).
Melanoma-associated stromal cells were also ZEB1-positive in metastatic melanomas.
Increasing evidence suggests that ongoing alterations of tumour microenvironment
exert major effects on neoplastic cells, and that the tumour-associated stromal cells
make an important contribution to the process of malignant transformation and / or

progression (Orimo et al., 2005).

5412 ZEB2

Immunohistochemical data on the expression of ZEB2 in human tumour biopsy
samples is limited. Few studies demonstrated that ZEB2 protein can activate tumour
cell invasiveness (Alves et al., 2007, Rosivatz et al., 2002). A recent study by Oztas
et al reported a differential expression of ZEB2 in a series of human carcinomas via
tissue microarrays (Oztas et al., 2010). Whilst ZEB2 was found to be downregulated in
cancers from stomach, liver, rectum, esophagus and colon tissues, it was overexpressed
in tumours of the uterus, breast, lung and kidney compared with their normal tissues.
The authors also found cytoplasmic ZEB2 staining in most of the analysed tissues.
Cytoplasmic localisation of ZEB2 has also been observed in ovarian and bladder
tumours (Sayan et al., 2009, Yoshida et al., 2009). Since ZEB2 is only known as
transcriptional factor, its cytoplasmic expression indicates implication of as yet

unknown regulatory mechanisms that prevent translocation of ZEB2 into the nucleus.
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In the present study all benign and MM samples displayed an exclusive nuclear
expression of ZEB2, where it can exert its gene repressive function. In addition, despite
the presence of ZEB2 in cultured melanoma cells and its biological ability to protect
neoplastic cells from DNA damage-induced apoptosis (Sayan et al., 2009) the
assumption that ZEB2 may function as an oncogenic marker in melanoma progression

was contradicted by the IHC data.

The current immunohistochemical analysis revealed a heterogeneous loss of ZEB2,
with preferential loss of staining at deep / intratumoural sites of benign, malignant
tissues and nodal metastases, and a significant trend of decreasing expression from
naevi to melanoma. In fact, ZEB2 was found to exert tumour-suppressive properties by
direct repression of cyclin D1 (Mejlvang et al., 2007) and induction of replicative
senescence (Ozturk et al., 2006). Recently, ZEB2 mRNA was shown to suppress
melanomagenesis by enhancing PTEN expression in a miR-dependent manner (Karreth
et al., 2011). However, in the lymph node metastases, peripheral staining of ZEB2 and
loss at the intratumoural areas may imply that melanoma cells require active ZEB2 to
acquire an epithelial phenotype via MET and establish micro or macro / clinical

metastases.

Taken together these findings suggest that within melanoma progression, ZEB2 may be
something of a paradox, having a protective tumour suppressive role against malignant
transformation in benign and primary melanocytic lesions, but promoting acquisition of

epithelial phenotype through MET in the periphery of lymph nodes.
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5.4.1.3 ZEBI1 and ZEB2 expression patterns in paired samples

The majority of the mRNA and protein expression studies of ZEB1 and ZEB2 in
several cancer types indicated that both are associated with a mesenchymal phenotype
and promote tumour progression and the spread of neoplastic cells to regional lymph

nodes (Gemmill et al., 2011, Kurahara et al., 2012).

Analyses of paired melanoma tissues revealed that the transition from a benign into
malignant melanoma requires an oncogenic switch in MR-EMT network. In this regard,
ZEB1 and ZEB2 demonstrated a unique mutually exclusive pattern during the course of
melanoma progression (Figures 5.15 and 5.17-19). In particular, even if ZEB2 was still
expressed in the majority of nodal metastases its staining was mainly peripheral. The
central part of the node had no or very little ZEB2. Inversely, ZEB1 expression in
metastases was primarily expressed at intratumoural sites and ZEB2-negative areas.
Increased ZEB1 and reduced ZEB2 protein levels were observed in areas of vertical
growth with no or aberrant E-cadherin expression in the invading melanoma cells
(section 4.3.1, Figures 4.1-4.7) indicating that the switch from ZEB2 to ZEB1 might be

associated with acquisition of an invasive phenotype as part of the EMT.

Interestingly, there was a significant inter-tumoural heterogeneity of ZEB1 and ZEB2
proteins in metastases, with a proportion of nodal metastases exhibiting ZEB2
expression only, others a mutually exclusive pattern and a further group maintained
expression of ZEB1 and ZEB2 at both tumour locations. The existence of different

regulatory mechanisms may reflect these differing staining patterns of ZEB proteins.
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54.14 TWIST1

Tissue microarray and immunohistochemical staining analyses showed upregulation of
TWIST1 reactivity in a wide range of human cancers and tumour-derived cell lines
(section 1.4.2.3), and have highlighted its important role in tumour initiation,
progression and metastasis (reviewed in Qin et al., 2012). The association of TWIST1
expression with metastatic melanoma lesions, including nodal and distant metastases,
has been reported in a previous study (Hoek et al., 2004). However, its exclusive
cytoplasmic localisation is likely to be an artefact due to the poor IHC-P specificity of

most commercial antibodies raised against TWISTL.

In melanomas activation of TWIST1 has been suggested to cooperate with mitogenic
oncoproteins and to play an early role in carcinoma initiation and cell dissemination
(Ansieau et al., 2008). The same authors also reported that nuclear TWIST1 staining
was strong in the majority of primary melanomas, whereas no TWIST1-expressing cells
were detected in a small number of benign lesions. However, they have not investigated
TWIST1 in regional or distant metastatic tissue to complete the analysis of the
progression series. This current study has extended the range of human melanoma

specimens, to include metastatic tissue.

Significant differences in TWIST1 staining were found between benign and malignant
melanoma biopsies. In the naevi all tumour cells were negatively stained in contrast to
melanocytic lesions where TWIST1 staining was significantly increased in few deep
MMs and in the majority of peripheral components of nodal metastases. This may
suggest that TWIST1 regulates distinct stages of melanoma progression, such as
invasion deeper into the dermis and re-differentiation and settlement at nodal

metastases. In addition, TWIST1 was highly expressed in stromal cells in most benign
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and malignant melanomas. The nature of these fibroblast-like cells remains unknown
but it has been recently postulated that may represent tumour cells that have undergone

a TWIST1-dependent EMT in vivo (Mink et al., 2010, Rhim et al., 2012).

