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ABSTRACT 

Epithelial-mesenchymal transition (EMT) is a crucial process involved in the metastasis and 

invasion of cancer cells. EMT promotes migration, invasion and separation of individual cells 

from the primary cancer enabling them to access the vascular system and promoting 

tumour dissemination. In different types of human cancer, invading cells recapitulate 

elements of embryonic EMT pathways to extravasate into the blood stream and form 

metastases at distant sites. Several pleiotropically activated transcription factors, 

categorised as master regulators of EMT (EMT-TFs),   acting downstream of EMT pathways 

have a central role in cancer. EMT-TFs include Zn finger transcription factors of SNAIL 

(SNAIL1 and SNAIL2) and ZEB (ZEB1 and ZEB2) families, basic helix-loop-helix (bHLH) 

proteins E47, TWIST1, TWIST2, a forkhead transcription factor FOXC2, and a few other 

relatively less studied proteins. Though ZEB family members, ZEB1 and ZEB2, are both 

efficient executers of EMT programs in human cancer and their roles in tumourigensis might 

be different. In particular, ZEB2, but not ZEB1 exhibited tumour-suppressive features in 

malignant melanoma and, possibly, hepatocellular carcinoma. Regulation of ZEB proteins 

expression occurs at different levels. The activity of three putative transcriptional enhancer 

controlling ZEB2 gene expression were analysed, and found that RE-4 regulatory element 

known to control ZEB2 expression in human embryonic stem cells (hESC) is also active in 

malignant melanoma cells. However, in contrast with hESC, in melanoma cells ZEB2 

expression is not regulated by core pluripotency factors. Instead, in these cells, the activity 

of RE-4 element is affected by ZEB1- or ZEB2- induced EMT programs.  By studying post-

transcriptional level of ZEB regulation, a novel mechanism that limits ZEB2 protein synthesis 

was described in this study. A protein motif adjacent to the smad-binding domain within 

ZEB2 protein induces ribosome stalling and compromises translation. The activity of this 

motif is dependent on triplets of rare codons, Leu(UUA)-Gly(GGU)-Val(GUA). Introducing 

these stretches in the homologous region of ZEB1 has no effect on protein expression. By 

using retroviral expression of pBABE-ZEB2-mut, it was shown that these stretches might 

contribute to EMT. The data suggest that rare codons play a regulatory role in the context of 

appropriate protein structures and we speculate that pools of tRNA available for protein 

translation influence configuration of EMT programs in cancer cells.  
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1.1 CANCER 

The term cancer, medically known as a malignant tumour, indicates abnormal cell growth 

within the human body. Not all tumours are cancerous and invasive; when benign tumours 

are present they do not spread within the human body. The development of cancer, termed 

carcinogenesis, is a process involving multiple stages that require genetic and epigenetic 

modifications to transform normal human cells progressively into malignant cells. All types 

of malignant tumours share the same set of cancer traits; these common hallmarks of 

cancer growth include autocrine signalling, insensitivity to antigrowth signals, resistance to 

apoptosis, an infinite replicative potential, the ability to induce angiogenesis, and the 

propensity for invasion and metastasis. Although an inefficient process, direct or indirect 

genetic changes are required in most cancer cells Hanahan and Weinberg (2000). In addition 

to these changes, cancer progression requires sustained cellular energy metabolism and 

immune-system avoidance. Moreover, the enabling characteristics of genomic stability and 

inflammation promote tumour progression. It is important to understand the molecular 

complexity of the evolving tumour; it is also equally important to understand the function of 

the tumour microenvironment. Not only is the interaction between stromal cells and 

tumour cells important in cancer growth and progression, tumour interaction with 

inflammatory cells is an important determinant of invasiveness and metastasis. However, 

most of the understanding of the molecular mechanisms underlying the metastatic 

progression of human tumours remains incomplete (Hanahan and Weinberg, 2011).  

The core cause for cancer-related deaths (accounting for 90% of deaths from solid tumours)  

are metastasis and resistance to therapy, meaning that malignant cells have spread from 

the primary tumour to different organs and are often resistant to current therapeutic 

regimes (Nguyen and Massague, 2007). A series of sequential stages, each of which can be 

rate-limiting, is required for a malignant tumour to be established and for metastasis to 

occur. Indeed, the entire process can fail due to the inherent properties of the tumour cells 

and due to the organism’s immune response. Following primary transformation, tumour 

cells migrate to and invade the host stroma. Additionally, they acquire a capability to 

activate angiogenesis and establish new networks of blood vessels. Tumour cells then 

spread into the circulatory system, a process known as intravasation and can reach 
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lymphatic channels. During invasion and intravasation tumour cells must avoid the host 

immune response. At the end of the process, tumour cells reach and arrest in capillary beds, 

exit the circulatory system through a process known as extravasation, invade secondary 

organs, proliferate and subsequently successfully colonise to develop into a metastases 

(figure1-1) (Talmadge and Fidler, 2010).  The ‘seed and soil’ hypothesis, proposed by 

Stephan Paget in 1889, suggests that metastasis is not a random process but that tumour 

cells from the primary tumour need to be compatible with the secondary organ to establish 

a metastasis. Indeed, this is a highly unstable process, with the importance of colonisation 

and the presence of a favourable microenvironment remaining highly challenging areas of 

research to explain how tumours control metastatic progression (Fidler, 2003).  

 

 

 
Figure 1-1: A schematic representation of metastatic growth. 
Once initial transformation has occurred, angiogenesis establishes a new vascular network within the tumour. 
The invasion into the stroma is operated by lymphatic channels; the tumour cells enter the circulatory system 
and, if they survive, can become arrested in capillary beds, where they can adhere to the vessel wall. 
Secondary tumours may then be established within the new host environment where they must establish a 
vascular network and evade immune detection. Figure adapted from (Fidler, 2003)  
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1.1.1 MELANOMA 

Skin melanoma was first described in the fifth century B.C as "black cancer" and "fatal black 

tumours with metastases" by the Greek physician Hippocrates. Unfortunately, in spite of 

recently developed treatments, melanoma remains a common and the deadliest skin cancer 

in European countries (Chin et al., 1998). Originating from the malignant transformation of 

melanocytes, melanoma has relatively high mortality and morbidity rates, a trend that has 

continued to increase worldwide. It has been shown that the incidence of melanoma has 

significantly grown in the young population being the second most common cancer type in 

the 15-29 year old age group (Bleyer et al., 2006).  In the UK in 2011, 13,348 new cases of 

malignant melanoma were diagnosed; however, melanoma remains not common cancer in 

the UK. Nevertheless, malignant melanoma remains a less common cause of death in the UK 

compared to the other types of cancer (Figure 1.2) (Skin cancer incidence statistics: Cancer 

Research UK). Malignant melanoma can be classified into two categories:  i) the radial 

growth phase (RGP), where melanocytes spread but are restricted within the epidermis, and 

ii) the vertical growth phase (VGP), where tumorigenic melanocytes infiltrate the dermis and 

metastasise. This is considered clinically dangerous as it the process resulting in the 

dissemination of tumour cells to distant locations in the body (Gaggioli and Sahai, 2007). 

Despite the fact that the majority of melanocytes are found in the skin, malignant 

melanoma does not exclusively cause skin cancer, as melanocytes are present also within 

several internal organs. The range of locations includes ocular, mucosal, gastrointestinal, 

genitourinary, leptomeninges and lymphatic sites, all of which can be the origin of primary 

extracutaneous melanomas (Mihajlovic et al., 2012). Melanocytes are known to arise 

developmentally from the neural crest and mature in hair follicles with each mature 

melanocyte intimately adjacent to keratinocytes. Melanocytes create melanin and transfer 

it to the keratinocyte, via dendritic processes, within an organelle known as a melanosome. 

The main function of melanin is to shield the upper surface of the keratinocyte nucleus, so 

protecting its DNA from any damage that might occur through absorbance of ultraviolet 

radiation (UVR). Paradoxically, the DNA of melanocytes is damaged via exposure to UVR, 

with melanoma actually being more aggressive than the squamous cell and basal cell 

carcinoma that originate from the keratinocytes (Markovic et al., 2007). 
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Figure 1-2: The 20 most common causes of death according to cancer type in the UK. MM is ranked 
eighteenth in the UK. Adapted from Skin cancer incidence statistics: Cancer Research UK. 
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Many factors increase the risk of melanoma such as male gender, a family history of 

melanoma, a higher number of nevi, a history of severe sunburn, a weakened immune 

system and a light hair colour (Cho et al., 2005). The two forms of melanin, eumelanin and 

pheomelanin, are important in determining skin and hair colour. The production of these 

two forms of melanin is controlled by the melanocortin receptor 1 (MCR1), which is present 

on melanocytes and is activated via linkage with the α-melanocyte-stimulating hormone 

(αMSH). Once activated, this triggers intracellular signalling to stimulate cells to produce 

eumelanin but failure to follow this process leads to pheomelanin production which results 

in a higher risk of skin cancer associated with sun exposure and levels of UV radiation (Scott 

et al., 2002).  

 

Melanocytes originally differentiate from highly migratory, self-renewing and multipotent 

cells known as neural crest cells. Neural crest cells are formed from the dorsal neural tube 

during embryogenesis. At the stage of neural tube closure, they undergo an epithelial-

mesenchymal transition (EMT) and migrate to specific locations throughout the body to 

complete their differentiation into components of bone, cartilage, melanocytes within the 

skin, and the peripheral nervous system (Thomas and Erickson, 2008). Several transcription 

factors, such as microphthalmia-associated transcription factor (MITF), paired box 3 (PAX3), 

sex-determining region Y-box 10 (SOX10), SNAIL homolog 2 (SNAIL2), endothelin receptor 

(EDNR), tyrosine kinase receptor (C-Kit), forkhead-box transcription factor D3 (FOXD3) 

(Nissan et al., 2011, Sommer, 2011), and ZEB1 and ZEB2, are known to be vital for the 

differentiation of melanocytes (Denecker et al., 2014).  Specific genetic mutations during 

tumorigenesis including tumour suppressor genes and oncogenes, have been found to 

correlate with melanoma development (Rodolfo et al., 2004). 

 

The major signalling pathway involved in melanoma formation is the mitogen-activated 

protein kinase (MAPK) pathway (Inamdar et al., 2010). Pathological activation of MAPK 

signalling switches cellular fate from differentiation to apoptosis or tumourigenicity 

depending on the cell background. The core MAPK pathway is a cascade of several enzymes 

consecutively phosphorylating a downstream protein kinase: a MAP3K that activates 

MAP2K, which in turn activates the phosphorylated MAPK (Qi and Elion, 2005). The MAPK 

family can be divided into three groups, including the extracellular signal-regulated kinase 
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(Spaderna et al.) 1/2, ERK3/4, ERK5, ERK7/8; Jun N-terminal kinase (JNK) 1/2/3 and the p38 

isoforms α/β/γ (ERK6)/ δ.  ERK is a primary signalling pathway in melanoma and has been 

well studied in many other cancer types as well. The downstream kinase in this pathway is 

ERK1/2 which is activated by MEK 1/2, with RAF (A-RAF, B-RAF, and C-RAF) directly 

activating MEK. In turn, RAF is activated at the plasma membrane via RAS GTPase, which is 

itself activated by different receptor tyrosine kinases. A correlation between melanoma and 

mutations within the MAPK signalling pathway has been identified in many studies. 

Strikingly, a very high proportion of all cutaneous melanoma samples harbour activating 

mutations either in N-RAS (15%) or B-RAF (66%). The most common mutation within B-RAF 

was identified at codon 600 in exon 15, with a substitution of valine to glutamic acid 

(Val600Glu; B-RAFV600E), which leads to a higher basal kinase activity. Interestingly, the 

activity of the kinase in the B-RAF mutants is approximately 500-fold higher than in the wild-

type. Ultimately, when it cooperates with the microenvironment and other mutationally 

activated signalling pathways, B-RAF mutations promote melanocyte de-differentiation and 

enhanced invasion (Lin et al., 2010).  

 

The high frequency of mutations in RAS or BRAF genes in melanomas and other tumour 

types highlighted are of vital importance to the designing of specific chemical inhibitors of 

these proteins for therapeutic purposes (Dhillon et al., 2007). Indeed, recently progress in 

the development of small chemical inhibitors of BRAFV600E has been achieved. The uses of 

these inhibitors clinically have shown promise by reducing the number of metastases and 

increasing survival of patients with metastatic cutaneous melanoma. However, in all cases 

resistance later developed, and new attempts are currently being made to use BRAF 

inhibitors in combination with other therapies as new treatment schemes (Siroy et al., 

2015).  

 

1.1.2 CARCINOMA 

Carcinoma is a type of cancer that originates in the epithelial tissues of the body including 

the skin, lung, breast, prostate and colon to name but a few. Carcinoma has been identified 

as an independent entity which has the ability to invade tissues that line human organs and 

can metastasise (Springer, 1984).  Epithelial tissues cover the outer and inner surfaces of the 
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human body, with distinct functions attributed to different epithelial cells within the same 

tissue. The absolute majority of human cancers (around 90%) are represented by 

carcinomas highlighting the importance of research on the molecular mechanisms of 

tumourigenesis in epithelial tissues. Epithelial cells are tightly connected with each other 

through different types of epithelial cell-cell adhesion structures, which in combination form 

the epithelial junctional complex. These structures including adherens junctions, tight 

junctions, gap junctions and desmosomes are key determinants of epithelial integrity. They 

play a key role in the maintenance of epithelial apical-basal polarity, and are responsible for 

communications between epithelial cells and have signalling functions. Loss of the epithelial 

junctional complex is often observed at later stages of carcinoma development and is 

associated with an increased metastatic propensity of carcinoma cells (Royer and Lu, 2011).  

 

Basal-cell carcinoma, which is formed upon the transformation of epidermal keratinocytes 

and is not highly metastatic, and squamous cell carcinoma, which is an invasive tumour, are 

considered the most common subtypes of non-melanoma skin cancer (Nindl et al., 2007). 

Exposure to UV is the main cause of basal-cell carcinoma. Other risk factors, such as 

exposure to ionising radiation, arsenic and immunosuppression, have been linked to a 

predisposition to basal-cell carcinoma. Eighty per cent of basal-cell carcinoma cases have 

been observed in the head and neck, with less common occurrences at other sites, such as 

the arms and legs (Rubin et al., 2005). On the other hand, squamous cell carcinoma (SCC), 

which is the second most common skin cancer in the Caucasian population and is 

responsible for 1300-2300 non-melanoma skin cancer-related deaths a year in the United 

States, is caused by different factors such as ultraviolet radiation, chemical agents and 

chronically injured or inflamed skin. Invasive squamous cell carcinoma may originate from 

an actinic keratinocyte and can be observed as phantom intraepithelial neoplasia (Hawrot et 

al., 2003). 

 

In relation to carcinomas of the breast, basal-like carcinoma, which account for 10-15% of all 

breast cancers, are most common in young African women. Histologically, they are high-

grade, with high mitotic indices and are associated with prominent lymphoid invasion. 

Moreover, basal-like and triple-negative breast cancers share phenotypic similarities, in that 

71% of triple-negative cancers are of the basal-like carcinoma phenotype, whereas 77% of 
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tumours expressing basal- like markers are triple-negative (Badve et al., 2011, Bosch et al., 

2010). The basal subtype was associated with expression of genes related to proliferation, 

inhibition of apoptosis and tumour invasion (Sorlie et al., 2006) . Additionally, these basal-

like cells express a group of protein markers, such as CK5 and CK17, P-cadherin, caveolin 1 

and 2, nestin, CD44 and EGFR, which are present in normal breast myoepithelial cells (Eroles 

et al., 2012).  In clinical trials, a panel of five markers (ER, HER1, HER2, and cytokeratin 5/6) 

was able to identify basal-like tumours with 76% sensitivity by IHC and 100% specificity 

using microarray (Nielsen et al., 2004).  

 

As it originates within epithelial cells that line the terminal lobular duct unit, breast cancer 

remains non-invasive once they are sited at the basement membrane; however, when cells 

are disseminated outside the basement membrane they begin to invade the adjacent tissue 

(Sainsbury et al., 2000).  The de-regulation of proliferation, differentiation, migration and 

apoptosis contributes to an invasive phenotype (Vargo-Gogola and Rosen, 2007). The 

Invasive lobular carcinoma is responsible for 5-15% of all invasive breast cancers 

(Yerushalmi et al., 2009). Special clinical and biological characteristics of invasive lobular 

carcinoma have been highlighted; for instance, it can be large in size,  it is estrogen receptor 

(ER) and progesterone receptor (PgR) positive and has a low to absent expression of human 

epidermal growth factor receptor-2(HER2) (Jung et al., 2010).   

 

1.1.3 CANCER STEM CELLS 

The stem cell is the origin of all human life and all organisms in general. It is a single cell that 

can differentiate into more specialised cells with specific functions and also has the ability to 

renew itself. For instance, the bone marrow stem cell, which has no specialisation, is able to 

differentiate into red blood cells and white blood cells, and these new types of cells have 

special functions, such as being able to produce antibodies in the induction of an immune 

response. The stem cells remain uncommitted until they receive a signal to develop into 

specialised cells. Moreover, stem cells have the unique properties of being able to develop 

into various cell types of a particular tissue and of being able to divide asymmetrically 

(Bongos and Hin Lee, 2004). 
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The scarcity of stem cells in most tissues justifies the need for accurate identification and 

proper purification of the stem cell populations. Although it seems reasonable to propose 

that each tissue arises from a tissue-specific stem cell, the accurate identification and 

isolation of these somatic stem cells has been accomplished in only a few instances. For 

example, mice and humans have been used to isolate haematopoietic stem cells (HSCs), 

which are multipotent and have been considered responsible for the generation and 

regeneration of the blood and cells of the immune system (Taipale and Beachy, 2001). The 

ability to isolate HSCs has allowed recent progress in the understanding of the molecular 

control of their function, particularly regarding self-renewal and maintenance. The 

implication of Notch, Hedgehog and Wnt pathways in stem cell biology provide growing 

evidence that they control many developmental processes and are deregulated in cancer, 

and that they may be responsible for the regulation of self-renewal of haematopoietic 

progenitors and stem cells (Reya et al., 2003). The interplay between these pathways and 

signals from the stem cell niche provides a crucial regulatory balance between self-renewal 

and differentiation. In Wnt signalling, Wnt proteins such as Wnt3A and Wnt5A ligands are 

produced by HSCs, as well as by the micro-environment. The Wnt signalling pathways are 

important in the development and maintenance of stem cells and in disease, particularly the 

canonical Wnt signalling pathway (Reya and Clevers, 2005). Transcriptional activation of 

canonical Wnt occurs through the Frizzled family during tissue regeneration associated with 

chronic, persistent inflammation and the up-regulation of Wnt1, Wnt3 or Wnt10b can be 

due to the fact that mammary tumour virus integration leads to mammary carcinogenesis in 

mice (Taipale and Beachy, 2001).  

 

Notch signalling is involved in normal embryonic stem cells and in the regulation of the self-

renewal of stem cells. The Notch ligand, Notch 1, is known to play a crucial role in the 

regeneration of HSCs from hemogenic endothelium cells during early embryogenesis. It also 

represents an integral part in mediating signalling between adjacent cells. For example, 

Notch has the ability to inhibit the prevalence of cellular differentiation within tissue or to 

prompt adjacent cells to adopt the same cellular fate (Hadland et al., 2004) 

An important focus of the study of stem cells is the cell division mechanism. Compared to 

progenitor cells, the division of stem cells is slower. Stem cells undergo asymmetric division, 

thereby generating two types of cells: one identical to the mother stem cell and the other a 
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specialised one. However, they also have the ability to generate two identical stem cells by 

undergoing symmetric division. Symmetric division is slower and through cell 

differentiation, the continuous regeneration of organs and tissues ensure the persistence of 

a pool of adult stem cells (Potten et al., 1997). Obtaining “lineage expansion” or “lineage 

extinction” depends on the type of cell division. Generating stem cells produces “lineage 

expansion”, whereas “lineage extinction” is achieved if differentiated cells are propagated. 

It is widely accepted that stem cells give rise to cancer, simply because their slow cycles of 

division and their longevity allow them to accumulate different mutations over time (Clarke, 

2005). It has been proposed that neoplastic cells retrain the feature to divide asymmetrically 

and to produce cells with different tumorigenic potentials. Cancer cells with higher 

tumorigenic propensity have been categorised as “cancer stem cells” (CSC), which are 

capable of self-renewal and generation of the bulk of a tumour. Apparently, this feature is 

an important factor contributing to cancer heterogeneity (McDonald et al., 2006).   

 

One of the essential downstream effectors, required for the regulation of the pluripotency 

in both mouse and human embryonic stem cells (ES), is the unique homeodomain 

transcriptional factor Nanog, which supports self-renewal and maintains the pluripotency of 

embryonic stem cells (Chambers et al., 2003, Pan and Thomson, 2007). It has been shown 

that Nanog is expressed in some cancers such as breast cancer (Ezeh et al., 2007), prostate 

cancer (Jeter et al., 2011), colorectal cancer (Zhang et al., 2013) and somatic Ewing’s 

sarcoma (Brown et al., 2013). Functionally, Nanog cooperates with other two stem cell 

transcriptional factors, OCT4 and SOX2, to maintain pluripotency (Kuroda et al., 2005, Rodda 

et al., 2005). Stable transfection of NANOG and OCT4 into the A375 melanoma cell line 

strongly enhances cell motility and transmigration of the cells (Borrull et al., 2012). Sox2 was 

also discovered to be expressed in 67% of human primary melanomas and 80% of 

metastatic melanomas. Functionally, SOX2 is associated with human melanoma dermal 

invasion. The high expression of these stem cell factors in different types of cancer and 

particularly in melanoma suggests that the invasive front of solid tumours might be enriched 

for cells with stem cell properties (Girouard et al., 2012). 
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1.2 EPITHELIAL-MESENCHYMAL TRANSITION (EMT) 

Epithelial cells can be converted into mesenchymal cells by the EMT process. An epithelial 

mesenchymal transition (EMT) is a vital and fundamental embryonic epigenetics programme 

that often becomes active during tumour progression at the stage of invasion and 

metastasis (Gibbons et al., 2009). EMT plays a major role in the morphogenesis of organs; 

without it, tissues and organs would never be formed. Some characteristics of EMT are as 

follow: 

 Loss of epithelial polarity. 

 Loss of cell adhesion and disruption of intracellular contacts. 

 Increased cell motility. 

 Degradation of the basement membrane. 

 Increased cell invasion and migration. 

 Contributes to chemoresistance. 

 Induce cell cycle arrest. 

 Induce stem cell properties. 

The transition from epithelial cells to characteristic mesenchymal cells encompasses inter- 

and intracellular processes. Epithelial and mesenchymal cells differ in these various 

properties. Epithelial cells are morphologically round and grow as compact clusters. These 

phenotypic characteristics allow for highly organised cellular adhesion with their 

neighbours, allowing for the formation of layered structures. These include tight junctions, 

adherens junctions, desmosomes and gap junctions (Figure1-3). Cells lose many of their 

epithelial characteristics and acquire properties that are typical of mesenchymal cells during 

this conversion. In contrast, mesenchymal cells have a spindle shape, fibroblast-like 

morphology, make focal contact only with neighbouring cells, and show a loss of organised 

cell junctions, which makes them highly migratory. Mesenchymal cells can produce 

epithelial cells through the reverse process (mesenchymal to epithelial transition MET) 

(Figure1-4). Molecular differences have been observed between mesenchymal and 
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epithelial cells; for example, mesenchymal cells do not express epithelial E-cadherin and 

Laminin-1, whereas epithelial cells do. Several molecular events have been observed during 

the EMT process. These involve changes in gene regulation, in cell adhesion cytoskeletal 

organisation and in the expression of specific microRNAs (Thiery and Sleeman, 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-3: Epithelial junctional complex. 
The junctional complexes that exist within epithelial cells provide adhesion contact and build the polarised 
structure of the cellular matrix. A tight junction is sited near to the apical surface controlling para-cellular 
permeability. Adherens junctions consist of E-cadherin which binds to the cytoskeletal component (Actin) and 
indirectly through the catenin family. Gap junctions are intercellular channels that allow the exchange of ions 
and small molecules between direct cell-cell transfers. Finally, Desmosomes are specialised for strong adhesion 
of cells via linking to intermediate filaments. Figure redrawn from (Rodriguez-Boulan and Macara, 2014). 
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Figure 1-4: EMT process. 
The process of transforming epithelial cells into mesenchymal cells is shown in this diagram. The differences in 
stages between EMT and MET are regulated by effectors of EMT and MET. An EMT involves a functional 
transition of epithelial cells into mesenchymal cells. The epithelial and mesenchymal cell markers commonly 
used by EMT researchers are shown. Adapted from (Thiery and Sleeman, 2006). 
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1.2.1 EMT AND DEVELOPMENT 

EMT programmes, originally identified in the chicken primitive streak, are activated at early 

(gastrulation, neural crest delamination) or late (organ formation) stages of embryonic 

development in response to a number of extracellular signals. EMT is required during 

gastrulation to form three embryonic germ layers, ectoderm, mesoderm and endoderm - 

from the primitive streak. Neural crest cells are generated from epithelial cells by EMT, and 

migrate through the dorsal neural epithelium, after which they differentiate into a wide 

range of cell types like neurons of the peripheral nervous system, glial and satellite cells, 

pigment cells, odontoblasts, the craniofacial cartilage, as well as other cell types (Acloque et 

al., 2009, Thiery et al., 2009). The activation of signalling pathways including Wnt, 

transforming growth factor β (TGF-β) which is an essential suppressor of epithelial cell 

proliferation and thus primary tumorigenesis, fibroblast growth factor (FGF), and bone 

morphogenetic protein (BMP) results in the activation of transcription factors that act 

downstream of EMT pathways and are classified as master regulators of EMT (MR-EMT) 

(Figure 1-5). They include Zn finger transcriptional factors SNAIL (SNAIL1, SNAIL2) and ZEB 

(ZEB1, ZEB2) families, basic helix-loop-helix (bHLH) proteins E47, TWIST1, TWIST2, and a 

forkhead transcription factors, such as FOXC2 (Adhikary et al., 2014). These transcription 

factors have been found to confer malignant traits, such as motility, invasiveness and 

resistance to apoptosis (Huber et al., 2005, Mani et al., 2008, Oft et al., 2002, Savagner et 

al., 2005). Some of these transcription factors also appear to play a key role in wound 

healing (Savagner et al., 2005). EMT is classified into three types, each of which has different 

functions and pathological consequences. Type-1 EMT occurs in the normal process of organ 

formation and embryogenesis, allowing generation of mesenchymal cells that have the 

ability to undergo a mesenchymal to epithelial transition (MET) to generate epithelial cells. 

MET enhances cell proliferation and growth of epithelial tumour cells at a secondary tumour 

site. Type-2 EMT appears during tissue regeneration, fibrosis, inflammation and wound 

healing (Kalluri and Weinberg, 2009). In this case, EMT forms new active fibroblasts that 

stimulate tissue repair after tissue inflammation or injury (Okada et al., 1997). Type-3 EMT 

relates to neoplastic cells; it occurs in epithelial cells during cancer progression as they 

undergo genetic and epigenetic changes transforming them into invasive metastatic 

mesenchymal cells often with defects in oncogenes and tumour suppressor genes (Kalluri 
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and Weinberg, 2009). For example, a developmental type-2 EMT occurs during wound 

healing, tissue repair and fibrosis. A type-3 cancer-related EMT has been observed within a 

genetically unstable cell background which is able to change cellular properties such as stem 

cell-like features and latterly its phenotype. A variety of biomarkers are acquired to identify 

the three subtypes of EMT (Zeisberg and Neilson, 2009).  

 

 

 

 

 

 

 

Figure 1-5: Overview of signaling pathways involved in EMT. 
Progression of EMT is regulated through several signalling pathways including TGF-β, Wnt and Notch. For 
example, TGF-β promotes EMT via SMAD proteins and is able to activate the PI3K–AKT, ERK MAPK, p38 MAPK 
and JUN N-terminal kinase (JNK) pathways. These signalling pathways play a critical role in the reprogramming 
of gene expression during EMT. Adapted from (Lamouille et al., 2014) 
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1.2.2 EMT AND CANCER 

EMT has been found in many types of carcinoma such as lung cancer, breast cancer and 

colon cancer (Voulgari and Pintzas, 2009). Cancer-related EMT not only leads to conversion 

of an epithelial cell into a mesenchymal cell but can also result in a reversible metastable 

EMT state and an epigenetically-fixed mesenchymal state can be achieved, while partial or 

complete reversion of EMT is achieved by removal of EMT-induced signals such as TGFβ 

(Thomson et al., 2011). In addition, the importance of mesenchymal to epithelial transition 

(MET) has been highlighted in the formation of clinically significant metastasis (Chaffer et 

al., 2006). This indicates that EMT has a strong effect on the development of the motility of 

tumour cells during dedifferentiation, while MET supports metastatic colonisation. The 

capability of tumour cells to undergo either EMT or MET is dependent upon signals from the 

microenvironment (Brabletz, 2012, Brabletz et al., 2001, Thiery et al., 2009). Several EMT-

TFs have the capacity to enhance tumour formation (Thiery, 2002). For example, expression 

of SNAIL in breast cancer increases its malignancy, and its high expression relates to 

decreased survival rates (Moody et al., 2005). Twist and FOXC2 are two transcriptional 

factors that regulate development of EMT and are involved in enhancing metastasis. A high 

level of Twist expression has been shown to correlate with invasive lobular carcinoma via 

inducing EMT in breast cancer (Yang et al., 2004). However, FOXC2 up-regulates the 

mesenchymal transcriptional genes, rather than directly repressing the expression of E-

cadherin (Kume, 2012). Thus, EMT has been considered as a fundamental process not only 

in the case of embryo development but also in different types of diseases, particularly in 

metastatic cancers in which tumour cells acquire invasive and motile features.  

 

1.2.3 EMT AND CSC 

Many studies have provided evidence to prove the link between cancer stem cells (CSC) and 

EMT. Theoretically, this link was first proposed by Brabletz’s group using colorectal cancer 

as a model tumour (Brabletz et al., 2001) and subsequently it was experimentally studied by 

inducing EMT in non-tumorigenic, immortalised human mammary epithelial cells (HMLEs) 

(Mani et al., 2008). HMLE cells undergoing TWIST or SNAIL1- induced EMT acquire a 

CD44high/CD24low stem cell phenotype. Cells that have undergone EMT followed by 



CHAPTER 1: INTRODUCTION│ 2015 

18 
 

tamoxifen treatment using modified estrogen receptor and activated ER-TWIST or ER-SNAIL 

formed at least 10-fold more tumour spheres than control cells that had not been exposed 

to tamoxifen. In a different set of experiments, the gene expression profile of 

CD44high/CD24low cells isolated from various normal and neoplastic tissues have been 

established. Data showed high levels of the mRNAs encoding mesenchymal markers, 

specifically N-cadherin, Vimentin, Fibronectin, ZEB2, FOXC2, SNAIL1, SNAIL2, TWIST1 and 

TWIST2, and low level of E-cadherin were associated with the CD44high/CD24low tumour cell 

populations (Mani et al., 2008). However, a subsequent study has reported that suppression 

of the expression of EMT transcription factors inhibits the pluripotency gene network of 

tumour cells. This study also suggests that in some cancers, acquisition of mesenchymal 

characteristics occur dependent on their self-renewal ability (Celia-Terrassa et al., 2012). 

Several attempts have been made to establish a functional link between EMT programs and 

embryonic stem cells. A study of non-small-cell lung cancer (NSCLC) has shown that high 

levels of SNAIL expression upregulates transcription factor NANOG and correlates with 

enhanced metastatic potential (Liu et al., 2014). Further studies in human embryonic stem 

cells (hES cells) showed a correlation between EMT and stem cell pathways and suggested 

that the EMT transcriptional factor ZEB2 has an effect on regulating stem cells. In hES cells, 

ZEB2 is modulated by Activin-Nodal signalling to regulate the cell-fate decision in favour of 

neuroectodermal differentiation and to repress pluripotency.  In addition, ZEB2 decreased 

NANOG levels during differentiation, while ZEB2 transcription in turn is repressed by 

NANOG, OCT4 and SOX2 stem cell factors that are responsible for the maintenance of self-

renewal. Binding to the regulatory element located at -4kb in the ZEB2 promoter leads to 

repression. The expression of NANOG is repressed by ZEB2 and shows its ability to shift 

embryonic stem cells from pluripotency to differentiation (Chng et al., 2010). 
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1.3 TRANSCRIPTION FACTORS EXECUTING THE EMT PROGRAMME 

(EMT-TFs) 

It has been proven that EMT is orchestrated by EMT Inducer transcription factors 

represented by different protein families.  Some of these are reactivated during tumour 

progression, such as ZEB, TWIST and SNAIL. It also has been shown that ZEB and TWIST 

proteins are preventing cells from undergoing oncogene-induced senescence and apoptosis 

by functionally inhibiting p53 and RB-dependent pathways (Morel et al., 2012)  

 

1.3.1 SNAIL PROTEINS AND miR-34 

The family of SNAIL proteins includes three members, SNAIL1, SNAIL2 (known as Slug) and 

SNAIL3 that vertebrates needed for embryonic development. The family members of SNAIL 

are zinc-finger transcriptional factors which are needed during mesoderm formation and 

gastrulation. All three family members exhibit similar organisation with four to six highly 

conserved zinc-fingers within the C- terminus domains. These carboxy-terminal domains 

allow DNA binding and to recognise the E2-box element (CAGGTG). In the same context of 

DNA binding, SNAIL factors mediate transcriptional repression and their repressor capacity 

is dependent upon the presence of the SNAG domain located within the N-terminus 

(Peinado et al., 2007, Tania et al., 2014). SNAIL1 plays an essential role in repressing the 

epithelial marker E-cadherin which causes invasion and cell migration. Moreover, SNAIL1 

and E-cadherin expression was shown to inversely correlate during early and late stages of 

mouse embryonic development within neural crest cells and mesodermal tissue. However, 

the function of SNAIL1 in repressing E-cadherin in melanoma cells remains contradictory 

(Tsutsumida et al., 2004).  It has been reported in several epithelial cell lines, such as colon, 

ovarian, breast and gastric cancers, that the overexpression of SNAIL is correlated with 

deacetylation of histones (H3 and H4) within the E-cadherin promoter resulted in the 

repression of E-cadherin (Peinado et al., 2004). Developmentally, SNAIL and SLUG are 

indirectly increasing the activation of a self-renewal programme by loss-binding to specific 

stem cells gene promoters including NANOG, and through the induction of OCT4  (Tania et 

al., 2014).     
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SNAIL2 expression has been developed in melanocytes and has been detected in malignant 

melanoma and in benign nevi. SNAIL2 is required for metastatic melanoma because its 

depletion appears to attenuate growth of primary tumours and highly reduced metastatic 

potential (Gupta et al., 2005). However, a recent study by Caramel et al. has shown that 

SNAIL behaves as a tumour-suppressor during melanogenesis (Caramel et al., 2013). 

Interestingly, SNAIL2 expression has no association with E-cadherin but has a clear 

relationship with MITF in melanoma. Expression of SNAIL2 in the melanocyte leads to a 

minor effect on E-cadherin, induction of MITF and increased migration of melanoma cells, 

which suggests that SNAIL2 has an essential role in the transformation of melanocytes to 

melanoma cells (Shirley et al., 2012). 

 

It has been found that SNAIL1 expression and activity is indirectly repressed by the loss of 

the tumour suppressor protein p53 or by mutation of the p53 gene. Two potential targeting 

sites for the p53-regulated miR-34a, miR-34b and miR-34c were identified within the 3’ 

SNAIL1 UTR. Loss of p53 leads to decreased expression of miR-34 and resulted in up-

regulation of SNAIL, which enhanced the cells ability to display EMT markers and become 

invasive and migratory. In the absence of p53, SNAIL1 is activated in several cancers such as 

colon, breast and lung. However, a role for the miR-34 family in EMT is broader than 

regulation of SNAIL1 expression. miR-34a has shown to down-regulate ZEB1 and also the 

stem cell factors CD44 and c-Myc. In turn, both SNAIL1 and ZEB1 suppress the miR-34 gene 

family expression by binding to the miR-34a/b/c promoters thereby forming a double 

negative loop (Kim et al., 2011, Siemens et al., 2011).  

 

1.3.2 TWIST PROTEINS  

TWIST1 and TWIST2, which share high structural homology, are basic helix-loop-helix (bHLH) 

transcription factors that have a vital role to in early embryogenesis and at the stage of 

gastrulation and mesoderm formation (Vernon and LaBonne, 2004). It also has been shown 

that TWIST1 is required for directing the migration of the neural crest cell, and at late stages 

for the proper differentiation of the first arch tissues into bone, muscle, and teeth (Soo et 

al., 2002), while TWIST2 knockout in mice resulted in postnatal atrophy of multiple tissues, 

apoptosis, and ultimately death (Sosic et al., 2003). In addition, TWIST1 has been involved in 
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the induction of cancer-EMT and invasive phenotypes (Vernon and LaBonne, 2004). Previous 

studies showed that TWIST1 is implicated in many types of human aggressive tumours, such 

as prostate cancer (Gajula et al., 2013) and breast cancer, as well as sarcomas (Martin et al., 

2005). The common structure for all (bHLH) protein family members includes two parallel 

amphipathic α-helices joined by a loop, which is required for dimerisation. TWIST proteins 

are able to bind as either homodimers or heterodimers to DNA via the E-box (CANNTG) site 

(Ellenberger et al., 1994, Peinado et al., 2007). By using a tumourigenesis mouse cell line 

model, it was proved that TWIST1 works as a metastasis inducer, enhancing intravasation 

and inversely correlating with E-cadherin expression. Moreover, TWIST was identified as an 

inducer of metastatic spread in a mouse mammary cell line model of tumourigensis (Yang et 

al., 2004). EMT was induced during ectopic expression of TWIST in MDCK cells, with changes 

in cells morphology (fibroblast-like), induction of fibronectin, vimentin, N-cadherin, and 

down-regulation of E-cadherin and β-catenin (Yang et al., 2004). This has a direct corollary in 

human malignant prostate tissue where TWIST was expressed in 90% of prostate cancers 

but only expressed in 6% of benign prostate cases (Kwok et al., 2005). 

 

 

1.3.3 ZEB PROTEINS AND miR-200 REGULATORY CIRCUIT 

The ZEB protein family includes the two proteins ZEB1 (δ-EF1, Areb6, BZP, MEB1, Nil-2-a, 

TCF8, ZEB, ZEB-1, Zfhep1 or Zfhx1a) and ZEB2 (SIP1 or Zfhx1b), which are complex 

structures, containing two zinc-finger domains and as well as a homeodomain (Figure 1-6). 

Both human and murine ZEB1 and ZEB2 proteins contain a high degree of sequence 

homology within the N-terminal containing four zinc fingers and the C-terminal containing 

three zinc fingers, which suggests that both proteins have similarities in their DNA- binding 

sites to ZEB boxes (Sanchez-Tillo et al., 2011, Vandewalle et al., 2009). The central sites of 

ZEB proteins include the POU-like homeodomain which is not able to bind to DNA but might 

have the ability to interact with other proteins that are essential for transcriptional 

activation or even repression (Browne et al., 2010).   

 

A high degree of homology was observed during the study of the zinc finger family in the 

chicken, mouse, hamster and human (Sekido et al., 1996). As these clusters show high-
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sequence homology in ZEB1 and ZEB2, each of the zinc-fingers in both proteins share the 

same CA(C/G)(C/G)TG sequence located in the promoter region of the target genes. 

(Remacle et al., 1999). Despite ZEB1 and ZEB2 showing common structural and functional 

similarities, they may behave differently and act in opposing directions.   In 1991, ZEB1 was 

named as δEF1 due to its correlation with the activity of the lens specific δ-crystallin 

enhancer (Funahashi et al., 1991). Cloning the ZEB1 gene from the chicken indicates that 

ZEB1 consists of nine exons.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-6: Schematics of ZEB1 and ZEB2 proteins structure. 
Both proteins ZEB1 and ZEB2 contain main domains including N-terminals and C-terminals zinc finger clusters, 
the smad binding domain (SBD), the homeodomain located at the centre and the CtBP interacting domain 
(CID).  
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The N-terminal zinc fingers are encoded by exons 5 and 6, the C-terminal zinc fingers are 

encoded by exons 8 and 9, while the homeodomain and the central region is encoded by the 

large exon 7 (Sekido et al., 1996). ZEB2 was identified by using the yeast  two-hybrid, which 

due to its interaction with the MH2 domain of the receptor-regulated Smad, resulted in the 

name of Smad-interacting protein 1 (SIP1) (Verschueren et al., 1999). ZEB2 is a complex 

protein with a size of 136 KDa which follows the widely separated evolution of ZEB1. 

Analysis of ZEB2 5’UTR in the mouse has identified nine untranslated exons (U1-U9) located 

up-stream of the first translated exon (exon1). All of these untranslated exons were 

variously spliced to exon one, but there were no upstream in-frame start codons observed. 