In the present study it is noteworthy to mention that TWIST1 staining showed a
significant clonal phenotypic heterogeneity in metastases. According to the traditional
model of linear tumour development, the acquisition of metastatic ability is considered
to be the final step in cancer progression. As a result, neoplastic cells found in
metastases are considered as direct descendants of clones present in the bulk of primary
tumour cells. In addition, this model predicts that anatomically distinct metastases,
originated from the same patient, should demonstrate similar clonal relationships
among each other. Liu et al elegantly illustrated this prediction by analysing different
metastatic lesions in prostate tumour patients using high-resolution genome-wide single
nucleotide polymorphism and comparative genomic hybridization arrays (Liu et al.,

2009a).

However, increasing evidence challenges this model of progression indicating that
metastatic tumours have diverged from different clones at earlier stages of tumour
evolution. A recent report demonstrated multiple mutations present only in metastatic
sites compared to primary tumours in lobular breast malignancies (Shah et al., 2009).
Moreover, in esophageal cancers resection of primary lesions did not improve patient
survival, underlying the significance of early metastatic dissemination (Bedenne et al.,
2007). As only a very small proportion of metastatic primary melanomas showed
TWIST1 reactivity, it is plausible that TWIST1-positive clones may derived from
neoplastic cells capable of early spread and initiation of secondary tumours at

metastatic sites. Nevertheless, the co-existence of distinct clones within a metastatic
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tumour not only emphasizes the complex network of interactions between neoplastic
cells but also poses challenges for the development of efficient targeted therapy

approaches.

5.4.1.5 SNAI2

Few studies to date demonstrated that overexpression of SNAI2 in primary human
tumours is associated with tumour grade, distant metastasis and patient poor survival
(Alves et al., 2009). In addition, SNAI2 has been associated with melanoma metastasis
in a mouse model (Gupta et al., 2005). The current immunohistochemical analysis of a
small series of melanoma paired tissues showed a progressive change in SNAI2
expression through the tumour mass with immunopositivity mainly at superficial sites
of melanocytic lesions. Similarly to ZEB2, nuclear localised active SNAI2 was found to
be less in metastasis than in corresponding primary tumours. Consistent with other
studies the immunohistochemical staining of SNAI2 in naevi showed nucleus-restricted
immunoreactivity and was expressed predominately in superficial sites, basal
proliferating keratinocytes and normal melanocytes in the basal layer of the epidermis
(Turner et al., 2006). In contrast, SNAI2 was expressed in all melanoma cultures,
indicating a potential contribution of SNAI2 to BRAF / NRAS-driven melanocyte

transformation (section 3.3.1, Figure, 3.3).

A potential explanation for this apparent discrepancy between in vivo and in vitro data
might be the presence of additional transcriptional factors in human melanoma
specimens that can modulate SNAI2 activity or SNAI2 expression is "exposed” to
different levels of transcriptional regulators. Another putative explanation is that total

protein expression does not necessarily reflect the amount of functional SNAIZ2.
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Based on the current in vivo data and in contrast to in vitro findings seems that SNAI2
is likely to be important in BRAF oncogene-induced cell-cycle arrested melanocytic
naevi conferring resistance to both cell proliferation and acquisition of invasive
phenotype. Therefore and in line with recent studies, that also reported higher
expression of SNAI2 protein in naevi than in primary and metastatic melanomas,
SNAI2 seems to play an essential tumour suppressing role early during melanoma
development (Koefinger et al., 2011, Sanchez-Martin et al., 2002, Shirley et al., 2012).
Shirley et al further demonstrated co-expression of MITF and SNAI2 in melanoma
tumours (Shirley et al., 2012). There are several lines of evidence supporting the link
between MR-EMT and MITF. A study by Liu et al suggested that ZEB1 knockout
downregulates MITF in renal pigment epithelium (Liu et al., 2009b). The neural crest-
specific knockout of ZEB2 reduced MITF-positive cells in mouse embryos (Van de
Putte et al., 2003). In addition, mutations in MITF and homozygous deletion of SNAI2
caused the auditory-pigmentary symptoms in at least some individuals with

Waardenburg syndrome type 2 (Sanchez-Martin et al., 2002).

Comparison of gene expression profiles of tumor cell lines derived from melanocytes,
radial and vertical growth phase melanomas showed loss of differentiation-associated
genes, early during melanoma development (Ryu et al., 2007). A recent work postulated
that MITF is involved in the induction of the tumour suppressor gene CDKN2A and
subsequent cell-cycle arrest (Bloethner et al., 2007). However, the role of MITF is not
limited to melanoma initiation (Garraway et al., 2005) and currently its function is
being intensively discussed in the context of the mechanisms underlying cell plasticity
in MM. According to the "phenotypic™ plasticity model, the highest MITF expression
maintains a differentiated status of cell-cycle arrested melanocytes, while reduction of

MITF expression contributes to the transition from a quiescent to a proliferative stage.
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Further decrease in MITF expression generates invasive and slow-proliferating cells

with tumour-initiating properties (reviewed in Bell and Levy, 2011).

FVGOOE

5.4.2 Expression of ZEB proteins in a mouse BRA model

A powerful approach in investigating the direct pathophysiological role of mutations in
vivo is the generation of mutant mice model systems. The relevance of such systems to
humans is an essential issue in order to assess molecular and histological changes that
take place during melanomagenesis. For that reason, ZEB1 and ZEB2 protein
expression has also been examined by immunohistochemistry in a BRAF*"F - driven

murine melanoma (Dhomen et al., 2009).

The immunostaining of a small number of wild-type mouse skin and melanoma lesions
for ZEB1 and ZEB2 revealed high reactivity only in melanocytic lesions. The normal
melanocytes in murine skin sections did not display any staining for ZEB2, opposing
the findings from human melanocytes residing in the epidermis of normal or lesional
skin (Figures 5.7 and 5.9). These contrasting results elucidate certain limitations of
using murine melanoma models. At the outset, the complexity of experimental tumours
is low in model systems compared with the variability of melanoma biology in humans.
Furthermore, the structure of skin in mice is different to humans as for instance there is
no a junctional component (epidermal / dermal crossover). Finally, in murine
melanomas melanocytes are usually exclusively located in the dermis and do not have
metastatic capabilities. In contrast, histological localisation of human melanocytes is
epidermal. However, it may be argued that according to recent evidence a significant
proportion of mouse melanocytes is located in hair follicles, which is an epidermal

appendage and therefore melanomas could be of epidermal origin (Larue, 2012). Thus,
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the location of melanocytes in the dermis, from which a subset of mouse melanomas
originate, may explain the differential expression of ZEB2 compared to epidermal

human melanocytes.

5.4.3 MR-EMT expression and clinical outcome

The association of ZEB1, ZEB2 and TWIST1 expression of the primary tumour and
metastasis with highly specific antibodies has not been previously investigated in MM.
At later stages of melanoma development, ZEB1 high expression and ZEB2 loss at deep
sites and TWIST1 high expression at superficial sites of primary MMs were
significantly associated with adverse prognosis, predicting shortened tumour-specific
survival in melanoma patients. This is compatible with progressive gain of
ZEB1/TWIST1 and decrease of ZEB2 predisposing to dermal invasion leading to
thicker and more aggressive tumours. This finding is in agreement with the data
reported by previous studies showing that increased expression of ZEB1 and TWIST1
is a significant predictor of poor patient survival (Hoek et al., 2004, Kyo et al., 20086,
Spaderna et al., 2006, Spoelstra et al., 2006). Although, in the majority of IHC-P studies
increased ZEB2 expression contributes to poor patient survival, a recent study by Oztas
et al demonstrated that ZEB2 expression was reduced in a subset of carcinomas (Oztas
et al., 2010), section 5.4.1.2). Even if this observation coincides with the findings from
this work, the authors did not investigate associations between ZEB2 and clinical

parameters.
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In the present study, Breslow thickness was the single most important histological
prognostic factor of metastasis-free survival. Multivariate analysis using the Cox model
demonstrated that metastasis-free survival was significantly correlated with high ZEB1
expression at both superficial and deep sites and TWIST1 at the superficial sites
independently of Breslow thickness. In contrast, the occurrence of metastasis was
inversely related to downregulation of the ZEB2 at the deep primary sites but not
independently of Breslow depth. As a result, any influence of ZEB2 at this site on
metastasis, would be secondary to an effect on tumour thickness. This may indicate that
during early development of the tumour, when malignant cells are invading the dermis,
tumours composed of malignant cells with lower levels of ZEB2 are more likely to
invade deeper into the dermis. Together, these data suggests that a switch from ZEB2 to
ZEB1/TWIST1 expression is a risk factor for outcome in MM when controlling for

other clinicopathological variables.

The association of MR-EMT (ZEB1, ZEB2 and TWIST1) expression of the primary
tumour and metastasis has not been reported previously in systemic cancers. Herein,
clustering of primary melanomas on the basis of immunohistochemical H-Score
analysis revealed that patients with ZEB1MIdeeP Ty |gTMohsuperficial o zEgplowdeer
had the lowest metastasis-free survival. This novel finding suggests that differential
expression of these factors at distinct sites (superficial or deep) could predict clinical

outcome in melanoma patients.
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5.4.4

Conclusions

The expression of ZEB1, ZEB2, SNAIL1, SNAI2 and TWIST1 showed an
exclusive nuclear immunoreactivity in melanoma tissues and specificity was

confirmed using suitable controls.

V600E
F

In a murine BRA model ZEB1 and ZEB2 proteins were only detected in

malignant tumours but not in the normal skin.

IHC-P showed that differentiated epidermal human melanocytes were positive

for ZEB2 and SNAI2 but negative for ZEB1 and TWISTL1.

The protein expression levels of ZEB2 and SNAI2 were reduced in deep naevi /
primary melanomas and intratumoural areas of nodal metastases compared to
superficial sites. In contrast, ZEB1 and TWIST1 showed negative
immunostaining in naevi but increased expression in deep primary melanomas

and central areas of lymph node metastases compared to superficial areas.

Trend analyses demonstrated a significant gain of ZEB1 and TWISTL1 protein
expression with tumour progression by comparing benign naevi with primary
melanomas and lymph node metastases using independent and matched tumour
samples. An opposite trend to ZEB1 and TWIST1 was evident for ZEB2 and

SNAIZ.

Kaplan Meier analysis showed an association between decreased metastasis-
free survival and high expression of ZEB1 and TWIST1 at deep and superficial
sites of primary melanomas respectively. In addition, low ZEB2 expression at

deep sites of primary melanoma reduced metastasis-free survival.
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Multivariate analysis suggested that gain of ZEB1 and TWIST1 was directly
associated with poor patient survival and independent of breslow thickness. In
addition, ZEB2 loss decreased metastasis-free survival but not independent of

tumour depth.

Cluster analysis predicted the lowest disease-free survival rate in patients with

ZEBlhigh/deep’ TWISTlhigh/superficial and ZEBZIOW/deep.
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6 Final discussion

6.1 A network of MR-EMT contributes to the neoplastic
transformation of melanocytes

The aberrant reactivation of embryonic inducers of the EMT in carcinomas has
previously been shown to generate tumour cells with a high degree of plasticity (Nieto,
2011, Polyak and Weinberg, 2009). In addition, the data obtained in recent years
indicate that MR-EMT are often expressed differentially and / or sequentially
contributing to the disease progression by generation of motile, drug-resistant cells with
stem-like properties (Elloul et al., 2006, Tran et al., 2011). Recently it has been
suggested that a subset of MR-EMT can cooperate with mitogenic oncoproteins to play
an important role in tumour initiation and early dissemination (Ansieau et al., 2008,
Rhim et al., 2012). However, a regulatory link between MR-EMT and mitogenic factors

remains to be explored.