In addition, three potential cell-type dependent promoters were observed, promoter P1 

sited upstream of exon U5, promoter P2 sited upstream of exon U1 and promoter P3 sited 

upstream of exon 1. It is noteworthy that an antisense transcript of ZEB2, which is highly 

conserved between human and mouse, was identified (Nelles et al., 2003).  

 

ZEB1 and ZEB2 function as transcriptional repressors, due to their interaction with the 

presence of CtBP located at the centre of both proteins (Postigo and Dean, 1999, van 

Grunsven et al., 2003) . Both ZEB1 and ZEB2 contain the smad binding domain (SBD) which is 

located in the middle of the protein region between the N- and C-terminal zinc-finger 

clusters (Figure 1-5). They have been shown to interact with R-smad, with strong binding 

efficiency between ZEB2 and smad3 (Verschueren et al., 1999). The interaction between ZEB 

proteins and smad was induced by TGFβ and BMP signalling. Remarkably, the cooperation 

of ZEB1-smad signalling derives transcriptional activation and induces cell growth arrest, 

while the interaction of ZEB2-smad signalling represses gene transcription (Postigo, 2003).   

The opposing transcriptional function of ZEB1-smad and ZEB2-smad occurs via cooperation 

between smad, and the coactivator or corepressor. Functionally, the N-terminal region of 

ZEB1 binds to p300 and p/CAF which acetylates histones. ZEB2 has also been shown to bind 

to the corepressor p300 and P/CAF. However, ZEB1 and ZEB2 stabilise smad-p300 and 

smad-ZEB1 interactions, but not the smad-ZEB2 interaction. The function of P/CAF in 

binding to ZEB1 is to acetylate several lysine residues resulting in the prevention of the 

interaction between ZEB1 and CtBP which converts ZEB1 from a repressor to an activator 

(van Grunsven et al., 2006). Additionally, ZEB1 is able to recruit the Lys-specific 
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demethylation 1 (LSD1) by attaching it to the histone demethylation located in EMT (Wang 

et al., 2007). 

 

ZEB1 and ZEB2 have been shown to work as E-cadherin transcriptional repressors during 

tumour progression (Bolos et al., 2003). The repression of E-cadherin by ZEB2 occurs via 

binding to E2-boxes sited within the E-cadherin promoter region. Introducing ZEB2 

expression into E-cadherin-positive epithelial MDCK cells results in the loss of E-cadherin at 

both protein and mRNA levels, which disturbs cell-cell adhesion and results in invasive 

phenotypes showing the fundamental role of ZEB2 in the EMT process (Comijn et al., 2001). 

The association of ZEB1 and ZEB2 with E-cadherin expression has been reported in solid 

tumours including brain cancer, breast cancer, cervical cancer, colon cancer, pancreatic 

cancer, and bladder and renal cancers (Wong et al., 2014).   Using the epithelial mouse 

mammary tumour model EpFosER to induce EMT resulted in the loss of apical-basal polarity 

and growth disruption in the multilayers (Eger et al., 2005). ZEB1 was up-regulated following 

EMT induction which in turn repressed E-cadherin expression. In comparison, using the 

same EMT model, ZEB2 and SNAIL expression was not altered indicating that the immediate 

repression of E-cadherin occurred by ZEB1. ZEB1 is implicated in repression of the tight 

junction ZO-1 and loss of desmosomes contact. Interestingly, ectopic expression of ZEB1 

was remarkably, able to induce the mesenchymal marker proteins Vimentin and N-cadherin. 

Moreover, using the breast cancer model MDA-MB-231 which lacks E-cadherin, and ZR-75-1 

which expresses high E-cadherin has confirmed the direct association of ZEB1 with E-

cadherin (Eger et al., 2005). Additionally, ZEB1 showed a strong effect on regulating E-

cadherin expression in early zebrafish development (Vannier et al., 2013). Previous studies 

using mouse NMuMG EMT model treated with TGF-β resulted in EMT induction enabling 

cells to acquire mesenchymal properties and suppress E-cadherin (Kondo et al., 2004). In 

another study, TGF-β treatment in NMuMG induces E-cadherin repression via E-box binding 

of ZEB1 and ZEB2 to the E-cadherin promoter, with no involvement of SNAIL1 and SNAIL2 in 

this repression. In addition, knockdown of ZEB1 and ZEB2 had no effect on the expression of 

mesenchymal markers including fibronectin, N-cadherin and vimentin. Moreover, the up-

regulation of ZEB1 and ZEB2 by TGF-β appeared to have an indirect influence, probably via 

TGF-β-induced of Ets (Shirakihara et al., 2007). In several non-small cell lung cancer cell 

lines, overexpression of ZEB1 and ZEB2 using a dox-inducible system resulted in repression 
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of E-cadherin expression levels, while its expression increased during knockdown of ZEB1 

and ZEB2 with strong reactivation following silencing of ZEB1 compared to ZEB2. However, 

the knockdown of ZEB1 and ZEB2 appeared synergistic in the re-expression of E-cadherin 

(Gemmill et al., 2011)  

 

The roles of ZEB1 and ZEB2 transcription factors and several microRNA species 

(predominantly, miR-200 family members) are to regulate EMT and MET. A crosstalk 

between ZEB/miR-200 axis and a number of oncogenic and tumour suppressor pathways 

takes place at different stages of the metastatic cascade. MicroRNAs are small non-coding 

20-22 nucleotide RNAs that function as gene expression inhibitor (He et al., 2005). A panel 

of 60 cell lines maintained by NCI were analysed to determine the correlation between 

epithelial phenotypes and miRNAs. Interestingly, the miRNA-200 family indirectly interacted 

with E-cadherin expression and negatively with the expression of vimentin. Induced miRNA-

200 is inversely correlated with ZEB1 and ZEB2 expression (Figure 1-7). Transfected MDA-

MB-231 with miR200a and miRNA-200c resulted in the up-regulation of E-cadherin, low 

levels of ZEB1 and ZEB2, and observed reduction in cell motility. Conversely, inhibition of 

miRNA-200 in HCT116 resulted in an increase in ZEB1 and ZEB2, reduction of E-cadherin and 

promotion of EMT. The highly efficient involvement of miRNA-200 in EMT regulation is 

confirmed due to its direct binding to the eight and nine sites within ZEB1 and ZEB2 3’UTRs 

mRNA (Christoffersen et al., 2007, Park et al., 2008). Likewise, TGF-β induced EMT in MDCK 

cells was regulated by the miR-200 family indicating involvement in  cancer progression 

(Brabletz and Brabletz, 2010).   

 

Several data have confirmed that a reverse relationship exists between miR-200 and ZEB 

proteins, not only in their different functions, but also in controlling each other’s expression. 

These studies have also shown that all of the miR-200 members: miR-200a, miR-200b, miR-

200c, miR-141 and miR-429 are transcriptional targets of ZEB proteins. Functionally, a 

ZEB/miR-200 double negative feedback loop has been identified, in which ZEB1 and ZEB2 

transcriptionally repress miR-200, while miR-200 inhibits ZEB1 and ZEB2 expression at post-

transcriptional level, consequently inhibiting EMT progression (Figure 1-8). In addition, the 

ZEB/miR-200 loop is able to control cellular processes such as differentiation, proliferation 

and apoptosis (Brabletz and Brabletz, 2010, Bracken et al., 2008, Hill et al., 2013, Lamouille 
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et al., 2014a). This mechanism was studied in MDCK-Pez cells through the overexpression of 

the protein tyrosine phosphatase Pez, which resulted in down-regulation of the miR-200 

family due to the induction of EMT. Moreover, TGF-β-induced EMT in MDCK cells resulted in 

the down-regulation of the same miRNA-200 family, suggesting that this mechanism is 

directly involved in the EMT and MET processes (Gregory et al., 2008b). In an alternative 

study, overexpression of both miR-200c and miR-141 in the colorectal cancer cell line 

SW480 resulted in the reduced expression of TGF-β2 indicating that the EMT-induced 

pathway is the miR-200 target. Additionally, miR-141 showed the strongest repressor 

influence on TGF-β2 expression, whereas ZEB1 had the highest effect on expression via miR-

200c (Burk et al., 2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-7: Regulation of EMT-TFs during carcinogenesis. 
Expression of all the EMT-TFs increases during carcinogenesis, in a tumour specific manner all the EMT-TFs 
identified as transcriptional regulators of EMT and repressors of E-cadherin. A double negative feedback loop 
exists between the miR-200 family and the ZEB proteins, and between the miR-34 and SNAIL proteins.  
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Figure 1-8: The ZEB/miR-200 double negative feedback loop.  
Both ZEB factors are inhibited at the post-transcriptional level by the miR-200 family at multiple sites located 
within ZEB1 and ZEB2 3’ UTRs promoting EMT. In return, both ZEB1 and ZEB2 transcriptionally repress the 
gene of the miR-200 by binding to the E-box recognition site in their promoter resulting in EMT.  
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1.4 POST-TRANSLATIONAL MODIFICATIONS   

Post-translational modification is an important mechanism involved in eukaryotic cells to 

control their protein function by alerting its chemical structures and regulating complex 

signalling networks. Based on several studies, PTMs are known to play a vital role in 

regulating cellular events including gene expression, signal transduction, protein-protein 

interaction, cell-cell contacts and the intracellular and extracellular environment   (Wang et 

al., 2014). The most common types of PTMs which are involved in cellular alteration are 

methylation, phosphorylation, glycosylation, acetylation and ubiquitination (Figure1-8) 

(Deribe et al., 2010).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1-9: Characteristics of post-translational modifications. 
Different types of reversible and irreversible post-translational mechanisms that edit the structure, stability 
and function of proteins after translation. Adapted from (Wang et al., 2014) 
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1.4.1 THE UBIQUITIN PROTEOSOME SYSTEM (UPS) AND EMT 

Ubiquitin, an 8 kDa polypeptide comprising 76 amino acids, is a member of the conserved 

protein family which share common biochemical mechanisms and regulate intracellular 

processes in eukaryotic cells (Pickart and Eddins, 2004). Ubiquitin is linked to target proteins 

via the isopeptide ligament between the ubiquitin carboxyl-terminal glycine and an internal 

lysine substrate. The ubiquitination of targeted proteins consists of three steps requiring 

three enzymes E1, E2 and E3 and starts with activation of ubiquitin by the enzyme E1 

followed by linking it to the E2 enzyme. In the last step, the ubiquitin is conjugated to the 

lysine residues of the target protein through the E3 enzyme (Figure 1-9) (Deribe et al., 2010, 

Wang and Maldonado, 2006). Ubiquitin chains are able to bind to the target proteins 

through seven lysine residues located within ubiquitin at positions 6, 11 27, 29, 33, 48 and 

63 (Galan and Haguenauer-Tsapis, 1997). There are two types of E1 enzymes encoded by 

the human genome defined as Ubiquitin-activating enzyme 1 (UBE1) and Ubiquitin-like 

modifier activating enzyme 6 (UBA6) which activates the same members of the ubiquitin-

like modifier (ULM) family such as SUMO, ISG15, or NEDD8 (Groettrup et al., 2008). The E2 

enzymes include 40 active proteins and inactive E2 variants and all share a core ubiquitin 

conjugation (UBC) domain that contains 150-200 amino acids. In humans, 35 active E2 

enzymes have been identified. Moreover, several E2s contain N- and/or C-terminal protein 

sequences which play a role in intracellular localisation and regulation properties. The 

classification of E2 members into three groups is based on the additional extension to the 

catalytic core, which differs between their functional roles. Class 1 E2 enzymes contain only 

the catalytic domain, while class2 and class3 contain additional N- or C-terminal extensions, 

respectively   (Sheng et al., 2012, van Wijk and Timmers, 2010).     

 

E3 ubiquitin-protein ligases, of which approximately 600 are coded for by the human 

genome, are considered to have a critical functional role in UPS as they control the transfer 

of ubiquitin from the E2 enzyme to the target protein and specify the substrate recognition 

(Fernandez-Saiz et al., 2013).  Four types of E3 have been identified, HECT (homologous to 

E6-AP C-terminus), RING (really interesting new gene) finger, U-box domain, and the PHD-

finger type (Nakayama and Nakayama, 2006). The HECT directly catalyses substrate proteins 

attached to ubiquitin and, through its interaction with target proteins via conjugation to E2, 
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results in transfer ubiquitin. The importance of HECT E3, also known as E6-AP, is 

demonstrated by the loss of expression leading to Angelman Syndrome. Although both 

RING-finger and U-box E3s have no catalytic role in the ubiquitination of the target protein, 

they do mediate between E2 and target proteins (Hatakeyama et al., 2001). RING-finger E3s 

are classified into two types, the N-recognin ligase which regulates the N-end rule pathway, 

and the multicomponent complex SCF (Skp1/Cullin/F-box/Rbx1/2) family (Ardley and 

Robinson, 2005).  

 

On the other hand, the proteasome is multisubunit enzyme complex which has an essential 

role in transcriptional regulation and catalysing the degradation of poly-ubiquitinated 

proteins. The degradation of ubiquitin proteins is carried out by the 26S (2000 KDa) via an 

ATP-dependent process (Coux et al., 1996). The 26S proteasome is a multi-protein complex 

including the 20S core which contains proteolytic sites that break peptide bonds, and the 

19S cap that binds to the ubiquitin-chain and transfers protein substrate into the 20S core 

for degradation (Lecker et al., 2006). 

 

Importantly, development of regulatory EMT transcriptional factors including TWIST, SNAIL 

and ZEB family degradation are regulated by the ubiquitin proteasome system (UPS). It has 

been found that TWIST undergoes post-transcriptional regulation and is essential for 

cleavage by caspase during apoptosis which results in degradation via ubiquitination and the 

ubiquitin-proteasome system (Demontis et al., 2005, Lander et al., 2011). In contrast, the 

interaction of SNAIL  with E3 ligase β-Trcp promotes the ubiquitination of SNAIL (Zhou et al., 

2004). In addition, SNAIL stability is UPS-dependent through its regulation by the E3 ligases 

MDM2, while both ZEB1 and SLUG are regulated by the E3 ligase cullin7/FBXW8 complex 

which results in loss of E-cadherin and increased invasiveness (Voutsadakis, 2012). 

Interestingly, ZEB2 is degraded by the E3 ligase complex Skp1-Pam-Fbxo45, indicating that 

ZEB2 is the specific substrate of the E3 ligase complex SPF. Ubiquitination of ZEB2 was 

significantly decreased during Fbxo45 or Pam knockdown. Additionally, the SBD domain of 

ZEB2 is fundamental for its regulation by Fbxo45 ubiquitination. On the contrary, Fbxo45 

expression is down-regulated by miR-27a which results in inhibiting degradation of EMT 

transcriptional factors (Xu et al., 2015a). 
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Figure 1-10: Schematics of the ubiquitin-proteasome pathway.  
Ubiquitin protein binds to the ubiquitin-activating enzyme E1, and is transferred to the ubiquitin-conjugating 
enzyme E2. At the final stage, ubiquitin is attached to its targeted protein through E3 ligase followed by the 
poly-ubiquitin chain that interacts with 26s proteasome which lead to a degraded protein. E3 ligase is classified 
into four types: HECT-type, RING-finger-type, U-box-type and PHD-finger-type. Adapted from (Nakayama and 
Nakayama, 2006) 
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1.5 RAS PATHWAY IN HUMAN CANCER  

1.5.1 OVERVIEW OF RAS PATHWAY  

An intracellular process within normal cells is controlled by a complex signalling pathway 

network to ensure that cells are only proliferating when they are required to. Different 

signalling pathways such as the RAS pathway has been shown to play a major role in helping 

proliferative signals to pass through membrane receptors including K-RAS, N-RAS and H-

RAS.  The link between this pathway and malignancy has been demonstrated based on the 

fact that components of these pathways are present in a mutated form in cancer (Steelman 

et al., 2011). On the contrary, activation of this pathway by growth factor mutation may 

control cancer growth. It has been found that approximately 50% of metastatic cancers 

contain a RAS mutation including a point mutation in the RAS effector domain which allows 

RAS to interact with various targets (Ward et al., 2001). 

The RAS proteins, which were identified as retroviral oncogenes, were found to control 

signal pathways that regulate normal cellular proliferation and cell growth in most human 

tumours. The RAS proteins are members of low molecular-weight GTP-binding proteins 

which are classified into different groups according to the degree of sequence conservation 

such as the RHO family which controls the actin cytoskeleton (Downward, 2003). RAS family 

members are very closely related and have 85% amino acid similarity and function in a very 

similar manner (Lowy and Willumsen, 1993). In addition to their role in regulating cell 

proliferation, a previous study by Johnson and his colleagues showed that K-RAS is essential 

for mouse development as it is expressed in all cell types, while knockout of N-RAS or/and 

H-RAS had no influence in mouse embryogenesis (Johnson et al., 1997). RAS protein 

activities were found to be regulated through binding to GTP which resulted in activated 

enzymes that allow RAS to control proliferation (Campbell et al., 1998).  

 

RAS is a common molecule located upstream of multi-signalling pathways including 

RAF/MEK/ERK, PI3K/AKT and RALGDS. The main effector of RAS is the protein 

serine/threonine kinase (RAF) which has been extensively studied. RAF is classified into 

three types (A-RAF, B-RAF and C-RAF), and its activation is by interaction with RAS-GTP 

(Leevers et al., 1994). Mutations within the three members H-RAS, K-RAS and N-RAS have 
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been found to play a critical role in human tumorigenesis. These three closely related 

proteins promote cancer induction through their highly common mutations located at 

codons 12, 13 and 61. Although the three types share a common similarity, K-RAS mutations 

are more abundant in cancer types. Data collected from the COSMIC dataset have shown 

that K-RAS mutation occurs in 22% of all cancers, while 8% of N-RAS and 3% of H-RAS are 

present in all tumours analysed. Interestingly, 80% of K-RAS mutations at codon 12 and 60% 

of N-RAS mutated at codon 61 were found, while H-RAS was found to mutated by 

approximately 50% and 40% at codons 12 and 61, respectively (Prior et al., 2012). 

 

As mentioned previously, RAS mutations are abundant in most cancer types with prevalence 

for K-RAS. For instance, RAS mutations in Pancreatic Ductal Adenocarcinoma range from 69-

95%, with increasing K-RAS mutations appearing during progression of the pancreatic cancer 

(Fernandez-Medarde and Santos, 2011). In colorectal carcinoma, K-RAS was found in 40-

45% of all samples that  were analysed, with 80% of mutations occurring at codon 12, while 

1-3% of mutations in N-RAS were observed in the same samples (Vaughn et al., 2011). In 

addition, non-small cell lung carcinomas (NSCLC) expressed a high number - 40% - of K-RAS 

mutations, with about 94% of all K-RAS mutations appearing at codon 12 (Garassino et al., 

2011, Suzuki et al., 1990). It has been shown that RAS mutation is triggered in human NSCLC 

due to a long-term exposure to chemicals such as smoking tobacco (DeMarini et al., 2001). 