In this thesis the experimental evidence has demonstrated that active RAS-RAF-MEK
MAPK pathway induces a switch of MR-EMT proteins which may act to promote
tumour progression in melanoma. It has also been suggested that reorganisation of the
MR-EMT is complex, as a subset of the transcription factors can have distinct and even
antagonistic functions, involving transcriptional repression by ZEB2/SNAI2 and
activation by ZEB1/TWIST1 (Figure 6.1). Of note, in this network, activation of the
RAS-RAF-MEK pathway altered the regulation of ZEB1 and ZEB2 gene expression by
a transcriptional mechanism independent of miR-200 family. A recent report by
Martello and colleagues suggested that high levels of miR-103/107 reduce Dicer
expression, which in turn downregulates members of the miR-200 family promoting

upregulation of ZEB1/ZEB2 and EMT in metastatic breast cancer cells (Martello et al.,
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2010). In contrast, SiRNA knockdown of ZEB1/ZEB2 had no effect on miR-200 family
expression in metastatic melanoma cells, therefore it is plausible to suggest that the
expression levels of ZEB1/ZEB2 are not controlled directly in a miR103/107-Dicer-

miR-200 family dependent manner in melanoma or melanocytes (Stark et al., 2010).

IHC-P analyses indicated that the activation of the MR-EMT switch was predominantly
detectable at deep sites of primary melanomas and intratumoural areas of nodal
metastases which predicted poor patient survival. However, the MR-EMT switch was
not detectable in benign lesions, despite oncogenic activation of the BRAF-MAPK
signalling, suggesting that additional somatic mutations are required to override the
negative feedback on ERK activity to produce genetic instability and allow
reprogramming of these transcription factors (Pratilas et al., 2009). Therefore, most
primary melanomas have to reduce ZEB2 and SNAI2 expression before gaining ZEB1

and TWISTL.

Further IHC-P findings, by comparing benign naevi with primary melanomas and
lymph node metastases using independent and matched tumour samples, suggested that
ZEB2 and SNAI2 might act as differentiation markers, early in the course of melanoma
progression. ZEB2 and SNAI2 are strongly expressed in normal melanocytes and naevi
and therefore may also be considered as regulators of terminal differentiation and
candidate genes regulating replicative senescence in these cells. Noteworthy, reduced
immunopositivity of ZEB2/SNAI2 in melanoma cells at deep areas of primary MMs
may be indicative of an alternative pathway for melanoma cell proliferation and
invasion in the absence of the EMT. In contrast, upregulation of ZEB1 and TWISTL1 in
secondary tumours could contribute to the induction and maintenance of migratory cell

behavior and malignancy. However, initiation of secondary tumours at metastatic sites
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requires acquisition of additional genetic changes and specific microenviromental cues
to relieve growth arrest and reactivate tumour outgrowth. Increased protein expression
of ZEB1 and TWIST1 in nodal metastases and intratumoural clonal diversity of
TWIST1 may further support that melanoma cells of metastatic lesions have been
diverged at earlier stages and therefore melanoma development and progression is

likely to be non-linear (Ansieau et al., 2008).

Interestingly, reactivation of ZEB2 in the periphery of nodal metastases and co-
expression with E-cadherin may indicate its additional role in the establishment of
melanoma micrometastases by promoting acquisition of an epithelial phenotype
through MET. Nonetheless, the partial loss or downregulation of E-cadherin in focal
areas in nodal metastases further suggests that melanoma cells do not follow the
"classical* EMT, in which E-cadherin expression is completely lost for the whole
tumour. In addition, changes in E-cadherin expression and loss of functional VDR,
which is associated with loss of cell differentiation, by a ZEB1-mediated upregulation,

may contribute to the development of metastatic outgrowths.

6.2 Fra-1: an appealing target for therapy

Fra-1 is a potential inducer of the BRAF-mediated MR-EMT reprogramming in
melanocytic lesions. Previous studies demonstrated that Fra-1 is a key effector of
MAPK pathway which regulates cytoskeletal dynamics, tumour cell motility and
adhesion (Kustikova et al., 1998, Vial and Marshall, 2003a, Vial et al., 2003b). In
mammary epithelial cells, Fra-1 stabilisation contributes to an EMT program
downstream of ERK2 or Ras-V12 via the upregulation of ZEB1 and ZEB2 (Shin and
Blenis, 2010b). Although the mechanism of ZEB1 upregulation is not yet elucidated in

these cells the induction of ZEB2 by Fra-1 is likely to be indirect and driven by the
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GATA family transcriptional repressor tricho-rhino-phalangeal syndrome type 1

(TRPS1) and miR-221/222 (Stinson et al., 2011).

Further evidence indicated that in melanoma cells the crosstalk between MEK-Fra-1
axis and MR-EMT network has a fundamentally different effect, as Fra-1 does not
activate, but directly represses ZEB2 via interaction with the 4 kb upstream repressor
element (personal communication, Dr. E. Tulchinsky) (Figure 6.2). The mechanisms
underlying contrasting effects of Fra-1 on ZEB2 transcription in breast epithelial versus
melanoma cells is currently unknown. Notably, MEK1-ERK-mediated posttranslational
modifications stabilise the interaction between Fra-1 and negative regulators of gene
expression, such as histone deacetylase 1 (HDAC1) (Hoffmann et al., 2005). It is
therefore plausible to speculate that melanoma-specific posttranslational modifications
of Fra-1 determine its function as a transcriptional repressor. As ZEB2 is a repressor for
ZEB1 then the effect of Fra-1 on ZEBL1 is at least in part via ZEB2 repression.
However, the mechanism underlying regulation of other MR-EMT by Fra-1 seems

more complex and may occur at both transcriptional and posttranslational levels.

Recent clinical trials in patients with BRAF mutant melanoma have demonstrated that
the acquired resistance to BRAF selective inhibitors is an important clinical challenge.
In many cases, the mechanism of the resistance was based on the restoration of MEK
activity, which occurred via various mechanisms such as an activating mutation in
MEKZ1 (Emery et al., 2009) or switching among the three RAF isoforms (Villanueva et
al., 2010). Therefore, targeting melanoma cells downstream of MEK represents an
attractive strategy for treatment. Given that Fra-1 seems to play an important role in

MR-EMT reprogramming and is required for melanocyte transformation by BRAF,
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molecular pathways regulating Fra-1 activity in melanoma appear as appealing targets

for future therapies.

6.3 Limitations of the study

Although in this thesis evidence has been provided for the role of MR-EMT in

melanoma, a number of important limitations need to be considered.

o For all in vitro analyses only two metastatic melanoma cell lines (A375P and
A375M) and HEMN were used. Thus, further experiments using additional cell
lines, in particular cells originated from primary melanomas with or without
metastases and adult epidermal melanocytes, are required to validate and extend

this work.

o In this study the main focus was to investigate the role of selected transcription
factors (ZEB1, ZEB2, TWIST1 and SNAI2) in melanoma and EMT. However,
this does not exclude a similar role by other EMT-inducing factors that directly

repress E-cadherin promoter activity, such as TBX2 and TBX3.

o The immunostaining of ZEB1 and TWIST1 in most of tumour samples showed
weak intensity in focal areas mainly at deep sites of primary melanomas or nodal
metastasis. Therefore, it is plausible to question the significance of these results to
tumour metastasis. However, transient expression of ZEB1 and TWISTL in small
numbers of tumour cells may be sufficient to promote metastasis. Knock-in and
knock-out of ZEB1 and TWIST1 in a mouse melanoma model could be used to
assess the mechanisms of controlling development of metastases and the

significance of these factors.
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Although, E-cadherin protein expression was reduced in a small number of nodal
metastases compared to the naevi and primary melanomas, other cadherins, in
particular N- and P-cadherins, were not assessed. It will be of great interest to
evaluate the immunostaining pattern of these cadherins and MR-EMT in an

additional set of benign and melanoma tumours.

Another limitation of this work was the small number of functional studies.

Further functional experiments are described in section 6.5.

Apart from E-cadherin and VDR, other downstream target genes of ZEB1 could
be important during melanoma development, such as the loss of differentiation-
associated marker, MITF. Therefore, IHC-P and functional studies could be used

to further evaluate the MR-EMT switch in association with MITF.
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Figure 6.1 - Proposed model illustrating RAS-RAF-MEK dependent regulation of MR-EMT in
melanoma cells. In this model, RAS-RAF-MEK inhibits expression of SNAI2 and ZEB2, but activates
ZEB1 and TWISTL. Effects of the pathway are either transcriptional (ZEB1 and ZEB?2) or involve both
transcriptional regulation and control of protein stability (SNAI2 and TWIST1). GSK3-B regulates
proteosomal degradation of both SNAI2 and TWIST1. Downregulation of ZEB2 by RAF-MEK MAPK
contributes to the upregulation of ZEB1. ZEB1, but not ZEB2, SNAI2 or TWISTL is an effective
transcriptional repressor of E-cadherin in melanoma cells. Loss of E-cadherin further contributes to
augmented motility of melanoma cells. Repression is stimulated by active MAPK signalling whose
activity is required for the interaction between ZEB proteins and CtBP. ZEB1 and ZEB2 transcriptional
regulation was independent of miR-200 family members. In retinal pigment epithelial cells, pigmentation
has been shown to be regulated by ZEB1 through MITF downregulation (Liu et al., 2009b). Future work,
may then suggest that MR-EMT switch affects MITF expression and activity in melanoma cells.
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Figure 6.2 - Schematic representation of molecular signalling pathways linking MEK-Fra-1 with
MR-EMT in carcinoma and melanoma cells. (A) In carcinomas, ERK2/Fra-1 mediated induction of
ZEB1 and ZEB?2 contributes to the loss of E-cadherin and EMT (Shin et al., 2010a). In addition, ERK-
regulated kinases (or RSKs) act downstream of ERK1/2 and phosphorylate Fra-1 at Ser-252 (Doehn et
al., 2009). (B) In contrast, evidence from this study suggested that Fra-1 activation links, at least in
part, the BRAF-MAPK pathway with ZEB1 and ZEB2 and acts as a transcriptional repressor of ZEB2.
Loss of ZEB2 resulted in ZEB1-mediated E-cadherin downregulation.
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6.4 Final conclusions

o Evidence from this study supports a distinct link between a constitutive active
oncogenic (NRAS / BRAF) signalling pathway and MR-EMT reprogramming that

may be associated to melanoma development and progression.

o Further evidence supported a melanoma specific interactome of MR-EMT, in
which transcriptional repression of ZEB2 by Fra-1 resulted in upregulation of

ZEB1 and repression of E-cadherin and VDR, independently of miR-200 family.

o In tissue samples, the shift in the expression pattern of MR-EMT was a late event
and demonstrated a novel independent factor of poor prognosis in patients with

malignant melanoma.

o The findings from this investigation suggested that MR-EMT in MM and
epithelial tumours are regulated by different mechanisms reflecting the
embryological origins of each tumour. However, further functional studies and

mouse models are required to fully assess all involved mechanisms.
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6.5 Future work

6.5.1 ZEB2/SNAI2 - miR-200/E-cadherin co-expression paradox

Further studies are required to address the puzzling phenomenon of miR-200 expression
in the presence of potent repressors, ZEB2 and SNAI2, in normal melanocytes and
common acquired naevi. Manual microdissection used in this study possibly resulted in
acquisition of heterogeneous cell populations, which contain large proportions of non-
malignant cells. To avoid poor sample quality and erroneous conclusions, in situ
hybridisation and laser capture microdissection of areas of interest will allow accurate
quantitative and qualitative measures of miR expression and localisation in melanoma

biopsies.