In contrast, malignant melanoma displays a high frequency of N-RAS mutations compared to 

K-RAS mutations. The mutation of N-RAS was found in 20-30% of samples analysed, with 

86% of N-RAS mutations resulting at codon 61 via exposure to UV irradiation (Hocker and 

Tsao, 2007). The study of N-RAS mutations in melanoma at various stages of tumour 

progression has observed its mutation at the early stages and has not shown any increase in 

metastasis from the same patient suggesting that N-RAS mutation occurs during the early 

stages of melanoma progression (Omholt et al., 2002). It is worthy of note that RAS’ 

downstream effector B-RAF is activated in human melanoma via RAS-GTP association with 

the RAS binding domain (RBD) which promote changes in RAF phosphorylation and 

stimulates its serine/threonine activity, suggesting that both N-RAS and B-RAF are initiating 

factors promoting malignant melanoma (Ugurel et al., 2007, Wan et al., 2004). Finally, RAS 

signalling has been found to contribute to other human illnesses such as diabetes and 

immunological and inflammatory disorders (Fernandez-Medarde and Santos, 2011).  
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RAS protein activity requires post-translational modification by farnesylation. However, 

inhibition of farnesyltransferase resulted in the rescue of the RAS isoform process via K-RAS 

and N-RAS catalysis geranylageranyltransferase (GGTase)  (Downward, 2003). Furthermore, 

the modification of RAS includes the attachment of either farnesyl pyrophosphate or 

geranylgeranyl pyrophosphate. Modification by farnesylation occurs via attachment with 

any amino acid, not leucine and ending with a CAAX sequence, while geranylgernylation 

occurs when the leucine ends with CAAX sequence. Importantly, H-RAS can only be 

farnesylated, whereas K-RAS and N-RAS are able be farnesylated and geranylgeranylated 

(Konstantinopoulos et al., 2007).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 1: INTRODUCTION│ 2015 

35 
 

1.5.2 MAPK PATHWAY IN CANCER 

Activated RAF leads to the activation of mitogen-activated protein kinases (MEK1 and 

MEK2) resulting in the ultimate activation of extracellular signal-regulated kinases (ERK1 and 

ERK2) (Figure 1-10) (Downward, 2003). It has been demonstrated that K-RAS is the most 

common activator of C-RAF (Rajalingam et al., 2007) and the activation of RAF has been 

found to occur through: 

i. Recruitment to the plasma membrane mediated by an interaction with RAS 

ii. Dimerisation of RAF proteins 

iii. Phosphorylation/ dephosphorylating on different domains 

However, activation of both C-RAF and A-RAF requires the combined activity of RAS and Src, 

while B-RAF is only Src-dependent. The role of RAS in activating RAF/MEK/ERK and PI3K/AKT 

vary as K-RAS has been shown to associate with RAF/MEK/ERK, whereas H-RAS associates 

with PI3K/AKT (Chang et al., 2003). The interaction of down-stream RAS pathway, the 

RAF/MEK/ERK and PI3K/PTEN/Akt pathways were found to play an essential role in 

regulating cell growth and tumorigenesis (McCubrey et al., 2007). In addition, the 

interaction between RAS and the tumour suppressor p53 has been largely studied. Various 

mutations on p53 were found to regulate RAS pathway and induced metastasis (Solomon et 

al., 2012). The inactivation of p53 has been found to cooperate with activated RAS during 

the development of melanomagenesis (Bardeesy et al., 2001). Moreover, the interaction of 

RAF/MEK/ERK with the p53 pathway in prostate cancer has been found to promote cell 

cycle arrest which leads to sensitivity of cells to chemotherapeutic drugs. It also has been 

shown that the RAF/MEK/ERK pathway regulates apoptosis via phosphorylation of apoptotic 

regulatory elements.  The induction of phosphorylation can be performed by RAF through 

downstream MEK and ERK, or through independent MEK and ERK. Additionally, inhibition of 

the RAF/MEK/ERK expression in hematopoietic cells induces proliferation and drug 

resistance. Therefore, the RAF/MEK/ERK pathway has different implication for cell growth 

or inhibition of apoptosis (McCubrey et al., 2007). 
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Figure 1-11: Overview of RAS downstream signaling pathways. 
The activity of RAS is controlled by its binding to GTP. Once it is activated it will stimulate catalytic activity of 
several effectors. RAF is considered as the main effector that promotes MAPK which leads to ERK activation. 
ERK interferes with various substrates in the cytoplasm and the nucleus including EMT transcriptional factors.  

Downstream of RAS includes PI3Ks, RALGDS and PLC. Adaptad from (Downward, 2003).  
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1.5.3 RAS PATHWAY IN CELL INVASION AND EMT  

Several oncogenic pathways including RAS and its downstream effectors have been found to 

induce EMT and are involved in cancer invasiveness as well as metastatic properties. As 

previously mentioned, the down-regulation of the cell adhesive factor, E-cadherin, is the 

critical molecular feature during the EMT process. Signalling of RAS to EMT transcriptional 

factors such as SNAIL and SLUG occurs through RAF and MEK which are inducers of EMT. 

Furthermore, the activation of the PI3K/AKT pathway, which is located downstream of RAS, 

regulates E-cadherin during EMT (Larue and Bellacosa, 2005). It has been shown that the 

phosphorylation of PI3K/AKT is required for TGF-β-induced EMT and invasion (Bakin et al., 

2000), while hyperactive RAF/MAPK regulates EMT, suggesting that the interaction between 

RAS and TGF-β is essential during EMT and cell migration (Janda et al., 2002).  The mitogen-

activated protein kinase (MAPK) pathway and its subfamily (ERKs, JUNKs and p38 MAPK) 

interact with TGF-β signalling pathway and promote EMT. The activation of ERK was found 

to play a crucial role during EMT which led to the acquisition of mesenchymal properties. 

Furthermore, ERK activation via TGF-β was found to repress E-cadherin expression in various 

models of EMT (Gui et al., 2012). MAPK has been shown to be involved in EMT due to its 

role in repressing TGF-β-induced SLUG via MEK (Choi et al., 2007).  

 

In pancreatic cancer, the interaction between K-RAS and CDK8 regulates SNAIL and ZEB1 

expression via the Wnt/ β-catenin signalling pathway which leads to EMT (Xu et al., 2015b). 

Additionally, inducing pancreatitis in adult K-RAS mutant mice resulted in increased EMT 

and circulating pancreatic cell numbers (Rhim et al., 2012).  On the other hand, metastatic 

melanomas contained a B-RAF mutation in 70% of diagnosed melanoma cases (Tsao et al., 

2012). Interestingly, B-RAF mutations are responsible for the activation of several anti-

apoptotic pathways including RAS downstream effectors such as MAPK which in turn 

regulates the expression of EMT transcriptional factors. Actually, B-RAF activates NF- B 

through IKKbeta and induces EMT via up-regulation of SNAIL; it activated by NFkB, and 

suppresses expression of PTEN. On the contrary, suppression of PTEN expression results in 

the activation of PI3K/AKT (Lin et al., 2010). Ultimately, it has been shown that activation of 

the B-RAF pathway in melanoma cells resulted in up-regulation of ZEB1 and TWIST1 the 

down-regulation of ZEB2 and SNAIL2 (SLUG). In contrast, chemical inhibition of both B-RAF 
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and MEK led to down-regulation of ZEB1 and TWIST1, but up-regulation of ZEB2 and SNAIL2 

(Caramel et al., 2013). Therefore, the RAS pathway and its downstream effectors, 

particularly the MEK-ERK pathway, are essential in regulating EMT.  

 

1.6 HYPOTHESIS 

A protein motif adjacent to the smad-binding domain within the ZEB2 protein induces 

ribosome stalling and compromises translation.  This regulatory mechanism is important for 

the ZEB1/ZEB2 balance which may determine a configuration of EMT programs in normal 

and pathological conditions.    

 

1.7 AIM AND OBJECTIVES OF THE STUDY 

The overall aim of this study was to study both the transcription and translation of ZEB2 in 

different cancer cells, to better understand the role of ZEB2 during the EMT process. 

Objectives: 

 Analysis of the activity of the ZEB2 U5 and E1 promoters in melanoma cell lines by 

the measurement of luciferase activity. 

 To examine whether mutations in the RAS pathway modify the network of 

transcription factors and regulate stem cell properties and EMT, in cancer cells via 

ZEB2.  

 To examine the different levels of ZEB2 expression and whether it is controlled at 

the transcriptional or translational level. 

 To examine the regulation of ZEB2 expression by describing a novel mechanism that 

controls its protein synthesis. 
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2.1 CHEMICALS AND REAGENTS   

Table 2-1: Reagents 
 

Reagent Company Catalogue 

Number 

α-Select Chemically Competent Cells Bronze 

and Gold efficiency  

Bioline (London,UK) BIO-85025 

BIO-85027 

ApaI restriction enzyme New England Biolabs 

(Hertfordshire, UK) 

R0114S 

BamHI HF® restriction enzyme New England Biolabs 

(Hertfordshire, UK) 

R3136S 

Bovine serum albumin powder protease 

free,fraction 

Fisher Scientific BPE9701-100 

BglII restriction enzyme New England Biolabs 

(Hertfordshire, UK) 

R144S 

Cycloheximide Calbiochem (EMD Millipore) 

(Watford, UK) 

239764 

Dulbecco’s modified eagle media (DMEM) 

high glucose without L-Glutamine  

PAA (Pasching, Austria)  E15-009  

Dulbecco’s modified eagle media (DMEM) 

(4.5g/l) liquid with Sodium Pyruvate with L-

Glutamine 

Lonza (Switzerland) BE12-604F/12 

Heat inactivated fetal bovine serum (FBS) Sera-Lab EU-000-F 

HighRanger 1kb DNA Ladder  Geneflow (Staffordshire, UK)  L3-0020-S  

HindIII restriction enzyme New England Biolabs 

(Hertfordshire, UK) 

R0104S 

Ingenio® electroporation solution Geneflow  E7-0516  

Kod hot start master mix  Millipore (U.K.) Limited  

QuikChange Lightning Multi Site-Directed 

Mutagenesis Kit – Academic 

Agilent Technology 210515 

LB Agar, powder (Lennox L Agar)  Invitrogen (Paisley, UK) 22700-025 

Lipofectamine™ 2000  Invitrogen 11668-019 

Lipofectamine™3000  Invitrogen L3000008 

Luciferase Assay System Promega (Southampton, UK)  E4030  
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Marvel Dried Skimmed Milk Powder  Morrison brans  N/A 

Miller’s LB Broth Base® (Luria Broth Base)  Invitrogen  12795-027  

MluI restriction enzyme New England Biolabs 

(Hertfordshire, UK) 

R0198S 

NheI-HF® restriction enzyme New England Biolabs 

(Hertfordshire, UK) 

R3131S 

Penicillin-Streptomycin (PS) (100X)  Life Technologies 15070-063 

Phusion™ Flash High-Fidelity PCR Master Mix Fisher Scientific F-548S 

Puromycin  Life Technologies A11138-03 

Roswell Park Memorial Institute (RPMI) 1640 

with glutamine 

Lonza BE12-702f/12 

SalI  restriction enzyme New England Biolabs 

(Hertfordshire, UK) 

R0138S 

Sacl restriction enzyme New England Biolabs 

(Hertfordshire, UK) 

R0156S 

Sodium Dodecyl Sulphate (SDS) (20%)  Fisher Scientific 10607443 

Shrimp Alkaline Phosphatase New England Biolabs 

(Hertfordshire, UK) 

M0371S 

Trypsin-EDTA (10X), no Phenol Red        LIFE TECHNOLOGIES 15400-054 

Tris-acetic acid ethylenediaminetetraacetic 

acid (EDTA) buffer (van Grunsven et al.) 

Thermo scientific                         B49 

Tris-borate EDTA buffer (TBE) Thermo scientific                         B52 

Tet System Approved FBS, USDA-Approved Clontech 631106 

T4 DNA Ligase New England Biolabs 

(Hertfordshire, UK) 

M0202S 

U0126 Calbiochem (EMD Millipore) 

(Watford, UK)  

662005  

Wizard SV Gel and PCR Clean-Up System  Promega  (Southampton, UK) A9281  

Wizard® SV Genomic DNA Purification System Promega (Southampton, UK) A2360 

Xbal restriction enzyme New England Biolabs 

(Hertfordshire, UK) 

R0145S 

XcmI restriction enzyme New England Biolabs 

(Hertfordshire, UK) 

R0533S 

 
 
 

https://www.neb.com/products/r0138-sali
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Table 2-2: Reagents made in-house 
 

Reagents Name Component  

β-galactosidase assay master mix  

 

 66 μL 4 mg/ml ONPG (ortho nitrophenyl β-

galactosidase) 

  in 0.1 M NaPO4, pH 7.5; 

  201μL of 0.1 M NaPO4, pH 7.5;  

 3μL of 4.5M β-Me in 0.1M MgCl2  

Laemmli lysis buffer (cell lysis buffer) (4X)   200 mM Tris-HCl (pH 6.8) 

  8% SDS 

 40% (v/v) glycerol 

Phosphate buffered saline (PBS) (g/L:- 8.0 

sodium chloride; 0.2 potassium chloride; 1.15 

di-odium hydrogen phosphate; 0.2 potassium 

dihydrogen phosphate; pH 7.3± 0.2 at 25 oC) 

Dissolve 10 PBS tablets/1 litre 

Ponceau S staining solution   0.1% (w/v) Ponceau S  

 5% (v/v) acetic acid  

Protein loading buffer   0.2% (w/v) bromophenol blue  

 1% (v/v) 2-mercaptoethanol  

Protein running buffer   25 mM Tris Base  

 190 mM Glycine 

 0.1% SDS 

Protein transfer buffer   25 mM Tris 

 190 mM Glycine 

 20% Methanol 

Tris-buffered saline with Tween (TBS-T)  50mM Tris-HCl (pH 8.0) 

 150 mM NaCl 

 0.1% (v/v) Tween-20 

TBS-T with bovine serum albumin (BSA)  TBS-T 

 5% BSA 

TBS-T with milk  TBS-T 

 5% (w/v) Marvel dried milk powder 
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Table 2-3: Primary Antibodies Table 
 

Antibody Clone no. Isotype Migration in 
SDS/PAGE 

(KDa) 

Dilution Catalogue no. Supplier Reference 

α-tubulin  

 

B-5-1-2  

 

Monoclonal mouse 

IgG1  

55 1:20000 WB  T5168  

 

Sigma-Aldrich (Dorset, UK)  - 

Cyclin D1 EPR224(IHC)-

32) 

Monoclonal rabbit 

IgG 

31 1:1000 WB 04-1151 Merck Millipore, UK - 

E-cadherin  

 

36/E-Cadherin  

 

Mouse monoclonal 

IgG  

120  

 

1:2000 WB  

 

610181  

 

BD Transduction Laboratories™ 

(Oxford, UK)  

- 

FBXO45 - Polyclonal rabbit IgG 31 1:100 WB Ab126521 Abcam (Cambridge, UK)  

NANOG - Polyclonal rabbit IgG 34 1:1000 WB 2929.00.02 Novus Biological (Cambridge ,UK) - 

OCT4 - Polyclonal rabbit IgG 44 1:500 WB NB100-2379 Novus Biological (Cambridge, UK) - 

P-cadherin  56/P-Cadherin  Monoclonal mouse 

IgG1  

120  

 

1:500 WB  

 

610228  BD Transduction 

Laboratories™(Oxford, UK)   

- 

RB Ab-5 Monoclonal mouse 

IgG1 

105 1:100 WB  

 

OP66-100UG Merck Millipore, UK - 

Sox2 D6D9 Monoclonal rabbit 

IgG 

35 1:1000 WB 3579 Cell signalling Technology - 

TWIST Twist2C1a  Monoclonal mouse 

IgG1 

21  

 

1:50 WB  

 

ab50887  Abcam (Cambridge, UK)  - 

ZEB1 H-102  Polyclonal rabbit IgG  250  1:2000 WB  sc-25388  Santa Cruz Biotechnology, INC  - 

ZEB2 (CUK2) - Polyclonal rabbit IgG 250 1:5000 WB - In house  Sayan et al., 2009; 

Oztas et al., 2010) 
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Table 2- 4: Secondary Antibodies  
 

Antibody Type Dilution Catalogue no. Supplier 

Anti-Mouse 
Immunoglobulins/HRP  

Polyclonal goat  1:2500 WB 00063800  DAKO 

Anti-Rabbit 
Immunoglobulins/HRP  

Polyclonal goat  1:2500 WB 00072118  DAKO 

Alexa Fluor® 488 Anti–
Mouse IgG Antibodies  

Polyclonal donkey 1:500 IF A21202  
 

Invitrogen  

Alexa Fluor® 594 Anti–Rabbit 
IgG Antibodies  

Polyclonal donkey 1:500 IF A21207  
 

Invitrogen  
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2.2 CELL CULTURE 

2.2.1 ROUTINE CELL PASSAGING  

All cell culture procedures were performed in a class II laminar flow cabinet, with cell lines 

maintained in an incubator at 37oC, 5% CO2 and 100% humidity. The various cell lines used 

can be found in (table 2-5) including guidance on the type of cell culture media used. All 

media was stored at 4oC and warmed to 37oC prior to use. Tissue culture flasks, T25, T75 

and T175, were supplied from Thermofisher Scientific. Cells were culture and to 

approximately 70% confluence before passage. Cells were not passaged more than 20 

times. Adherent cells were washed with two washes of phosphate-buffered saline (PBS), 

prior to trypsinisation with 1X trypsin EDTA. Cells were returned to the incubator at 37oC for 

5 to 10 minutes, after which the flask was gently tapped to detach cells. The 1X trypsin EDTA 

was neutralised with the addition of cell culture media. Cells were transferred to a 50 ml 

centrifuge tube (CFT-900-031F) and pelleted via centrifugation at 1000 rpm for 5 minutes 

and the pellet re-suspended in 1 ml of media. The cell concentration was calculated using 

the following formula: 

(Total cell number = ((counted cell/4) x 104) x volume medium re-suspended in) 

The cells were seeded at the required cellular density in the correct sized flask and media 

added. Cells were immediately returned to the incubator. 

2.2.2 FREEZING AND DEFROSTING STORED CELLS  

Cells were washed with PBS, trypsinised and pelleted. Therefore, cells were counted, re-

pelleted with 2 × 106 cells and re-suspended in 1 ml of freezing media (80% complete cell 

culture media; 10 % FBS; 10 % DMSO) and aliquoted into Cryo.s™ Freezing Tubes from 

Greiner Bio-One (122263). These tubes were placed in a CoolCell® alcohol-free cell freezing 

containers, and stored at -80oC overnight. Cells were then transferred into the liquid 

nitrogen container for long-term storage. In case of thawing, cells taken from liquid nitrogen 

were immediately placed in a 37oC water bath to thaw. Cells were subsequently mixed with 

10 ml of cell culture media and pelleted by centrifugation. The pellet was re-suspended in 5 

ml of complete media, transferred to a T25 tissue culture flask and placed in the incubator. 
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Table 2-5: Cell lines 
 

Cell line Culture media Cellular origin Reference 

A375 M RPMI 1640; 10% FBS; 1% P/S 54 year old female; malignant melanoma; derived 
from the A375P cell line that were injected into the 
tail vein of nude mice and lung metastases removed 

(Kozlowski et al., 1984)  
 

A375 P RPMI 1640; 10% FBS; 1% P/S 54 year old female; malignant melanoma (Kozlowski et al., 1984)  

A431 DMEM with L-glutamine; 10% FBS; 1% P/S 85 year old female; human epidermoid carcinoma (Giard et al., 1973) 

DLD-ZEB2 RPMI 1640; 10% FBS; 1% P/S An adult male; human colorectal adenocarcinoma 
cell line  

- 

Human epidermal melanocytes neonatal 
(HEMN) 

Melanocyte Medium(MelM); 1% melanocyte 
growth supplement; 0.5% FBS; 1% P/S 

Human neonatal epidermal melanocytes supplied by 
TCS Cell works 

- 

H1299 DMEM with L-glutamine; 10% FBS; 1% P/S Human non-small cell lung carcinoma cell line 
derived from metastatic site of lymph node of 43-
years old Caucasian male  

(Giaccone et al., 1992)  

IPC-298 RPMI 1640; 10% FBS; 1% P/S 64 year old female; human cutaneous melanoma 
established from the primary tumour 

- 

J82 DMEM with L-glutamine; 10% FBS; 1% P/S Human bladder carcinoma cell line derived from a 
poorly differentiated and invasive transitional cell 
bladder carcinoma (stage 3) of 58-year old Caucasian 
male.  

Marshall et al., 1977, 
O'Toole et al., 1978)  

 

MCF-7 Tet-on DMEM with L-glutamine; 10% Tet free FBS; 

1% P/S 

Human breast adenocarcinoma cell line derived from 
a 69-year old Caucasian woman in 1970 with a 
malignant pleural effusion secondary to breast 
carcinoma   

Clontech (631153) 

MCF7-ZEB1-EGFP DMEM with L-glutamine; 10% Tet free FBS; 
1% P/S 

Human breast adenocarcinoma cell line derived from 
a 69-year old Caucasian woman in 1970 with a 
malignant pleural effusion secondary to breast 
carcinoma; transformed to express ZEB1EGFP by 
addition of 2 μg/μl of doxycycline (DOX) to the 
culture medium   

Cell model was 
established by Youssef 
Alghamdi. 
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MCF7-ZEB2-EGFP DMEM with glutamine; 10% Tet free FBS; 1% 

P/S 

Human breast adenocarcinoma cell line derived from 
a 69-year old Caucasian woman in 1970 with a 
malignant pleural effusion secondary to breast 
carcinoma; transformed to express ZEB2-EGFP by 
addition of 2 μg/μl of doxycycline (DOX) to the 
culture medium 

Cell models was 

stablished by Youssef 

Alghamdi. 

MDA-231 
 

DMEM with L-glutamine; 10% FBS; 1% P/S Human breast adenocarcinoma cell line derived in 
1973 from 51-year old Caucasian woman with 
pleural effusion. 

(Brinkley et al., 1980, 
Liu and Feng, 2010)  

MDA-468 DMEM with L-glutamine; 10% FBS; 1% P/S Human breast adenocarcinoma cell line obtained in 
1977 from a 51-year old black woman with a pleural 
effusion  

(Cailleau, Olive & 

Cruciger 1978) 

RPMI-7951 EMEM (MG4655), 1% sodium pyruvate; 1% 

NEAA; 10% FBS; 1%P/S 

18 year old Caucasian female; human malignant 
melanoma established from lymph node metastasis 

- 

RT112 DMEM with L-glutamine; 10% FBS; 1% P/S The poorly invasive human bladder carcinoma cell 
line derived in 1973 from Caucasian female.  