In regards to ZEB2/SNAI2 - E-cadherin co-expression in benign and melanoma tissues,
it is known that recruitment of CtBP1/2 to E-cadherin promoter by ZEB1 and ZEB2 is
required for transcriptional repression (Shi et al., 2003). A recent study carried out in
mouse NMuMG cells has demonstrated that interaction between ZEB1 and CtBP1 is
stimulated by fibroblast growth factor receptors via MEK activation (Shirakihara et al.,
2011). Therefore, it appears likely that active MEK is required for the recruitment of
CtBP to the E-cadherin promoter. Interactions between ZEB proteins and CtBP could

be analysed by co-immunoprecipitation and ChIP assays.

Moreover, it could be investigated whether ectopic expression of CtBP1, in
CtBP-negative melanoma cell lines, is sufficient to repress E-cadherin via ZEB2 or
SNAI2 and whether the MEK-ERK activity regulates suppression of E-cadherin. In
case that MEK activity regulates the recruitment of CtBP to E-cadherin promoter, it
will be of great interest to assess the role of posttranslational modifications (Long et al.,

2005) in CtBP/ZEB2 interaction and E-cadherin repression. Finally, previous work
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indicated that cysteine-dependent dual-specificity protein phosphatase 5 (DUSP5), and
in contrast to other phosphatases of the same family, displays its activity specifically to
ERK (Mandl et al., 2005). In addition, growth-arrested common acquired naevi have
absent or very low ERK1/2 activity (Saldanha et al., 2004). Therefore, it is worth
assessing whether the presence of DUSP5 contributes to the opposing expression of
ZEB proteins in these premalignant lesions by ERK1/2 dephosphorylation and for this
purpose DUSP5 expression could be initially analysed using tissue microarrays and in

situ hybridisation.

6.5.2 MR-EMT expression by BRAF activation

To further assess whether the MR-EMT expression is regulated by the BRAF-ERK
pathway, immortalized murine melan-a cells could be transduced by a tamoxifen-
inducible version of a dominant-active truncated variant of BRAFY®"F, In addition,
HEMN could be infected with a vector expressing a constitutively active BRAFY®%
mutant. Expression of MR-EMT and Fra-1 and their importance in naevus formation

and melanoma progression could be investigated in a BRAF®"F / tyrosinase-CreERT2

melanoma model (Bosenberg et al., 2006, Damsky and Bosenberg, 2010).

6.5.3 Role of Fra-1 in malignant melanoma

In human embryonic stem cells, ZEB2 transcription is regulated via a composite
silencer element interacting with stem cell factors responsible for maintenance of
pluripotency, such as NANOG, SOX2 and OCT4. It has been noticed that the silencer
element contains a perfect evolutionary conserved AP-1 binding site at the position-

3554 relative to the ZEB2 transcription start site. In mammary epithelial cells activation
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of the transcription factor Fra-1, an AP-1 family member, is necessary for EMT and
increases ZEB1 and ZEB2 proteins in response to RAS activation. In addition, Fra-1 is
strongly activated by the BRAF-MEK pathway in melanoma cell lines (Packer et al.,
2009, Pratilas et al., 2009, Shin and Blenis, 2010b). Therefore, ChIP experiments could
be performed to determine the potential in vivo binding of Fra-1-containing complexes

to the silencer element of ZEB2.

Phosphorylated ERK1/2 is present in malignant melanoma cells with a significantly
higher frequency than in naevi (Saldanha et al., 2004). The underlying mechanism is
not completely clear but may involve the activation of negative feedback mechanisms
suppressing NRAS-BRAF-MEK pathway in benign melanocytic lesion or BRAF and
NRAS gene amplification in advanced cancers. In this study, it has been demonstrated
that Fra-1 expression seems to be dependent on ERK activation. Therefore, it will be of
great interest to evaluate Fra-1 expression with ZEB proteins and E-cadherin status by
using a cohort of benign and malignant melanomas. To further elucidate the
Fra-1/MR-EMT and Fra-1/E-cadherin correlations on the single-cell level a selection of

melanoma samples could be analysed by double immunofluorescence labelling.

6.5.4 Clinical aspects

To further investigate the prognostic significance of ZEB1, ZEB2, SNAI2 and TWIST1
to melanoma progression and metastases-free survival a larger select or contiguous
cohort of tumour samples should be used. In addition, the role of candidate EMT
transcription factors in metastasis could be further assessed in vivo by performing
IHC-P on sentinel nodes, which indicate sites that circulating transformed melanocytes

reach first in metastasis.
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6.5.5 Migration and invasion of melanoma cells

One final aspect of this study that warrants further investigation is to assess how
MR-EMT switch affects migratory and invasive characteristics of melanoma cells. In
malignant melanoma migration is characterised by high degree of plasticity and
migrating cells utilise two different inter-convertible migration modes, amoeboid and
mesenchymal. A recent report has revealed that in a panel of melanoma cell lines,
including A375, the mode of migration is regulated by two members of miR-200
family, namely miR-200a and miR-200c, which promote mesenchymal and amoeboid
cell motility, respectively (Elson-Schwab et al., 2010). Furthermore, in carcinoma cells
miR-200a and miR-200c target ZEB proteins and ZEB1 directly suppress transcription
of miR-200c (Brabletz and Brabletz, 2010). Whereas amoeboid mode of cell movement
Is driven by actomyosin contractility generated by high Rho-ROCK signalling,
mesenchymal-type migration is RAC-dependent and involves actin assembly and
extracellular matrix proteolysis by MMPs (Friedl and Wolf, 2010, Sanz-Moreno et al.,
2008). Therefore, it is worth analysing the morphological effects of ROCK and MMP
inhibitors in 2D melanoma cultures and on thick collagen matrices by time-lapse and

confocal microscopy.
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Tel: 0116 8838435
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Leicester Royal Infirmary

LE2 7LX

Dear Dr Saldanha

Study title: Molecular pathology of malignant melanoma
REC reference: 6791 b

Amendment number: 3

Amendment date: 07 March 2012

The above amendment was reviewed at the meeting of the Sub-Committee held on 04 May
2012, s

Ethical opinion

The members of the Committee taking part in the review gave a favourable ethical opinion
of the amendment on the basis described in the notice of amendment form and supporting
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07 March 2012
Notice of Substantial Amendment {non-CTIMPs) N 3 07 March 2012