Benham et al., 1977, 
Kawanishi et al., 2008)  

SK-MEL-2 EMEM; 10% FBS; 1% P/S 60 year old Caucasian male; human malignant 
melanoma obtained from the metastatic site 

- 

SaOs-2 DMEM with L-glutamine; 10% FBS; 1% P/S Human osteosarcoma cell line derived in 1973 from 
an 11-years old Caucasian female. 

(Fogh and Trempe, 
1975) 

SK-MEL-5 DMEM with L-glutamine; 1% NEAA; 10% FBS; 

1% P/S 

24 year old Caucasian female; human cutaneous 
melanoma 

- 

SK-MEL-28 DMEM with L-glutamine; 1% NEAA; 10% FBS; 

1% P/S 

51 year old male; human melanoma - 

SK-MEL-30 RPMI 1640; 10% FBS; 1% P/S 67 year old Caucasian male; human malignant 
melanoma established from subcutaneous tumour 
tissue 

- 

T24 DMEM with L-glutamine; 10% FBS; 1% P/S The highly invasive human bladder transitional cell 
carcinoma derived in 1970 from an 81-year old 
Caucasian woman.  

(O'Toole et al., 1972, 
Ware et al., 2007, 
Kawanishi et al., 2008)  
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T-47D 
 

DMEM with L-glutamine; 10% FBS; 1% P/S Human breast adenocarcinoma cell line isolated 
from a 54-year old woman with pleural effusion and 
infiltrating ductal carcinoma. 

(Keydar et al., 1979, 

Ware et al., 2007) 

UACC-257 RPMI 1640; 10% FBS; 1% P/S Human melanoma - 

UMU-C3 DMEM with L-glutamine; 10% FBS; 1% P/S Bladder carcinoma cell line derived from a urinary 
bladder transitional cell carcinoma of human male.  

(Grossman et al., 1986, 
Bellet et al., 1997)  

U2Os DMEM with L-glutamine; 10% FBS; 1% P/S Human bone osteosarcoma cell line, originally 
known as the 2T line derived in 1964 from a 
moderately differentiated sarcoma on the tibia of a 
15 year old Caucasian female. 

(Ponten and Saksela, 
1967, Raile et al., 1994) 

WM-266-4 DMEM high glucose with L-glutamine ; 1% 

NEAA; 10%FBS; 1%P/S 

58 year old female; human malignant melanoma 
derived from the metastatic site 

(Wan et al., 2004)  

ZR-75-1 DMEM with L-glutamine; 10% FBS; 1% P/S Human breast adenocarcinoma cell line derived from 
a malignant ascetic effusion of a 63-year old 
Caucasian woman.  

(Engel et al., 1978) 
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2.2.3 TRANSIENT TRANSFECTIONS 

Plasmids (Table 2-6) and siRNA (Table 2-7) were transiently transfected into cell lines using 

either the Ingenio® electroporation solution in combination with the GenePulser Xcell 

electroporator from Bio-Rad (165-2660), which was set at 250 V and 250 μF, or 

Lipofectamine® 2000 Transfection Reagent. Lipofectamine RNAimax was used for siRNA 

transfection. 

 

2.2.3.1 ELECTROPORATION TRANSFECTIONS  

Cells were trypsinised, pelleted and counted and two million cells aliquoted into a 1.5 ml 

microcentrifuge safe-lock tube from Fisher Scientific (CFA-112-020P). Cells were again 

pelleted and re-suspended in 60 μl of the Ingenio® electroporation solution and 

subsequently mixed with the appropriate plasmid DNA or siRNA at the required 

concentration. The sample was transferred to a 4 mm electroporation cuvette from 

Geneflow (E6-0076) and placed in the electroporator and the cells electroporated. Cells 

were immediately transferred to a 6 cm2 cell culture dish from Greiner Bio-One (628960), 

containing pre-warmed media and returned to the incubator. For each set of transfections, 

a positive control for transfection efficiency was included, which consisted of transfection 

with the pEGFP-C1 plasmid (Table 2-5). Transfection efficiency was determined the 

following day and cell culture media replaced. 

 

2.2.3.2 LIPOFECTAMINE® 2000 TRANSFECTION 

Cells were seeded into 6 well plates to be 70% confluent at the time of transfection. Plasmid 

DNA was diluted in Opti-MEM® to a concentration of 0.5-5 µg/µl and mixed briefly. 5 μl of 

Lipofectamine 2000 transfection reagent was diluted in 250 μl Opti-MEM which then added 

into diluted plasmid DNA. This was gently mixed by flicking the tube and incubated at room 

temperature for 5 minutes. The transfection complex was then added to cells and incubated 

at 37°C / 5% CO2. 4 hours post-transfection, Opti-MEM medium was replaced by cell culture 

medium and incubated at 37°C / 5% CO2 for 24-72 hours and transfected cells were 

analysed. 
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Table 2-6: Plasmid constructs and vectors 
 

Plasmid name Plasmid  Insert Provided by 

pGL3_p1047_RE-4 pGL3-Basic 

vector, promega 

E1751 

Contains ZEB2 U5 promoter 

and the regulatory element 

RE/-4 

In Lab 

pGL3_RE -395 pGL3-Basic 

vector, promega 

E1751 

Contains -395 promoter 

cloned from ZEB2. 

In Lab 

pGL3_p1047_RE/E1 pGL3-Basic 

vector, promega 

E1751 

Contains ZEB2 U5 promoter 

and the regulatory element 

RE/E1 

In Lab 

pGL3_p1047_RE/Vista pGL3-Basic 

vector, promega 

E1751 

Contains ZEB2 U5 promoter 

and the regulatory element 

RE/vista 

In Lab 

PBABE-PURO-HA-ZEB2-double 

Mutant. 

pBABE_PURO Contains the mutated mouse 

ZEB2 codons. 

In Lab 

pEGFP_C1_ZEB2 pEGFP_C1 

Clontech 

Full length mouse ZEB2.  

 

In Lab 

pBI-HA-ZEB2-EGFP pBI Tet Vector 

Clontech 

631006 

Mouse ZEB1 with N-terminal 

HA-tag and EGFP. 

In Lab 

pBI-ZEB1-HA pBI Tet Vector 

Clontech 

631006 

Mouse ZEB1 with N-terminal 

HA-tag. 

In Lab 

pGL3 CMVluv  

 

pGL3 basic, 

Promega 

E1751 

CMV promoter  

 

In Lab 

pCMV β-gal  pCMV-SPORT1, 

Invitrogen 

10586-014 

β-galactosidase (β-gal)  

 

In Lab 

pEGFP-C1  

 

pEGFP-C1 

Clontech 

6084-1 

Green fluorescent protein 

(GFP)- red shifted variant of 

wild-type GFP  

In Lab 
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Table 2-7: siRNA sequences 
 

Oligo Name Sense sequence 5’-3’  
 

Anti-sense sequence 5’-3’  
 

Reference  

OCT4 AGCAGCUUGGGCUCGAGAA UUCUCGAGCCCAAGCUGCU - 

SOX2 AGUGGAAACUUUUGUCGGA UCCGACAAAAGUUUCCACU (Fanget al., 2011) 

FBXO45 no.1 GGCUUUACUUUACAUCGAATT UUCGAUGUAAAGUAAAGCCTT (Xu et al., 2015a) 

FBXO45 no.2 GGACAAUAAUCUACUACAUTT AUGUAGUAGAUUAUUGUCCTT (Xu et al., 2015) 

Control-siRNA AUGAACGUGAAUUGCUCAA UUGAGCAAUUCACGUUCAU - 
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2.2.4 CHEMICAL TREATMENT  

A375M and A375P (B-RAF mutant) cell lines were treated with B-RAF and MEK inhibitors for 

24 hours. Stock solutions at 10 mM were produced in DMSO for the MEK inhibitor U0126. 

The inhibitor were used at a final concentration of 10 μM dissolved in the appropriate tissue 

culture media. Additionally, for induction of ZEB1/EGFP and ZEB2/EGFP expression in the 

MCF7-ZEB1-EGFP and MCF7-ZEB2-EGFP cell lines, doxycycline at 2μg/ml was added to the 

tissue culture media, from a stock solution of 2 mg/ml in water. The MCF7-ZEB2-EGFP cell 

line was treated for 8 hours with the protein synthesis inhibitor Cycloheximide at a final 

concentration of 20µg/ml and presence of doxycycline. 

      

2.3 NUCLEIC ACIDS ISOLATION AND MANIPULATION  

2.3.1 EXTRACTING GENOMIC DNA  

Cultured cells at the required density were pelleted, as previously described; the genomic 

DNA was extracted using Wizard® SV Genomic DNA Purification System (Cat. no.A2360 

Promega), and stored at -20oC for future use. 

 

2.3.2 TOTAL RNA EXTRACTION 

Cells were grown in T25 flasks, washed twice with PBS, followed by the addition of 1 ml of 

TRI Reagent® (Invitrogen, Cat. no. 15596-026). TRI Reagent® contains a mix of guanidine 

thiocyanate and phenol to dissolve DNA, RNA and protein. Cells were lysed by pipetting up 

and down a few times, and transferred to separate 1.5ml Eppendorf tubes and then 

incubated at room temperature for 5 minutes. Samples could be stored at -80oC.  

To every 1ml that had been transferred, 200µl of chloroform was added and shaken 

vigorously for 15 seconds, followed by 5 minutes incubation at room temperature. Samples 

were then centrifuged at 12,000 rpm for 15 minutes at 4°C. This generated three phases; 

the upper phase containing the RNA, the interface containing the DNA and the lower phase 

containing the proteins. The colourless upper aqueous phase was transferred to a clean 

Eppendorf tube. 0.5ml of 100% isopropanol was added to this upper aqueous phase to 
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precipitate the RNA. The tube was incubated for 10 minutes at room temperature and then 

centrifuged at 12,000 rpm for 30 minutes at 4°C. The pellet was collected after the 

supernatant had been discarded. The RNA was washed with 1ml of 75% ethanol and 

centrifuged at 10,000 rpm for 5 minutes at 4°C. The supernatant was discarded, and then 

the pellet was dried on the bench. Next, the pellet was re-suspended in 50μl RNase-free 

water and incubated at 55–60°C for 15 minutes. To remove any DNA contamination, 2μl of 

DNase (RNase-free) was added to sample and incubated for 10 minutes at 35oC and then 

incubated for an additional 10 minutes at 75oC and finally stored at -80oC.  

 

 

2.3.3 DNA/RNA QUANTIFICATION 

Nucleic acid concentration and total yield were determined using the NanoDrop ND-1000 

Spectrophotometer (NanoDrop Technologies, USA). At the beginning and in between 

samples the pedestal and lid were cleaned with optical instrument cleaner. The program 

was initialised with ultra-pure water and blanked with the buffer used to dissolve the 

nucleic acid. Samples were applied onto the pedestal in 1.2μl volumes. Samples were 

measured in duplicate. Sample purity was determined by monitoring the absorbance 

readings at 260 and 280 nm, with DNA and RNA having an optimal A260/280 ratio of between 

1.8 and 2.1 respectively. 

 

2.3.4 VISUALISING DNA 

PCR products and DNA plasmids were separated by horizontal agarose gel electrophoresis 

with equipment obtained from Bio-Rad (170-4485EDU). DNA in 10μl volumes was mixed 

with 2 μl of 6X DNA loading dye. Varying percentages of agarose gels were produced, 

ranging from 0.8-1.5%, depending on DNA size. Agarose was dissolved in either TAE or TBE 

buffers and ethidium bromide added to a final concentration of 2 μg/ml. Samples were 

loaded, a DNA ladder included, and gels run at 100 volts for 30-45 minutes. DNA was 

visualised using an UVP BioDoc-H System UV transilluminator and gel images taken. 
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2.3.5 GENERATION OF cDNA BY REVERSE TRANSCRIPTION (RT) 

First Strand cDNA Synthesis Kit cDNA synthesis Kit (Thermo Scientific, Cat. No.K1611) was 

used to synthesis complementary DNA (cDNA) from total RNA. To a sterile PCR tube, 1μg of 

total RNA and 1μl of random hexamer primers were made up to 11μl with treated ddH2O 

water. This combination was mixed gently by pipetting and then heated to 65°C for 5 

minutes, followed by a brief chill on ice.  

The components (table2-8) were added in the indicated order. This mixture was incubated 

for 5 min at 25oC, followed by 60 minutes at 37oC. Finally, the reaction was terminated by 

heating at 70oC for 5 minutes. Samples containing cDNA were stored at -80oC for further 

work. 

 

 

 

Table 2-8: Summary of RT-PCR first Strand cDNA Synthesis 
 

Solution Volume (µl) 

Total RNA 1 µl 

Random hexamer primers 1 µl 

5X Reaction buffer 4 µl 

RiboLock RNase inhibitor (20 u/ µl) 1 µl 

10 mM dNTP Mix 2 µl 

m-MuLV Reverse transcriptase (20 u/ µl) 2 µl 

H2O 9 µl 

Total volume 20 µl 
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2.3.6 DNA CLONING 

2.3.6.1 DNA OLIGONUCLETIDES 

Pelleted DNA primers (table 2-9) were re-suspended in water to produce a stock solution of 

100 μM. A 10 μM working solution was subsequently produced. Additionally, dried siRNA 

oligonucleotides (table 2-7) were re-suspended in water to a concentration of 100 μM. 2 μl 

of siRNA were used for each transient transfection.  

 

 

Table 2-9: PCR Primers 
 

Primers Sequence Oligo 

length 

Annealing 

temp(Co) 

5-ZEB2 RE-4 caccAGATCTGCGCGGAAAATTGGGGACAC 30 61oC 

5-ZEB2 RE-4 caccGGATCCGCGCGGAAAATTGGGGACAAC 31 61oC 

3-ZEB2 RE-4 catGTCGACAATGGGGATCGTGGGATCAGG 30 61oC 

5-Vista-MLU caACGCGTGCACTCCCTGAGTCCTTCTC 28 68oC 

3- Vista-NHE caccGCTAGCACATCCCTTTTGCTTCAAAGGAT 33 68oC 

5-E1-MLU caACGCGTAGGAAGTTTATAGACAAGTTCC 30 72oC 

3- E1-NHE caccGCTAGCTACCTTATACAGGAAAGGGG 30 72oC 

5-promMLUshort caACGCGTATGCCAAAGGCTTGACGGGCG 29 72oC 

3-promNHEnew caACGCGTGGGAGTGGCAGAGCGCGCGGA 29 72oC 

LV- MUTANT CACCAGCCCTCTGGGTGTGCACCATCTG 28 65oC 

G- MUTANT CACCAGCCCTTTAGGCGTACACCCATCTG 29 65oC 

K1,2 MUTANT AGGCTTACTTAGGATTAGAACAGAACCAC 29 65oC 

K3 MUTANT CTTCAATGACTATAGAGTTCTTATGGCAAC 30 65oC 

LGV_MUT1 CACCAGCCCTCTGGGCGTGCACCCATCTG 29 65oC 

LGV_MUT2 CAATGCAGCACCTGGGCGTGGGGATGGAAGC 31 65oC 
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2.3.6.2 POLYMERASE CHAIN REACTION (PCR) 

PCR was carried out using 2μl of forward and reverse primers (10pmol/μl) designed to 

include the targeted DNA fragment (Table 2-8), 20 ng/μl of the genomic DNA, and 25μl of 2 

x Phusion™ Flash PCR Master Mix (Cat. No. E0553L, Biolabs), and 20 μl of RNase-free water 

in a 50μl PCR reaction. The programme was set for pre-heating at 94oC for 30 sec, then 40 

cycles of [denaturation at 94oC for 20 sec; annealing at 61oC for 20 sec; and extension at 

65oC for 3 minutes]. The final extension was at 72oC for 1 minute. The PCR products were 

purified using Wizard® SV Gel and the PCR Clean-up kit (Promega, cat. No. A2360). The final 

30μl volume of purified PCR products was stored at 4oC. 

 

2.3.6.3 RESTRICTION ENZYME DIGEST OF AMPLIFYING DNA AND PLASMID DNA 

Restriction digests were performed to check the quality of the plasmids and to confirm the 

size of the plasmid insert. Restriction digests were performed as 20 μl reactions, using 1 μg 

of plasmid, 1μl of restriction enzyme, 2μl of the corresponding 10X buffer, with the 

remaining volume composed of nuclease-free water. The reaction was incubated on a heat 

block for 1 hour at 37oC. When a second sequential digestion was required, 1μl of the first 

digest was retained to check restriction enzyme activity, with the remaining 19μl used in the 

second reaction. The additional components of the second digestion include 1μl of 

restriction enzyme. The reaction was incubated at 37oC for 2 hours. A 1μl sample of the 

resulting double digest was visualised using a 0.8% TAE agarose gel, along with the uncut 

plasmid and single digest. Digested plasmids were purified using the Wizard® SV Gel and 

PCR Clean-Up System (section 2.3.6.4). 

 

2.3.6.4 LIGATION OF PLASMID DNA WITH INSERT DNA 

The ligation mixture was set up with 1μl of digested vector, 1μl of T4 DNA ligase, and 2μl of 

T4 DNA ligase buffer. Varying amounts of DNA digest were added to produce a final 

concentration of a 1:3 molar ratio of vector: insert (DNA digest). Distilled water was added 

to produce a reaction of 10μl. The ligation mix was incubated overnight at 16oC. 
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2.3.6.5 DNA PURIFICATION 

DNA was purified using the Wizard® SV Gel and PCR Clean-Up System. This product removed 

contaminants, such as excess nucleotides and primers. The DNA was either purified after 

excision from an agarose gel or directly from solution. DNA was mixed with a Membrane 

Binding Solution (4.5M guanidine isothiocyanate, 0.5M potassium acetate (pH 5.0)), which 

contained guanidine isothiocyanate to denature proteins, so preventing degradation of the 

DNA. Through a series of centrifugations, the DNA became bound to the silica membrane 

and was washed with a Membrane Wash Solution (10mM potassium acetate (pH 5.0), 80% 

ethanol, 16.7μM EDTA (pH 8.0)). The DNA was finally eluted in nuclease-free water. 

 

2.3.6.6 CHEMICAL TRANSFORMATION OF E.Coli 

Plasmid DNA was chemically transformed into α-Select Chemically Competent Cells, of 

either bronze or gold efficiency. Prior to use, cells were stored at -80oC and thawed on ice. 

Cells were mixed by gentle flicking of the tube and 50 μl of thawed competent cells were 

aliquoted into pre-chilled 1.5 ml micro-centrifuge tubes. 2.5 μl of plasmid DNA was added to 

the competent cells, gently flicked and incubated on ice for 30 minutes. Cells were then 

heat shocked in a water bath at 42oC for 30 seconds. Samples were returned to ice for 2 

minutes. 400 μl of SOC medium (2% (w/v) tryptone; 0.5% (w/v) yeast extract, 8.6 mM NaCl, 

2.5 mM KCl, 20 mM MgSO4, 20 mM glucose) was added to the transformation reaction and 

shaken for 1 hour at 37oC. As a positive control for transformation, pUC19 DNA was 

provided with the competent cells and used in a separate reaction. Additionally, a negative 

control for transformation was included, which lacked plasmid DNA and so was antibiotic 

sensitive.  

Meanwhile, previously dissolved and autoclaved LB agar (10g SELECT peptone 140; 5 g 

SELECT yeast extract; 5 g sodium chloride; 12 g SELECT agar per litre) was melted by heating 

and allowed to cool prior to the addition of either ampicillin or kanamycin to a final 

concentration of 100 μg/ml or 50 μg/ml, respectively. This was then poured into culture 

dishes and allowed to set. 100 μl of the transformation reaction was then spread onto the 

culture dish and incubated overnight at 37oC. Single colonies were then picked from the 

plate using a sterile pipette tip and the bacterial population expanded following the steps 

for small scale production of plasmid DNA. 
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2.3.6.7 ISOLATION OF PLASMID DNA 

2.3.6.7.1 SMALL SCALE ISOLATION OF PLASMID DNA 

Colonies were directly picked from the agar plate and added to 5 ml of LB broth (10 g 

SELECT peptone 140; 5 g SELECT yeast extract; 10 g sodium chloride per litre) containing 

antibiotic at the previously mentioned concentrations and incubated at 37oC for 

approximately 8 hours or overnight with orbital shaking. This was classed as the starter 

culture. The plasmid DNA was then extracted and purified using the QIAprep Spin Miniprep 

Kit, following the protocol for isolation of high-copy plasmid DNA from E.coli, which can 

isolate up to 30 μg of plasmid DNA. The saturated LB broth was initially transferred into a 

1.5 ml micro-centrifuge tube and the cells pelleted by centrifugation at 8000 rpm for 3 

minutes. The pellet was re-suspended in Buffer P1 containing RNase and LyseBlue, followed 

by the addition of Buffer P2, which contains SDS, resulting in cellular lysis and release of 

plasmid DNA. Buffer N3 was then added and the tube inverted, ensuring neutralisation of 

the lysate to allow optimal binding of plasmid DNA to the silica membrane of the spin 

columns. Samples were then centrifuged at 13,000 rpm for 10 minutes to pellet cell debris, 

protein and genomic DNA and the resulting supernatant passed through a spin column by 

centrifugation at 13,000 rpm for 1 minute, whereby plasmid DNA became bound to the 

membrane. The membrane was washed by centrifugation in Buffer PE, which contains 

ethanol to remove contaminants. The DNA was finally eluted in Buffer EB (10 mM Tris/HCl, 

pH 8.5). Subsequently, the concentration and quantity of plasmid DNA was determined 

(Section 2.3.3). Additionally, the integrity of the plasmid DNA was visualised on a 0.8% 

agarose gel (Section 2.3.4).  