Membership of the Committee

The members of the Committee who took part in the review are listed on the attached
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relevant NHS care organisation of this amendment and check whether it affecls R&D
approval of the research.
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Research Ethics Committees and complies fully with the Standard Operating Procedures for
Research Ethics Committees in the UK.
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Yours sincerely
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Dr Car] Edwards
Chair

E-mall: georgla.copeland@nottspct.nhs.uk

Enclosures: List of names and professions of members who took part in the
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Copy to: R&D contact - UHL -

215



1.2

I1-Table S1-Summary of primary MMs used in this study

H Number

Age

Primary

site

Breslow
Depth (mm)

(0 =no, 1 =yes)

H02/11 83 head 4

H12/08 52 trunk 5

H130/07 55 lower leg 25
H139/08 36 leg 0.8
H14/08 83 trunk 5.6
H141/08 57 arm 0.98
H143/08 63 leg 0.4
H144/08 43 trunk 0

H146/08 56 arm 0

H147/08 22 trunk 0

H148/08 28 trunk 0

H150/08 51 arm 0.4
H151/08 61 trunk 0.9
H154/08 70 head/neck 1.8
H156/08 24 arm 0.6
H157/09 75 upper leg 7.4
H158/09 88 head/neck 6.3
H159/08 27 leg 3.8
H160/08 25 trunk 0

H162/08 72 trunk 3.3
H163/08 51 head/neck 0.3
H164/08 56 leg 0.7
H167/08 59 trunk 0

H170/07 7 upper arm 2.3
H261/07 29 trunk 4

H269/04 54 arm 8

H271/04 64 not stated 13
H292/04 74 leg 2.8
H341/07 7 toe 43
H373/09 56 lower leg 3.6
H378/09 49 trunk 2

H382/09 57 trunk 45
H383/09 63 trunk 2.4
H400/09 35 head/neck 25
H401/09 67 lower leg 4.2
H404/09 74 lower leg 15
H415/09 95 head/neck 5.7
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H416/09 1 56 trunk 2 1 2

H421/10

H456/11 abdomen

H458/11 not stated

-
N
()
o
w

H461/11 abdomen

H487/02 abdomen

H520/04 head/neck

H549/04

H609/04

H629/10 abdomen

H633/10

N
o
<3
i<t
3
I
w”
o
w

H637/10

H647/04

H656/10

H678/04

H732/04

H746/04

H752/04 head/neck

H758/04

H761/04
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H768/04 2 50 leg 3 1 3

H770/04

upper arm

H870/10 lower leg

-
-
-
-
w

H875/10

H880/10

H889/10 head/neck

H891/10

H898/10

H904/10

H910/10 1 86 back 5 1 4

n=101, however it was not possible to retrieve clinical data for 3 cases
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7.3 111 - STR Profiling for A375 melanoma cells

The probability (random match probability) of two cell lines selected randomly having
the same DNA profile with A375P and A375M cell lines is 6.23¢™® and 3.1/,
respectively. This strongly suggests that the different batches of A375P and A375M cell
lines were originated from the same individual (Figure S1 and S2). The different
genotype observed in locus D2S1338 (A375P 24, 24 — A375M 16, 24 - allele drop in)
could be due to different metastatic potential between A375P and A375M cells (Table

S2).
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Figure S1 - Electropherograms showing the STR profiling results of A375P cells.
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A375M batch #1
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Figure S2 - Electropherograms showing the STR profiling results of A375M cells.
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Table S2 - The SGM plus profile of A375 cell lines

STR Locus Chromosome A375P #1 A375P #2 A375M #1 A375M #2
Designation Location (allele values) (allele values)

FGA 4928 20,23 20,23 20,23 20,23
THO1 11p15.5 8,8 8,8 8,8 8,8
VWA 12p12-pter 16,17 16,17 16,17 16,17

D2S1338 2035-37.1 24,24 24,24 16,24 16,24
D3S1358 3p 15,17 15,17 15,17 15,17
D8S1179 8 11,14 11,14 11,14 11,14
D16S539 16q24-qgter 9,9 9,9 9,9 9,9
D18S51 18g21.3 12,17 12,17 12,17 12,17
D19S433 19q12-13.1 13,14.2 13,14.2 13,14.2 13,14.2
D21S11 21q11.2-q21 29,30 29,30 29,30 29,30
Amelogenin X: 521111_2223 X, X X, X X, X X, X
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7.4 1V-Post-endogenous control array analysis / Expression stability
of candidate endogenous genes

In order to validate the most stable candidate endogenous control genes (ECGSs), the
expression of sixteen ECGs was measured across seven different melanoma cell lines
and cultured normal melanocytes by gRT-PCR using a TagMan endogenous control
array. GAPDH was excluded from the analysis due to significant variability in
expression among the melanoma samples. The gene expression stability of ECGs was
assessed using two programs, geNorm and NormFinder, which both rank candidate
ECGs based on their stable gene expression in a given sample set. Using the geNorm
software, fourteen out of the fifteen ECGs displayed high expression stability with low
stability M values, which were below the stability cut-off value of 1.5 (result not
shown). UBC (average M = 0.160), PPIA (average M = 0.162) and RPLPO (average M
= 0.202) were identified as the best stably expressed ECGs and 18S rRNA was the least
stable gene (average M = 1.65) (Figure S3). The most stable pair of ECGs was PPIA
and RPLPO (Figure S3). Similar to the results from geNorm, NormFinder selected PPIA
as the most stable single ECG (stability value = 0.207), followed by UBC (stability
value = 0.209) and RPLPO (stability value = 0.286) (Figure S4). Of note, the choice of
the most stable gene pair was identical to that determined using the geNorm program
(PPIA and RPLPO). Finally, the NormFinder ranking of all fifteen ECGs was almost

identical to that generated using the geNorm program (Figures S3 and S4).
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Figure S3 - Candidate endogenous genes for normalization listed according to their expression stability M
value calculated by the geNorm software. The chart illustrates the stepwise exclusion of the least stable
expressed candidate endogenous gene by measuring the average stability M value of each gene. Starting from the
least stable gene with the highest stability M value (on the left), the different endogenous genes are ranked in
order of increasing expression stability in melanoma cell lines and cultured normal melanocytes (HEMN) (on the
right). In this experiment, ubiquitin C (UBC), peptidylprolyl isomerase A (PPIA) and ribosomal protein-large