In certain situations, the resulting plasmid preparation was further analysed to ensure the 

presence of the correct insert. This was either performed via a restriction digest (Section 

2.3.6.3); using restriction enzymes that specifically cut the plasmid DNA at known sites to 

generate identifiable fragments. Alternatively, the plasmid DNA was sent for DNA 

sequencing (Section 2.3.7). 
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2.3.6.7.2 LARGE SCALE ISOLATION OF PLASMID DNA 

In order to generate high quantities of purified plasmid DNA, the NucleoBond® Xtra Maxi 

Plus kit was used, following the protocol for maxi high-copy plasmid purification. This 

advised recovery of up to 1000 μg of plasmid DNA. A large overnight culture was prepared 

using 300 ml of LB Broth with antibiotic and diluting the starter culture 1:1000. This culture 

was grown for 16 hours at 37oC with orbital shaking. The culture was then pelleted by 

centrifugation at 6,000 x g for 20 minutes at 4oC. The pellet was re-suspended in Buffer RES, 

which contained RNase A. Cells were lysed in Buffer LYS, containing sodium hydroxide and 

SDS. Samples were mixed by inversion and incubated for 5 minutes. Meanwhile, the 

NucleoBond® Xtra Column and Filter were equilibrated with Buffer EQU by gravity flow. The 

cell lysate was then neutralised with Buffer NEU, which contained potassium acetate. The 

precipitated lysate was then applied to the NucleoBond® Xtra Column and Filter and 

contaminating protein, chromosomal DNA and cell debris were cleared from the lysate and 

the plasmid DNA became bound to the silica resin. The column and filter were then washed 

with Buffer EQU, after which the column was discarded. The silica resin was washed again 

and the plasmid DNA eluted under high salt conditions. The protocol was then transferred 

to the Concentration of NucleoBond® Xtra eluates with the NucleoBond® Finalizers. The 

eluted DNA was first precipitated by the addition of isopropanol. The sample was then 

loaded into a syringe with attached NucleoBond® Finalizer, containing another silica 

membrane, and the sample passed through. The membrane was then washed with the 

addition of 70% ethanol to the syringe. Excess ethanol was removed from the syringe and 

the membrane dried. The purified plasmid DNA was subsequently eluted in Tris buffer (5 

mM Tris/HCl, pH 8.5).  

 

The quantity and quality of the purified plasmid DNA was checked and visualised on an 

agarose gel (Sections 2.3.3 and 2.3.4). The plasmid DNA was then ready for use in 

downstream process, such as in transient transfections. 
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2.3.7 DNA SEQUENCING  

Prior to DNA sequencing, PCR products and plasmids were cleaned using the Wizard® SV Gel 

and PCR Clean-Up System (Section 2.3.9). DNA sequencing was undertaken by GATC Biotech 

Ltd (London, UK). Plasmids at 30-100 ng/μl and the corresponding sequencing primers at 

10pmol/μl, were sent to the GATC Biotech laboratories. Sequencing data was returned with 

Phred20 base calling quality and data provided in ABI, SEQ and FAS file formats. 

 

2.3.8 SITE-DIRECTED MUTAGENESIS CLONING 

QuikChange Lightning Multi Site-Directed Mutagenesis kit (Agilent Technology, cat. No. 

210515) was used to introduce single or up to five different sites concurrently. The three-

step method was firstly performed using mutagenic primers to set up mutant strand 

synthesis PCR reaction (table 2-10). The programme was set for pre-heating at 95oC for 2 

minutes, then 30 cycles of [denaturation at 95oC for 20 sec; annealing at 55oC for 30 sec; 

and extension at 65oC for 3 minutes]. The final extension was at 65oC for 5 minutes. 

Subsequently, 1 µl of Dpn I restriction enzyme was added directly to the sample, gently 

mixed, spin down for 1 minuet and incubated at 37oC for 5 minutes. Finally, transformation 

was carried out using 45 µl of the XL10-Gold ultracompetent cells thawed on ice. 2 µl of the 

β-ME was added to the cells, mixed gently and incubated on ice for 10 minutes, flicked 

gently every 2 minutes. 1.5 µl of the Dpn I-treated DNA from mutagenesis reaction was 

transferred to the ultracompetent cells containing β-ME and followed steps in (section 

2.3.6.6).   
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Table 2-10: Summary of PCR component reaction 
 

Reaction Component Templates >5 kb 

10x QuickChange Lightening Multi reaction 

buffer 

2.5 µl 

H2O 17.5 µl 

QuickSolution 1 µl 

ds-DNA Template 1 µl 

Mutagenic primers 1 µl 

dNTP Mix 1 µl 

QuickChange Lightening Multi enzyme blend 1 µl 

 

2.3.9 RT-qPCR REACTION  

RT-qPCR reactions were prepared under a highly sterile environment. Ultrapure 

DNAse/RNase-free distilled water and RT-qPCR Fast SYBR® Green Master Mix (Applied 

Biosystems, cat. No. 4385612) was prepared with cDNA and primers (Table 2-7) in 20μl total 

reaction volume as follows: 

 

Table 2-11: RT-qPCR Reaction components 
 

Component Volume (µl) 

Fast SYBR® Green Master Mix 10 µl 

Forward primers  0.5 µl 

Reverse primers 0.5 µl 

cDNA  4 µl 

DNAse/RNase-free distilled water 5 µl 

Total 20 µl 
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Expression of each gene was analysed in triplicate in 96 well PCR plates. After adding the 

appropriate volume of RT-qPCR Master Mix, cDNA Sample, primers and dH2O in each well, 

with each plate containing a non-template control, the plate was sealed and centrifuged for 

10 seconds. 

 

 

 

Figure 2-1: RT-qPCR cycling condition. 

 

 

 

2.4 GENERATION OF A STABLE CELL LINE  

The MCF-7 Tet-on breast cancer cell line was used to establish a stable cell line. Expression 

plasmids were transfected as shown in (section 2.2.3) using 4 µg of plasmid with addition of 

1 µg of pIRES_Puro as a selection marker into MCF-7 Tet-on. Cell suspension was added to 

the appropriate culture medium. 100 µl of medium containing transfected cell suspension 

were transferred into all wells in the 96 well plates and incubated for 24 hours. The next 

day, medium was aspirated and cells were fed with fresh medium containing 1 µg/ml 

Puromycin (Life technology, cat.no. A11138-03). 
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2.5 WESTERN BLOTTING  

2.5.1 SAMPLE PREPARATION  

2.5.1.1 PROTEIN ISOLATION 

Cells were obtained from the cell culture incubator and washed with PBS. Dependent upon 

the number of cells present within the flask, an appropriate volume of Laemmli buffer, 

diluted to 1X, was added. The cells were scraped to promote detachment from the base of 

the flask. Lysate containing detached cells was transferred into a 1.5 ml microcentrifuge 

tube. Samples were then boiled on a heat block at 94oC for 10 minutes. The samples were 

centrifuged and sonicated on a Soniprep 150 from MSE for 10 seconds to fragment DNA. 

Protein concentration was then determined and samples were stored at -20oC for future 

use. 

 

2.5.1.2 DETERMINATION OF PROTEIN CONCENTRATION 

Protein quantification was performed using the BCA Protein Assay Kit, which is compatible 

with the SDS detergent present within Laemmli buffer. This was a colorimetric based 

detection method for total protein quantification, using bicinchoninic acid (BCA). 

Quantification occurred in a 96-well format (Greiner, 655180), with 200 μl of BCA reagent 

required for each sample, consisting of 50 parts BCA Reagent A to 1 part BCA Reagent B. 

Additionally, a series of protein standards was included, ranging from 2 μg/μl to 25 ng/μl of 

bovine serum albumin (BSA). The colorimetric reaction commenced with the addition of 5 μl 

of pre-boiled protein sample or protein standard. A blank sample was also included, 

whereby the protein sample was replaced with Laemmli buffer. The 96-well plate was 

placed on a shaker for 30 seconds, then at 37oC for 30 minutes. The plate was allowed to 

cool to room temperature, and an absorbance reading at 562 nm was taken on a BioTek 

ELx808 Absorbance Microplate Reader (BTELX808). The absorbance value obtained for the 

blank sample was subtracted from the absorbance readings for the protein samples and 

standards. A standard curve was generated for the protein standards, allowing the 

concentration of the unknown protein samples to be determined. Protein samples were 

diluted with the addition of 1X Laemmli buffer to a concentration of 1 μg/μl.  
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2.5.1.3 GEL PREPARATION 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed for 

the separation of proteins using various percentages of resolving gel and 5% stacking gel 

(table 2-11). The Mini-PROTEAN Tetra Electrophoresis System from Bio-Rad (165-8006) was 

used to cast 1.5 mm thick vertical gels. Acrylamide solution, Tris-HCl, SDS and water were 

mixed before polymerisation was initiated by addition of 10% ammonium persulphate (APS) 

and N, N, N’, N’-tetramethylethylenediamine (TEMED). The resolving gel was pipetted into 

the cassette and then water saturated isobutanol applied to the top to remove air bubbles. 

The gel was allowed to set for 20 – 30 minutes. The isobutanol was removed and the top of 

the gel rinsed with water and dried. The stacking gel was loaded between the glass plate 

and a 15 well comb inserted and left for 20 minutes at room temperature.  

 

Table 2-12: Summary of gel preparation 

 

Solution component 8% resolving gel (ml) 

(10ml) 

12% resolving gel (ml) 

(10ml) 

5% stacking gel (ml) 

(10ml) 

Sterile H2O 5.3 3.3 6.8 

30% acrylamide mix 2.0 4.0 1.7 

1.5 M Tris (pH8.8) 2.5 2.5 - 

1.0 M Tris (pH 6.8) - - 1.25 

10% SDS 0.1 0.1 0.1 

10% APS 0.1 0.1 0.1 

TEMED 0.008 0.004 0.01 

 

 

 

2.5.1.4 LOADING PROTEIN SAMPLES 

Proteins samples at 1 μg/μl were combined with protein loading buffer and samples heated 

to 96oC for 10 minutes and centrifuged. 20 μl of each sample were loaded into the cast 

wells, including a protein standard, and electrophoresis performed in protein running buffer 

at 170 volts for approximately 60 minutes. The bromophenol blue dye front was monitored 

to check for efficient electrophoresis. 
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2.5.1.5 PROTEIN TRANSFER  

After electrophoresis, the gel was washed in transfer buffer for 5 minutes. Additionally, the 

Immobilon-P PVDF transfer membrane from Merck Millipore (IPVH00010) (Watford, UK) 

was immersed in 100% methanol for 5 minutes. Wet electrophoresis transfer was 

performed using the Trans-Blot system from Bio-Rad. The transfer cassette was immersed in 

transfer buffer and the gel and transfer membrane were sandwiched between filter paper 

from GE Healthcare (SE1141) and fibre pads (Figure 2-2). Air bubbles were removed by 

gently rolling over the sandwiched gel and membrane. The transfer cassette was properly 

orientated within the transfer tank and filled with transfer buffer. Protein transfer occurred 

at 100 volts for 60 minutes or 25 volts for 16 hours. After transfer, the membrane was 

stained with Ponceau S to confirm successful protein transfer and then washed with water 

to remove the staining. 

 

 

 

 

Figure 2-2: Schematic overview of Western blotting protein transfer system.  
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2.5.1.6 WESTERN BLOT ANALYSIS  

The Immobilon-P PVDF transfer membrane was removed from the cassette and incubated in 

TBS-T milk for 1hour. The membrane was then washed with TBS-T and probed with primary 

antibody in TBS-T/BSA for 1hour or overnight at 4 °C. Afterward, membranes were washed 3 

times in TBS-T for 5 min at room temperature and incubated for 1 hr in TBS-T/Milk 

containing secondary antibody. An ECL kit was used for detection of protein according to 

manufacturer’s instructions.  The presence of chemiluminescence was detected using the 

CL-XPosure Film from Thermo Scientific (PN34089), in the dark room with the AGFA Curix 60 

film developer (Figure2-3). The duration of film exposure was specific for each proteins and 

antibody used.  

 

 

Figure 2-3: Schematic of protein detection by ECL reaction.  
The schematic represents the ECL reaction when the primary antibody, specific to the protein of interest, is 
bound by a species-specific secondary antibody, which was conjugated to horse radish peroxidase (HRP). HRP 
is able to catalyse the chemiluminescent reaction of luminal in the presence of hydrogen peroxide to produce 
nitrogen plus light, allowing the immobilised protein to be visualised. (Marquette & Blum, 2006). 
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2.6 LUCIFERASE ASSAY  

Cells were initially transfected with the appropriate luciferase reporter construct, the β-

galactosidase construct and targeted plasmid (Section 2.2.3 and Table 2-4). Following an 

incubation of 48 hours, cells were obtained from the tissue culture incubator and processed 

for the luciferase and β-galactosidase assays. Cells were washed twice with PBS at room 

temperature and collected by scraping into a fresh 1.5 ml microcentrifuge tube. Collected 

cells were centrifuged at 1000 rpm for 5 minutes and supernatant was removed. Three 

freeze thaw cycles were carried out using (dry-ice containing ethanol/IMS and then in water 

bath at 37oC). Pellets were re-suspended in 50 µl of 1x reporter lysis buffer (Promega, Cat. 

No. 32495201) and incubated at room temperature for 15 minutes. Lysis was centrifuged at 

13,200rpm for 3 minutes. 5 µl of the supernatant were added into a fresh luminometer tube 

and the assay was started by injecting 300µl of luciferase assay solution and recording 

luminescence. For the β- Galactosidase Assay, 5µl of cell lysates from luciferase assay were 

added to 270 µl of assay master mix for each sample and incubated at 37oC for 10-20 

minutes or until the assay turned a faint brown colour. The absorbance was measured at 

450nm (EL x808 Ultra Microplate Reader, Biotek instrument USA).   

 

2.7 FACS ANALYSIS 

Cells were cultured in 1x10cm dish (Thermo Scientific No. 130182) until 90% confluent and 

then washed with PBS, trypsinised and pelleted. The trypsinised cells were re-suspended in 

PBS and transferred to the flow cytometry tube (Sarstedt 5ml No.55.1578). The tube was 

spun at 1,200rpm for 6 minutes and the supernatant removed.  2 ml of 70% ethanol was 

added to re-suspend cells by vortexing gently and placed on ice. Cells were stored at 4oC for 

4-48 hours in 70% ethanol before spinning down at 1,200rpm for 6 minutes and re-

suspending in 200µl PBS. 100 µl RNAse (3.76 mg/ml Sigma Ribonuclease A no.R5503) was 

added and the cells vortexed and incubated at 37oC in a gently shaking water bath for 20 

minutes. Cells were stained with 400µl propidium Iodide (PI 50µg/ml), vortexed and 

incubated shaking at 37oC for 20 minutes. Finally, samples were read on the Becton 

Dickinson Facscan machine. 
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2.8 IMMUNOFLUORESCENCE  

Immunofluorescent techniques were originally optimised to determine the protocol for co-

visualisation of both nuclear protein, for example ZEB1 and ZEB2, and membranous protein, 

E-cadherin, staining. Cells plated on cover slips from VWR (18×18 mm; thickness no.1; 

borosilicate glass) (631-0120) were washed twice with PBS and submerged in 1 ml of 4% PFA 

and rinse with 1 ml PBS. 1 ml of 0.5% Triton X-100 was applied for 5 minutes then washed 

twice for 5 minutes. Cover slips were removed and air dried for 10 minutes. The cover slips 

were then washed with 2 ml PBS prior to the application of 150 μl of primary antibodies, at 

the required dilution (Table 2-3), in 3% BSA/PBS. The cover slips were incubated for 1 hour. 

The cover slips were then washed 3 times for 5 minutes each in PBS on a rocker. The 

secondary antibodies (Table 2-4) were then applied in 3% BSA/PBS to the cover slips. These 

were again incubated for 1 hour. The cover slips were then washed 3 times in PBS, each 

time for 5 minutes. The second PBS wash included a 1 in 25,000 dilution of DAPI (5 mg/ml in 

water). The cover slips were then reverse mounted onto microscope slides (Fisher scientific, 

76mm x 26mm 1.0-1.2 mm thick) (11572203), containing a drop of Fluoromount G to ensure 

attachment. The slides were allowed to dry and the edges sealed with varnish to prevent 

movement. The cells were then visualised using a fluorescence microscope.
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3.1 INTRODUCTION 

Cancers are characterised by disruption of normal cell proliferation, differentiation and 

survival. The initiation and maintenance of cancer often involves the aberrant expression of 

genes that are associated with normal development. The process of EMT, a fundamental 

feature of normal development, is also utilised by tumour cells progressing towards 

malignancy. For instance, the invasive fronts of colorectal tumours are characterised by 

epithelial dedifferentiation, loss of intercellular adhesion, and an increase in cell migration. 

This is associated with the activation of transcription factors related to EMT (Spaderna et al., 

2006) 

 

It has been found that transcriptional regulation and function of EMT factors differ 

depending on cancer types, including malignant melanoma (Caramel et al., 2013). The role 

of the different master regulation of EMT (MR-EMT) in carcinomas is well known (Morel et 

al., 2012)  but is relatively less well studied in neural crest-derived tumours.  The loss of E-

cadherin is the major hallmark of EMT and a number of EMT transcription factors, such as 

the SNAIL family and the ZEB family, are considered to be responsible for repressing E-

cadherin by inducing EMT (Peinado et al., 2007). These transcription factors, such as the ZEB 

proteins, are able to work as gene activators or gene repressors once they bind to co-

regulators that either repress or activate transcription. As such, both ZEB1 and ZEB2 

function as transcriptional activators and regulate TGFβ/BMP through interacting with p300 

and P/CAF, while they conversely repress E-cadherin in the presence of the CtBP co-

repressor (Postigo et al., 2003, Shi et al., 2003). Both ZEB1 and ZEB2 work as an E-cadherin 

repressor by binding to the two conserved E2-boxes that are located in the canine and 

human E-cadherin promoter (Comijn et al., 2001), and also via its interaction with the NuRD 

co-repressor complex (Verstappen et al., 2008), whilst ZEB1 is a sufficient repressor of E-

cadherin by interacting with the SWI/SNF chromatin-remodeling complex (Sanchez-Tillo et 

al., 2010).  

ZEB2 is regulated at different levels, including miRNA, transcription, translation and splicing. 

A previous study showed that ZEB2 expression is controlled by novel long-range regulatory 

sequences in combination with miRNA (El-Kasti et al., 2012).  As such, microRNAs have been 
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found to regulate EMT by targeting ZEB1 and ZEB2. The well-studied type of microRNA that 

targets ZEB2 is the microRNA-200 family (Park et al., 2008). Additionally, and interestingly, 

Y-box binding protein, which activates cap-independent translation of mRNAs encoding EMT 

factors, is involved in the down-regulation of ZEB2 (Evdokimova et al., 2009). ZEB2, and 

other EMT transcription factors, are induced by TGFβ, which activates Smad-independent 

pathways that result in the modulation of ZEB2 (Nawshad et al., 2005). 

It also has been demonstrated that ZEB2 transcription is repressed by the NANOG and OCT4 

stem cell factors that are responsible for the maintenance of self-renewal. The regulatory 

element located at -4kb in the ZEB2 promoter is at the position where these factors bind, 

and where repression is more likely to occur. The expression of these pluripotency factors is 

repressed by ZEB2, which highlight its ability to shift embryonic stem cells from pluripotency 

to differentiation (Chng et al., 2010). 

 

 

3.2 AIMS AND OBJECTIVES 

The aim of this chapter was to investigate the transcriptional regulation of the ZEB2 EMT-

TFs during EMT and in cancer cells, and to study whether RAS pathway correlates with the 

ZEB2 protein and the stem cells factors NANOG, OCT4 and SOX2 in melanoma cells. 

The specific objectives for this chapter were as follows: 

 To analyse the activity of the ZEB2 U5 and E1 promoters in melanoma cells by 

measuring the luciferase activity. 

 To test whether MEK signalling has an influence on the stability of the EMT-TFs, 

particularly the -4kb regulatory element in ZEB2 or whether it confers its regulation 

by treating melanoma cell line with U0126. 

 To study the role of the stem cell factors NANOG, OCT4 and SOX2 in the regulation 

of ZEB2 in melanoma cell lines, and by using the MEK inhibitor, investigate whether 

the active RAS pathway influences the expression and activity of stem cell factors in 

melanoma cells. 
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3.3 RESULTS 

3.3.1 THE ACTIVITY OF THE ZEB2 U5 AND E1 PROMOTERS IN A MELANOMA 

CELL LINES 

Analysis of the mouse ZEB2 5’-UTR identified nine untranslated exons (U1-U9), which are 

located upstream of the first translated exon, exon 1. Three possible promoter regions were 

identified, promoter P1 sited upstream of exon U5, promoter P2 sited upstream of exon U1, 

and promoter P3 sited upstream of exon 1 (Figure 3-1) (Nelles et al., 2003). 

According to the publicly available databases, there are two promoters U5 and E1. As the 

ZEB2 gene potentially contains variant promoters, the relative luciferase activity of both the 

U5 and E1 promoters was examined in a melanoma cell line, A375M, after they were cloned 

into the pGL3 vector and relative luciferase activity compared to the pGL3-Basic vector, 

which contained no promoter. The experiments showed a highly significant increase 

(p=<0.0001) in the activity of the U5 promoter when it was transfected into the A375M 

melanoma cell line when compared to both the empty vector and E1 promoter. 

Additionally, the transfected cells were treated with U0126, which has been previously 

shown to result in the transcriptional repression of ZEB2 (Caramel et al., 2013), but was 

shown to have no influence on either promoters (Figure 3-2).  

 

 

 

 

 

 

Figure 3-1: Schematic of the ZEB2 5’- UTR. 
Three potential promoters were observed within ZEB2 gene structure, promoter P1 sited upstream of exon U5, 

promoter P2 sited upstream of exon U1 and promoter P3 sited upstream of exon 1. Both U5 and E1 are highly 

conserved in sequence and are considered as the primary ZEB2 gene (Nelles et al., 2003).  
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Figure 3-2: The relative luciferase activity of U5 and E1 promoters. 
The luciferase activity from the pGL3-U5 and pGL3-E1 ZEB2 reporters was determined after transient 
transfection into the melanoma cell line, A375M -/+ U0126.  Three independent experiments were performed, 
with the standard error of the mean presented for each promoter. Significance was tested via one-way ANOVA 
(

****
=p≤0.0001). 

 

 

 

 

 

 

 

 

 



CHAPTER 3: TRANSCRIPTIONAL REGULATION OF ZEB2 IN CANCER CELLS│ 2015 

 

74 
 

 

3.3.2 THE ACTIVITY OF ZEB2-DERIVED REPORTERS IN A MELANOMA CELL LINE 

Previous experiments suggested that the U5 and E1 promoters may influence ZEB2 

regulation. Therefore, the luciferase assay was chosen to measure ZEB2 regulatory element 

(RE) activity in the A375M cell line. Three different sequences located upstream of the U5 

promoter were chosen and each cloned individually into the pGL3 basic vector which 

contained the U5 promoter (p-1047Luc). Specifically, these inserts were RE-4 construct, 

which included sequence 4 KB from the ZEB2 transcription start site, RE/E1, containing a 

ZEB2 enhancer that was identified in the rat and located  at 1.2MB from the transcription 

start site (El-Kasti et al., 2012), and finally RE/Vista, which was selected from the UCSC 

human genome browser as the sequence was unique to the ZEB2 gene and located 62 kb 

from the transcriptional start site (Figure 3-3A). To detect some of the ZEB2 activity, a short 

promoter region fragment p-395 was amplified from ZEB2 and inserted into the p-1047Luc 

(Figure 3-3B). 
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B)  

 
 
 
Figure 3-3: Generation of ZEB2 promoters. 
A) The map indicates the upstream ZEB2 regulatory elements of the region E1, Vista (El-Kasti et al., 2012) and 
RE -4 constructs. B) Schematic of the two promoters (-395 and -1047) in pGL3-Basic vector, with the regulatory 
elements cloned into the -1047Luc plasmid.  
 

 

 

The ZEB2-derived reporters, p-1047Luc/RE-4, p-1047Luc/RE-Vista, and p-1047Luc/RE-E1, 

which all contain an enhancer sequence, and p-395Luc as well as p-1047Luc, were 

transfected into A375M cells. A pCMVluc construct (Cohn et al., 2001), in which luciferase 

reporter expression was driven by a viral promoter, was used as a positive control. Cells 

were transfected with the empty pGL3 basic as a negative control. The results of three 

independent experiments are shown in Figure 3.4. After all constructs were normalised 

against p-1047Luc, it was identified that the activities of the p-1047Luc and p-395Luc 

constructs are approximately 10-fold higher than that of the promoterless pGL3 basic 

plasmid, indicating that the U5 ZEB2 promoter is active in A375M cells. Moreover, the 
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regulatory element contained within the RE-4 constructs produces a significantly higher 

luciferase activity in melanoma cells, approximately 2.5 fold higher than p-1047/Luc. Finally, 

the p-1047Luc/RE-Vista was significantly more active in A375M cells when compared to p-

1047Luc promoters. Interestingly, all three elements produced stronger luciferase activity 

than the U5 promoter alone, with a 1.8, 2.5 and 3 fold increase for RE-E1, RE-4 and RE-Vista 

constructs, respectively. 
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Figure 3-4: Luciferase assay of ZEB2 reporter’s activity.  
Graph shows an increased luciferase activity of ZEB2 regulatory elements p-1047Luc/RE-4kb, p-1047Luc/RE-E1 
and p-1047Luc/RE-Vista when compared to the control RE -1047Luc. Significance was tested via one-way 
ANOVA (** p = ≤ 0.01, *** p = ≤ 0.001). 
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3.3.3 IS ZEB2 REGULATED BY STEM CELLS CORE FACTORS? 

The network between EMT and cancer stemness has been suggested due to evidence that 

the EMT process generates cells with stem-like properties (Hollier et al., 2009, Mani et al., 

2008).  Moreover, the expression of the pluripotency factor NANOG is regulated via 

SMAD2/3, proteins implicated in the EMT process (Vallier et al., 2009). Additionally, ZEB2 

expression is controlled via cooperation between Activin-Nodal signalling and NANOG, OCT4 

and SOX2, with binding occurring within the RE-4 region identified within ZEB2, with this 

seeming to be active in melanoma (Chng et al., 2010).  

Western blot analysis was carried out to analyse the expression of stem cell factors and EMT 

transcription factors in different melanoma cell lines. The relative expression of the stem 

cell factors and ZEB1/2 was examined and compared to neonatal human epidermal 

melanocytes (NHEMs) (Figure 3-5).  

 
Figure 3-5: The expression of ZEB proteins and stem cells factors in certain melanoma cell lines. 
Cells were cultured to 70-80% confluence and proteins analysed via western blotting, with a protein loading 
control, α-Tubulin. Representative images are presented; ZEB2 was expressed in the NHEMs and maintained in 
the melanoma cell lines. Core transcriptional factors were absent in the NHEMs but expressed in other 
melanoma cell lines.  
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NHEMs expressed ZEB2, OCT4, SOX2 and NANOG but not ZEB1. However, the expression of 

stem cell factors is increased in the melanoma cell lines compared with the NHEM. As such, 

the B-RAF mutant A375P cells showed a high expression of OCT4 and SOX2 but not NANOG, 

whilst the B-RAF mutant A375M cell line retained a high expression of both OCT4 and SOX2, 

but showed the lowest expression of both ZEB1, ZEB2 and NANOG proteins. Moreover, a 

lack of ZEB1 expression was evident in a subset of the melanoma cell lines. Interestingly, the 

result represents the correlation between the expression of ZEB1, OCT4, SOX2 and ZEB2 in 

the A375P and A375M cell lines, wherein A375P cells expresses (ZEB2low, ZEB1low, OCT4high, 

SOX2high) and A375M cells express also (ZEB2low, ZEB1low, OCT4high, SOX2high), which suggests 

a link between ZEB2 and stem cells factors. Kozlowski pointed out that the metastatic 

capacity of A375M cells was more than the capacity of A375P cells (Kozlowski et al., 1984). 

The three regulatory core transcription factors, OCT4, SOX2 and NANOG, play roles in 

maintaining the stemness in melanoma. For instance, SOX2 is expressed in 50% of 

melanoma and the silencing of SOX2 causes apoptosis and inhibits growth in melanoma cell 

lines, as well as regulating self-renewal (Santini et al., 2014).     

MEK-ERK pathway regulates the expression of the EMT-TFs network in melanoma (Caramel 

et al., 2013). Indeed, we showed a correlation between the EMT-TFs, particularly ZEB2 

expression and the activation of MEK. We analysed here the expression of ZEB1 and ZEB2 by 

using the MEK inhibitor U0126 at different time points for 24 hours to inhibit the MEK 

pathway in the mutant B-RAF cell lines, A375P and A375M (Figure 3-6). This confirms the 

up-regulation of ZEB2 and the down-regulation of ZEB1 by MEK inhibition. 

To address whether BRAF-MEK or NRAS-MEK oncogenic signalling is implicated in the 

regulation of stem cell factors in melanoma, we treated A375M cells with the U0126 MEK 

inhibitor at different time points and determined the expression of OCT4 and SOX2 by 

western blot. We demonstrated that SOX2 and OCT4 are down-regulated after 24 hours of 

U0126 treatment, following the same pattern as ZEB1 (Figure 3-7). To test whether the 

influence of MEK inhibition on the expression of OCT4 and SOX2 has a link with ZEB1/2, 

knockdown of OCT4 and SOX2 was performed in A375M cells which resulted in no effect on 

the expression of ZEB1 and ZEB2 (Figure 3-8). 
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Figure 3-6: Hierarchical expression of ZEB proteins. 
10µM of U0126 was added to A375M and A375P cells and incubated at varying times from 30 minutes to 24 
hours. Lysed cells were used to analyse protein by western blotting. Decrease of ZEB1 protein level required 24 
hours while increased ZEB2 expression was noted after 4 hours. α-tubulin was used as a protein loading 
control. 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 3-7: Western blotting analyses of the U0126 treatment.  
The A375M melanoma cells was treated with MEK inhibitor U0126 at different times and stained for OCT4, 
SOX2 and tubulin. Results show that both OCT4 and SOX2 are down-regulated after 24 hours. α-tubulin was 
used as a loading control. 
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Figure 3-8: Knockdown of core stem cell factors.  
An A375M cell was transfected with the various siRNAs and incubated for 72 hours. Knockdown of OCT4 and 
SOX2 resulted in no influence in the expression of either ZEB1 or ZEB2. α-tubulin was used as a protein loading 
control. 
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3.4 DISCUSSION 

The cloning of the ZEB2 regulatory elements into the p-1047Luc plasmid was not expected 

to be straightforward because of the inherent challenges of cloning experiments, as well as 

the large size of each DNA fragment that contains the regulatory element. These fragments 

were used to measure the ZEB2 regulatory element activity in the A375M melanoma cells. 

Our data show that these results are consistent with the results previously generated in the 

EMT laboratory showing that U5, but not E1, is a ZEB2 gene promoter utilised in melanoma 

cells. Only minor differences in the activities of p-1047Luc and p-395Luc constructs were 

demonstrated, indicating that there are no cis-elements between the -395 and -1047 

positions that are significantly contributing to the ZEB2 gene transcriptional control. 

Although the effect of the insertion of the E1 fragment on reporter activity was minor 

(comparing p-1047Luc and p-1047Luc/RE-E1), the addition of the -4kb and VISTA elements 

activated the reporter. Therefore, we conclude that the expression of ZEB2 is controlled by 

two relatively weak transcriptional enhancers in A375M cells, located within the -4kb and 

VISTA fragment (Figure 3-3). As the regulatory element contained within the -4kb fragment 

has the capacity to be controlled by stem cell transcription factors, we subsequently 

analysed their role in melanoma cells (Figure 3-4).  

The data show that the RAS pathway regulates the expression of transcriptional factors in 

malignant melanoma cell line. Indeed, MEK inhibition leads to inhibition of the BRAF 

pathway in malignant melanoma through the down-regulation of ZEB1/TWIST1 and up-

regulation of ZEB2/SNAIL2 (Caramel et al., 2013). Furthermore, stem cell factors NANOG, 

OCT4 and SOX2 bind within the RE-4 element, ZEB2 transcription is repressed by OCT4 and 

NANOG, while NANOG is in turn repressed by ZEB2 (Chng et al., 2010). Additionally, ZEB2 

represses ZEB1, with ZEB1 being the only true repressor of E-cadherin, which is an EMT 

marker. Here, it was shown that the protein expression of the stem cell factors OCT4 and 

SOX2 follow the same pattern as that of ZEB1 and TWIST1 (Figure 3-6). Firstly, the protein 

expression of OCT4 and SOX2 is down-regulated after 24 hours of treatment with MEK 

inhibitor U0126. Therefore, I hypothesise a link between RAS pathway activation, EMT 

factors and the stem cell factors OCT4, NANOG and SOX2 in melanoma cells. 
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Expression of the stem cell factors, however, varied in the melanoma cell lines. For instance, 

the NANOG protein was expressed at very low levels so it was excluded from further 

analysis. Finally, it was suggested that knocking-down the high expression level of OCT4 and 

SOX2 in A375M did not influence either ZEB1 or ZEB2.  
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4.1 INTRODUCTION 

ZEB proteins have different functions in melanoma; ZEB1 is pro-tumorigenic, and ZEB2 

activates differentiation and possesses tumour suppressive features (Caramel et al., 2013). 

Emerging evidence suggests that ZEB1 and ZEB2 exhibit opposing properties in carcinoma, 

although both proteins are capable of inducing EMT in different epithelial cell lines. Indeed, 

cyclin D1 and hTERT are down-regulated by ZEB2 which can induce cell cycle arrest and 

senescence, a feature that has never been reported for ZEB1. On the other hand, ZEB1 

cooperates with classical oncogenes in malignant transformation, which is in contrast to 

ZEB2 for which oncogenic activity has never been reported. Data suggest that cell fate might 

depend upon which EMT-TFs are driving EMT, and this may represent a determinant of 

whether a program of senescence or oncogenic transformation will prevail. Therefore, 

better understanding of how the ZEB1/2 balance is regulated at different levels is important. 

 

The lab has generated data suggesting that in addition to several microRNA species, 

regulation of ZEB proteins synthesis may form a double negative feedback loop that 

regulates EMT and MET equilibrium. According to these data, a protein motif adjacent to 

the smad-binding domain within the ZEB2 protein induces ribosome stalling and 

compromises translation. The activity of this motif is dependent on triplets of rare codons, 

Leu(UUA)-Gly(GGU)-Val(GUA), whereas introducing these stretches in the homologous 

region of ZEB1 has no effect on protein expression.  
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4.2 AIMS AND OBJECTIVES 

The aims of this study were: 

1. To gain further insight into the mechanism of translational control of ZEB2 protein, 

and the following objective were set: 

 To analyse expression of ZEB proteins in a panel of cancer cell lines to clarify the 

importance of translational control in ZEB protein regulation. 

 To assess the effects of individual codons in the rare codon triplets. 

 To assess whether the lysine residues adjacent to the rare codon triplets take 

part in translational regulation. 

 To investigate whether the presence of rare codons affects negative regulation of 

ZEB2 by the ubiquitin E3 ligase FBXO45. 

 

2.  To investigate how EMT influences ZEB regulation, and the objectives of this aim 

were: 

 To generate breast carcinoma epithelial cell lines expressing ZEB1 or ZEB2 

proteins in Doxycycline (DOX)-regulated manner. 

 To characterise EMT programs in the abovementioned cellular models. 

 To investigate how the ZEB1 or ZEB2 driven EMT programs affect regulation of 

the endogenous ZEB2 gene. 
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4.3 RESULT 

4.3.1 EXPRESSION OF ZEB2 PROTEINS IN CANCER CELL LINES 

The aim in this study was to investigate the expression levels of ZEB2 in several cancer cell 

lines and compare these to the expression level of ZEB1. Data in our lab have shown that 

ZEB1 protein is expressed in the majority of carcinoma cell lines while ZEB2 remains 

uncommon; however, both genes are found to be transcribed in the majority of the 

mesenchymal cell lines. Western blots analysis of the two categories of cell lines were 

examined for the expression of ZEB1 or ZEB2 proteins using whole protein lysates from cells 

culture, epithelial cells (MDA-MB-468, MCF-7, T47D, ZR-75-1 and RT112), and mesenchymal 

cells (MDA-MB-231, J82, T24, UMU-C3, H1299, U2Os, SaOs-2, A375P and UACC) (see table 

2-5). The epithelial marker E-cadherin was used to distinguish between the two cell line 

groups, while the A375P human melanoma cell line was loaded as a positive control for both 

proteins ZEB1 and ZEB2 (Figure 4-1). The initial experiment confirmed the inverse 

correlation between ZEB1 and E-cadherin as seen in previous studies. For instance, in the 

melanoma UACC-257 cells, repression of ZEB1 was shown to result in the activation of E-

cadherin which supports the idea that E-cadherin is repressed by ZEB1 (Eger et al., 2005). On 

the other hand, the expression level of ZEB2 was undetectable in the most of the selected 

cells. However, the sarcoma cell line SaOs-2 showed the highest expression level among all 

of other cell lines. These data show that ZEB2 is absent in the majority of carcinoma cell 

lines which is in agreement with the speculation that ZEB2 may have a tumour suppressor 

role in carcinoma genetic background. 
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Figure 4-1: ZEB1 and ZEB2 expression in various epithelial and mesenchymal cells.  
Cells were cultured to 70% confluence and proteins expression was analysed by western blotting. α-Tubulin 
was used as a protein loading control.  
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4.3.2 GENERATION OF MCF7 CELL LINES WITH DOX-REGULATED EXPRESSION 

OF EGFP-TAGGED ZEB1 OR ZEB2 PROTEINS 

The function of ZEB proteins in different epithelial cell lines has been addressed in a number 

of studies. However, no attempts so far have been made to compare their features in the 

same experimental settings. A model of EMT has been established in human epithelial 

breast adenocarcinoma cells, which expresses the tetracycline-regulated activator and 

allows any gene of interest to be expressed in this cell line by inducing the targeted gene 

upon treatment with doxycycline (DOX). DOX-regulated expression of EMT-TFs is broadly 

used in studies addressing different aspects of EMT (Vandewalle et al., 2005). Four different 

constructs ZEB1, ZEB2, EGFP-tagged ZEB1 and EGFP-tagged ZEB2 were ectopically induced 

into MCF-7. After induction, several clones for each vector were selected via western 

blotting and stained for a specific protein to confirm induction (Figure 4-2). Clones with an 

EGFP-tag were confirmed using fluorescent microscope after doxycycline treatment for a 

certain length of time (Figure 4-3). Here it shows that ZEB2 is a difficult-to-express protein, 

whereas typically ectopic ZEB2 expression is much lower than that of ZEB1. 
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Figure 4-2: Generation of novel cellular models of EMT. 
A) Several clones were selected and treated with doxycycline to induce targeted EMT model MCF7-ZEB1. 
Fifteen clones were chosen and western blotting was carried out to examine the expression of ZEB1 and 
confirm its expression in these clones. Different expression levels were noticed among clones. A375M was 
used as positive control. B)  MCF7-ZEB2 clones were selected and protein samples were analysed by western 
blotting to identify the correct clones.  
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Figure 4-3: Induced ZEB1 and ZEB2 double tagged with EGFP into MCF7. 
MCF7-ZEB1-EGFP (A) or MCF7-ZEB2-EGFP (B) clones were selected and cultured in the presence/absence of 
doxycycline for 72hrs. Cells were examined by fluorescent microscope for EGFP-ZEB expression and 
photographed using IF and phase contrast. 
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As previously stated, a range of inducible clones were examined for expression of ZEB1 and 

ZEB2. Next, more investigations were carried out on these models to confirm their 

properties as EMT models in addition to a successfully inducible system which will be used 

for further work. Western blot analysis of cell lysates in the presence and absence of 

doxycycline were performed using conditioned medium (Figure 4-4). The expression level of 

different proteins was found to vary among the different clones. For instance, both ZEB1 

and EGFP expression showed high levels in MCF7-EGFP-ZEB1 models particular in clone 

number 10. The low level of ZEB2 and EGFP was more evident in MCF7-ZEB2-EGFP models, 

but not in clone 18. These data are consistent with the view that decreased ZEB2 expression 

is determined by the intrinsic features of ZEB2 ORF. To characterise the generated EMT cell 

models known ZEB1 and ZEB2 targets were analysed. I was not able to detect any significant 

effect on E-cadherin protein levels in any of the clones analysed. However, P-cadherin was 

down-regulated in all clones except for a ZEB1-expressing clone 15. Given that all ZEB1-

expressing clones contain higher levels of EGFP-ZEB1 fusion in comparison with ZEB2 clones 

(Figure 4-4). These observations suggest that in MCF7 cells, the ZEB2 protein is a more 

efficient EMT inducer than ZEB1. Consistent with a previous study which has shown that 

ZEB1 and ZEB2 proteins function as cyclin D1 inhibitors and induce Rb hypophosphorylation 

(Mejlvang et al., 2007), it was shown here that cyclin D1 is repressed in EGFP-ZEB1 clone 

number 10 and EGFP-ZEB2 clone number 14. These clones also exhibited 

hypophosphorylation of Rb tumor repressor in response to ZEB protein induction. 