(RPLPO) are the three most stable genes. Note that O on the x-axis indicates the least stable endogenous gene,
which is the 18S rRNA.
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Figure S4 - NormFinder analysis of the 15 candidate endogenous genes using melanoma cell lines and
normal melanocytes. The most stable genes with the lowest stability values are presented on the left (red
colour) of the chart and are calculated by the NormFinder software. The table on the right shows the stability
values of each candidate endogenous gene according to the output file of the NormFinder program. The three
most stable genes are PPIA, UBC and RPLPO and the most stable gene pair is PPIA and RPLPO.
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7.5 V-Distribution

ZEB1

b)

ZEB2

of

the

MR-EMT/VDR/E-cadherin
intensity and pattern (total H-Score)

staining

INDEPENDENT SAMPLES PAIRED SAMPLES
CAN Primary MMs Nodal Primary MMs Nodal
Metastases Metastases
Tumour Measure Non Metastatic
area Metastatic
Negative (0) | 21/21 (100%) | 41/50 (82%) | 8/19 (42%) | 8/20 (40%) | 23/31(74%) 23/31(74%)
Superficial —
E’l"f“gf 3sy | 021(0%) 9/50 (18%) | 11/19 (58%) | 12/20 (60%) | 8/31 (26%) 8/31 (26%)
Negative (0) | 19/21 (90%) | 26/50 (52%) | 6/19 (32%) | 10/20 (50%) | 10/31 (32%) 9/31 (29%)
Deep —
E’l"f'g‘f 3ey | 2121(10%) 24/50 (48%) | 13/19 (68%) | 10/20 (50%) | 21/31 (68%) 22/31 (71%)
INDEPENDENT SAMPLES PAIRED SAMPLES
CAN Primary MMs Nodal Primary MMs Nodal
Metastases Metastases
Tumour Measure Non Metastatic
area Metastatic
’\(‘ggiﬂ;’e 2/21(10%) | 19/50 (38%) | 4/19 (21%) | 14/20 (70%) | 10/31 (32%) 23/31 (74%)
Superficial '_ )
fz"f'té‘f; 19/21 (90%) | 31/50 (62%) | 15/19 (79%) | 6/20 (30%) | 21/31 (68%) 8/31 (26%)
a')egﬁf')"e 9/21 (43%) | 36/50 (72%) | 13/19 (68%) | 17/20 (85%) | 22/31 (71%) 29/31 (94%)
Deep —
E’;j'g‘f) 12121 (57%) | 14/50 (28%) | 6/19 (32%) | 3/20 (15%) | 9/31 (29%) 2/31 (6%)
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INDEPENDENT SAMPLES PAIRED SAMPLES
CAN Primary MMs Nodal Primary MMs Nodal
Metastases Metastases
Tumour Measure Non Metastatic
area Metastatic
Negative (0) | 17/19 (89%) | 23/49 (47%) | 4/13 (31%) 8/20 (40%) 21/31 (68%) 15/31 (48%)
Superficial —
Positive 2/19 (11%) | 26/49 (53%) | 9/13 (69%) | 12/20 (60%) | 10/31 (32%) 16/31 (52%)
(1+, 2+, 3+)
TWIST1
Negative (0) | 16/19 (84%) | 20/49 (41%) | 4/13 (31%) 10/20 (50%) | 13/31 (42%) 16/31 (52%)
Deep —
(Ploj”é‘f aey | FO(L6%) | 20/49 (59%) | O/13(69%) | 1020 (50%) | 18/31 (58%) 15/31 (48%)
d) INDEPENDENT SAMPLES PAIRED SAMPLES
CAN Primary MMs Nodal Primary MMs Nodal
Metastases Metastases
Tumour Measure Non Metastatic
area Metastatic
’\(‘ggﬁ';’e 0/4 (0%) 213 (67%) | 3/3 (100%) - 7/14 (50%) 13/14 (93%)
Superficial —
Positive 414 (100%) | 1/3(33%) | 0/3 (0%) - 7114 (50%) 1/14 (7%)
(2+,34)
SNAI2
R‘)e%aj;"e 1/4 (25%) 3/3 (100%) | 3/3 (100%) - 11/14 (79%) 13/14 (93%)
Deep —
fzc’j'té‘ie) 304 (75%) 0/3 (0%) 0/3 (0%) - 3/14 (21%) 1/14 (7%)
e) INDEPENDENT SAMPLES PAIRED SAMPLES
Primary MMs Nodal Primary MMs Nodal
Metastases Metastases
Localisation Tumour Measure Non Metastatic
area (positive) Metastatic
Superficial (+1) 5/5 (100%) | 5/5 (100%) 0/10 (0%) 10/10 (100%) 0/10 (0%)
Nuclear
Deep (+1) 3/5 (60%) 3/5 (60%) 0/10 (0%) 6/10 (60%) 0/10 (0%)
VDR
Superficial (+1) 1/5 (20%) 1/5 (20%) 8/10 (80%) 1/10 10%) 9/10 (90%)
Cytoplasmic
Deep (+1) 2/5 (40%) 3/5 (60%) 5/10 (50%) 3/10 (30%) 6/10 (60%)
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7.6 VI-Cell lines and VDR ligand treatments
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Figure S5 - VDR expression of normal neonatal melanocytes (HEMN) and melanoma cell lines in
response to 1,25(0OH),D3; Western blot analyses of cell lysates from SK-MEL-2, SK-MEL-28,
WM266-4 and HEMN 24, 48 and 72 hrs after treatment with 1,25(0OH),D; at the physiological
concentration of 10"° M. Melanocytes and melanoma cells incubated with culture medium and ethanol
(EtOH) served as controls (untreated cells).
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