Previous studies have proven that human breast cancer MCF7 cells express NANOG, OCT4 

and SOX2, but their role in human breast cancer remains unclear (Ling et al., 2012).The 

analysis of the EMT models MCF7-ZEB1-EGFP and MCF7-ZEB2-EGFP has shown that stem 

cells core factors are expressed at different levels in these cells.  NANOG was observed in 

both models with some differences among clones, and different clones exhibited different 

expression levels of OCT4 and SOX2. It was demonstrated here that NANOG, but not OCT4 

and SOX2, are down-regulated to some extent due to the activation of either ZEB1 or ZEB2. 
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Figure 4-4: Western blot analysis of MCF7 clones expressing ZEB1-EGFP or ZEB2-EGFP fusion in DOX-
regulates manner. 
MCF7-ZEB1-EGFP and MCF-ZEB2-EGFP clones were cultured in the presence and absence of doxycycline for 72 
hrs. Cells were lysed and protein analysed by western blotting. Both ZEB1- and ZEB2-expression vectors have 
similar structures, N-terminal GFP tags with the optimised Kozak sequence. Note, the expression level of ZEB1 
is much higher than that of ZEB2. α-tubulin was used as a protein loading control. 
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4.3.3 SHORT STRETCH OF RARE CODON CONTROLS TRANSLATION OF ZEB2  

According to the data obtained in the EMT lab, two stretches of rare codons LGV are located 

adjacent to the Smad Binding Domain (SBD) within the ZEB2 ORF. These triplets induce 

ribosome stalling and reduce the efficacy of ZEB2 protein translation. One of the triplets is 

present within the 372-437 fragment expressed as a fusion with EGFP by the construct 

pEGFP-ZEB2 (372-437). To examine this hypothesis, a vector including ZEB2 (372-437) 

fragment with fused EGFP was generated (Figure 4-5). Ribosome stalling during protein 

synthesis can be inflicted by mRNA secondary structure; that is, mRNA-associated proteins 

or codon usage. Examination of the ZEB2 (372-437) ORF using a codon frequencies search 

program (http://www.molbiol.ru/eng/scripts/01_11.html) revealed a single rare codon 

cluster comprising three adjacent codons corresponding to the amino acids leucine, glycine 

and valine (L426G427V428). This cluster was a part of 372-437 aa sequence that was essential 

for the expression-inhibition activity of the 372-437 aa ZEB2 protein fragment fused with 

GFP. In addition, a correlation between tRNA and codon frequencies has been confirmed in 

the breast cancer cell line (Pavon-Eternod et al., 2009). The synonymous substitution of rare 

codons UUA GGU GUA by a common codon CUG GGC GUG triplet has been shown to 

enhance the expression level of ZEB2-EGFP fusion in different cell lines. To examine the 

contribution of individual codons, three more constructs were generated, in which double 

(rare L and V replaced by common L and V) or single (rare V or G replaced by common V or 

G) substitution were introduced (figure 4-6). MDA-468 or A431 cells were transfected with 

these constructs and incubated for 48 hours and proteins were lysed. The data show that 

single rare to common codon substitution has little or no effect on protein yield. 

Substitution of two rare codons apparently enhanced translation efficacy. Therefore, the 

data suggest that rare codons within the ZEB2 ORF may compromise efficacy of protein 

translation when they form clusters, and three rare codons in a row is sufficient to effect 

this process (figure 4-7a). DLD-ZEB2 cells were used to examine the effect of rare to 

common codon substitution (figure 4-7b). It was suggested that ribosome stalling may result 

in the degradation of the nascent peptide through a mechanism possibly involving the 

ubiquitin proteasome proteolytic pathway. This hypothesis is in agreement with a recent 

study implicating SPFFbxo45 E3 ligase in the regulation of ZEB2 protein expression in several 

cancer cell lines (Xu et al., 2015a). Two lysines are localised in the vicinity of LGV triplets and 
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form part of consensus sumoylation motif. According to a previous study, these two lysines 

are modified by sumoylation, which influence protein function as a transcriptional repressor 

(Long et al., 2005). It was proposed that the nascent peptide can be ubiquitinated at this site 

leading to its degradation and reduced protein production. To test this, lysines K389 and K391 

were substituted with chemically related arginine residues, which cannot be modified by 

ubiquitination (figure 4-6). This mutant fusion protein was transiently expressed in A431 and 

MDA-468 cell lines. The data show that these lysine substitutions to arginine had no effect 

on protein yield (Figure 4-7a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 
Figure 4-5: Schematic of pCMV-EGFP-ZEB2-C1 plasmid.  
The ZEB2 (372aa-437aa) was cloned into the pCMV-EGFP vector at the C-terminal. 
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Figure 4-6: Illustration of ZEB2 372-437 fragment showing the position of targeted codons. 
Triplet’ mutations (blue) were carried out to substitute the rare codon with frequencies 7.6, 10.8, and 7.1 by a common codon with frequencies 39.9, 22.4, and 28.3.  

Individual mutations (green) of LV, V and G amino acids were subsequently performed from rare to common codons, and codon frequencies were changed accordingly. 

Two lysine residues K389 and K391 were substituted with chemically related arginine residues. 
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A) 
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Figure 4-7: LGV influence ZEB2 expression level.  
A) 431 and MDA-468 cells were transfected with differently mutated EGFP-ZEB2 (372-437) and incubated for 
48 hours. B) DLD-ZEB2 cells were transfected, after seven days of doxycycline treatment, with LGV mutated 
plasmid for 24 hours for a maximum of eight days of doxycycline treatment. Cells were lysed and the protein 
analysed via western blotting. Transfected A431 did not show any difference among mutated clusters. MDA-
468 and DLD-ZEB2 showed that shifting from a rare codon to common codon particularly in the LGV cluster 
influence the expression of the ZEB2 gene. α-tubulin was used as a protein loading control. 
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4.3.4 UBIQUITIN E3 LIGASE CONTROLS ZEB2 

It has been previously shown that EMT transcriptional factors can be influenced by atypical 

ubiquitin E3 ligase complex. Three subunits of E3 ligase include Skp1, Pam and Fbxo45 were 

found to affect EMT through targeting both ZEB1 and ZEB2 proteins for proteolytic 

degradation via the ubiquitin proteasome pathway. In particular, Fbxo45 was found to bind 

to SBD within ZEB2 and cause its ubiquitination (Xu et al., 2015a). The expression of Fbxo45 

was inhibited by RNA interference, using two different siRNAs, in Dox-treated MCF7-ZEB2-

EGFP and the effect of siRNA was validated via qPCR (Figure 4-8a). Next, I assessed how 

these siRNAs influence ZEB2 expression levels in these cells. Consistent with the previous 

report (Xu et al., 2015a), knockdown of Fbxo45 resulted in up-regulation of ZEB2 in MCF7-

ZEB2-EGFP cells (Figure 4-8b). This suggests that Fbxo45 has the potential to negatively 

regulate the expression of ZEB2. According to the data previously obtained in the EMT lab, 

ZEB2 is a very stable protein in melanoma cell lines. An experiment was carried out to 

analyse the effect of Fbxo45 depletion on the stability of ZEB2 in MCF7 cells. MCF7-ZEB2-

EGFP was maintained in the presence of cycloheximide, lysed at different time points and 

analysed for the expression of ZEB2. Consistent with the result obtained in melanoma cells, 

ZEB2 appeared to be a very long-lived protein in MCF7 cells. Significantly, knockdown of 

Fbxo45 had no effect on ZEB2 half-life (Figure 4-9). Given that the predominant localisation 

of the SPFFbxo45 E3 ligase is the cytoplasm (Salat et al., 2015), it was proposed that this 

enzyme might decrease the expression level of ZEB2 by ubiquitination ZEB2 protein during 

its synthesis. It was also proposed that ribosome stalling might be required for the 

ubiquitination and subsequent degradation of the nascent peptide. To test this, the effect of 

Fbxo45 depletion was investigated on the expression level of full-length ZEB2 protein 

mutant (ZEB-R/C), in which a rare codon within the LGV clusters were substituted with a 

common codon. ZEB2-R/C protein was expressed in MCF7-ZEB2-EGFP cells along with the 

control or Fbxo45-specific siRNA. Transfected cells were maintained without DOX for 72 

hours, and ZEB2 expression was assessed in western blotting (Figure 4-10). Consistent with 

our hypothesis, the mutant ZEB2 expression level was not affected by the knockout of 

Fbxo45. These data suggest that SPFFbxo45 E3 ligase-mediated regulation of ZEB2 expression 

is coupled with the kinetics of the translation of this protein. 
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Figure 4-8: Knockdown of Fbxo45 increased ZEB2 expression level. 
A) Relative expression values of siFbxo45 gene in MCF7-ZEB2-EGFP using two different siRNAs compared to 
siControl +/- doxycycline. B) MCF7-ZEB2-EGFP cells were transfected with the various siRNAs and incubated for 
72 hours in the presence of doxycycline. Western blot analysis showed that Fbxo45 knockdown resulted in 
ZEB2 up-regulation. α-tubulin was used as a protein loading control. 
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Figure 4-9: ZEB2 is a stable protein.  
MCF7-ZEB2-EGFP cells were treated with cycloheximide for different time periods, and the expression of ZEB2 
protein was analyzed by westernblotting. Cells were also transfected with siFBxo45 in different experiment. 
The stability of ZEB2 at -/+ siFbox45 shows a long-lived ZEB2 protein. Expression of short-lived Cyclin D1 
protein was analyzed to control for the efficacy of cycloheximide treatment. α-tubulin was used as a protein 
loading control. 
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Figure 4-10: ZEB2-MUT expression level. 
ZEB2-MUT was co-transfected with siFbxo45 in the MCF7-ZEB2-EGFP cell line. Two siRNA of Fbxo45 were used 
alongside the siControl, incubated for 72 hours and proteins isolated. Western blot analysis showed that ZEB2-
MUT expression was not affected by the knockdown of Fbxo45. α-tubulin was used as a protein loading 
control. 
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4.3.5 EFFECT OF EMT ON THE REGULATION OF THE EXPRESSION OF ZEB2 

PROTEIN 

Often activated by oncogenic pathways, EMT programs may cooperate or counteract the 

oncogenes in malignant transformation. As ZEB2 and ZEB1 are proposed to have opposing 

roles in this process, I aimed to analyse how ZEB2 regulation is affected by EMT programs in 

carcinoma cells. To this end, an analysis was undertaken to determine whether EMT 

programs perpetrated by ectopically expressed ZEB1 or ZEB2 proteins influence ZEB2 

regulation at the translational level. MCF7-ZEB1-EGFP or MCF7-ZEB2-EGFP cells were 

transfected with the mutant ZEB2 (rare to common) in parallel with wild-type constructs in 

the presence or absence of DOX, incubated for 48 hours and proteins analysed (Figure 4-11). 

Consistent with results obtained from MCF7-ZEB1-EGFP and MCF7-ZEB2-EGFP, data were 

confirmed in DLD-ZEB2 cells (Vandewalle et al., 2005) (Figure 4-12).  The data suggest that 

rare-to-common codon mutations produce similar effects on the yield of the EGFP-ZEB2 

chimeras suggesting that translational regulation of ZEB2 was affected by neither ZEB2 nor 

ZEB1.  

 

The influence of ZEB1- or ZEB2-activated EMT programs on the activity of ZEB2 gene 

transcriptional promoter and enhancer RE-4 analysed in chapter 3 was also investigated. 

MCF7-ZEB2-EGFP or MCF7-ZEB2-EGFP was transfected with both the promoter and RE-4 

enhancer, incubated for 48 hours and cells collected for determination of luciferase activity 

(Figure 4-13). Cells were transfected with pGL3 basic as a negative control. Interestingly, 

although ectopic ZEB2 had no effect on the activity of its own promoter, it significantly 

repressed the RE-4 enhancer element. These data might reflect the existence of a negative 

feedback mechanism maintaining low expression of ZEB2. In contrast, ZEB1 up-regulates the 

activity of both the transcriptional promoter and RE-4 enhancer of the ZEB2 gene. To our 

knowledge, to date there are no reports documenting opposing effects of ZEB proteins on 

the activity of transcriptional regulatory elements. 
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Figure 4-11: EMT effect EGFP-ZEB2 regulation. 
MCF7-ZEB1-EGFP and MCF7-ZEB2-EGFP cells were transfected with mutant ZEB2 (372-437) (rare to common), 
ZEB2 (372-437) wild-type and EGFP in the presence and absence of DOX. 0.05µl of EGFP plasmid were added 
to each to control transfection. Experiments were performed in triplicate and two were considered.  
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Figure 4-12: EMT influence ZEB2 regulation.  
Treated DLD-ZEB2 cells for seven days were transfected with mutated rare to common ZEB2 (372-437), wild-
type ZEB2 (372-437) and EGFP plasmid for 24 hours for a maximum of eight days of doxycycline treatment. 
Cells were lysed and the protein analysed via western blotting. 0.05µl of EGFP plasmid was added to each to 
control transfection. 
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Figure 4-13: The differential sensitivity of ZEB2 enhancer and promoter during EMT. 
MCF7-ZEB1-EGFP and MCF7-ZEB2-EGFP cells were transfected with p-1047 promoter and RE-4 enbancer, 
incubated for 48 hours. Relative luciferase activity were presented as the mean of duplicate readings, with 
each condition replicated in three independent experiments. pGL3 basic vectro was used as negative control. 
Significance was tested via a two-way ANOVA (* p = ≤ 0.05,** p = ≤ 0.01). 



CHAPTER 4: REGULATION OF ZEB2 TRANSLATION IN CARCINOMA CELLS│ 2015 

 

105 
 

4.4 DISCUSSION 

By studying the expression of both ZEB1 and ZEB2 in different cell lines, it was shown that 

the level of both proteins vary significantly. Apart from in epithelial cells, ZEB1 was detected 

in  most  mesenchymal carcinomas, while ZEB2 was not found to be expressed in carcinoma 

but was expressed at different levels in sarcoma and melanoma (Figure 4-1). Indeed, it was 

difficult to study the role of ZEB2 expression in cancer cells. Therefore, EGFP-tagged cell line 

modules that express ZEB1 and ZEB2 were established. The induction was not expected to 

be straightforward as the procedure required the Tet-on or Tet-off system and many 

additional critical stages (Gossen and Bujard, 1992).  Inducible models of MCF7-ZEB1-EGFP 

and MCF7-ZEB2-EGFP were then analysed in relation to the EMT process, which is 

considered to be activated when ZEB1 and ZEB2 are induced. The results show that there is 

a higher abundant of ZEB1 than of ZEB2 with agreement in different cell lines (MDA-468, 

A431 and DLD-ZEB2) (figure 4-7a/b). However, the expression level of ZEB2 in cancer cell 

lines remains contradictory. 

 

Possible mechanisms that play an important role in ZEB2 protein synthesis in the cancer cell 

lines were investigated. It was shown that the substitution of ZEB2 homologous protein 

pairs within ORF influenced gene expression. It was specifically shown that the presence of 

common codon triplets L426G427V428 lead to higher ZEB2 translation than its translation in the 

presence of the rare LGV codon. Interestingly, the data suggests that this rare codon must 

form clusters in order to influence ZEB2. In addition, a single substitution of L, G and V from 

the rare codon to the common codon had an important influence on EGFP-ZEB2 expression. 

However, the data shows that there was no significant difference of the singular 

substitution in the MDA-468 and the A431 cell lines.  

 

It was also shown that ubiquitin E3 ligase had an effect on ZEB2 regulation (Figure 4-8). In 

particular, how the E3 ligase subunit Fbxo45 associated with ZEB2. The data show that a 

high level of ZEB2 is induced when using siRNAs for knockdown of Fbxo45, which explains 

the loss of E3 ligase function. Moreover, the data on Fbxo45 expression in correlation with 

mutated EGFP-ZEB2 presented in chapter4 indicates that the role of Fbxo45 is affected by 

the change in triplets of the rare codons, LGV, which are localised at the border of the ZEB2 
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SBD domain where Fbxo45 binds. This may indicate that E3 ligase degrades the nascent 

peptide during translation. These data are consistent with a previous study which showed 

that Notch activity is terminated through ubiquitination by E3 ligase (Gupta-Rossi et al., 

2001). Additionally, Hey proteins mediate nuclear translocation of Fbxo45 (Salat et al., 

2015), suggesting that ZEB2 expression as well as the ZEB1/2 balance may be affected. 
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5.1 INTRODUCTION 

In chapter 4, it was shown that in comparison with ZEB1, ZEB2 is a difficult protein to 

express. It was also shown that replacing the rare LGV codon triplets with common codons 

within ZEB2 ORF enhanced its expression. The kinetics of protein translation has an 

important regulatory role. Specifically, among other factors (interaction of nascent peptides 

with chaperons, modifications of the nascent peptide) co-translational folding depends on 

ribosome pausing (Komar, 2009). It is, therefore, unclear how the presence of rare LGV 

clusters would influence ZEB2 protein function by affecting the kinetic of its synthesis. If the 

presence of rare codon clusters affects ZEB2 function through co-translational folding 

pathways, this would indicate that the availability of rare isoacceptor tRNAs may determine 

the configuration of an EMT pathway activated in a particular cell type by a particular signal. 

In normal melanocytes and low-grade melanoma, high levels of ZEB2 are detectable in E-

cadherin positive cells (Caramel et al., 2013). These observations may indicate that rapid 

and efficient translation might influence co-translational folding and affect ZEB2 functions 

as an EMT inducer.  

  

5.2 AIMS AND OBJECTIVES: 

This study aimed to address whether the presence of rare codon clusters influence the 

activity of ZEB2 as an EMT-TF and our objectives as follow: 

 To obtain viral vectors expressing either wild-type ZEB2 or ZEB2 with rare to 

common codons mutations. 

 To analyse activities of wild-type and mutant protein as inducers of EMT. 
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5.3 RESULTS 

A retroviral vector pBABE expressing ZEB2 was previously generated by Dr Gareth Browne 

(Morel et al., 2012). Two triplets of rare codons within ZEB2 ORF were substituted for the 

common codons using QuikChange Lightning Multi Site-Directed Mutagenesis kit (Agilent 

Technology, cat.No.210515), to generate a vector expressing the ZEB2-R/C mutant (see 

section 2.3.8) (Figure 5-1). Human mammary epithelial cells (HMEC) immortalized by ectopic 

expression of the human Telomerase Reverse Transcriptase hTERT (HMEC-hTERT) are highly 

responsive to EMT-inducing signals and broadly used in EMT-TFs studies. HMEC-hTERT cells 

were infected with retroviral vectors expressing wild-type ZEB2, ZEB2-R/C mutant or an 

empty vector. Additionally, the ZEB1-expressing pBABE vector was used as a positive 

control. Infected cells were selected in the medium containing 0.5 µg/ml puromycin and 

after 5, 8 or 12 days in culture, cell morphology was assessed using phase-contrast 

microscopy (Figure 5-2). Whereas HMEC-hTERT cells infected with an empty vector 

exhibited a typical pattern of epithelial growth, infection with pBABE-ZEB1 resulted in cell 

elongation, dissociation and scattering. The morphology and growth pattern of the cells 

expressing the wild-type ZEB2 or ZEB2-R/C mutant was intermediate at day 5. By day 8, the 

cells became phenotypically similar with pBABE-ZEB1 expressing cells. Next, the expression 

of EMT-TFs and EMT markers were analysed in the infected populations of HMEC-hTERT 

cells. Replacement of rare codon triplets by common codons within the ZEB2-R/C mutant 

resulted in the enhanced expression levels of the protein (Figure 5-3). In comparison with 

the wild-type ZEB2 protein, ZEB1 was a more efficient inducer of the expression of 

mesenchymal markers, such as N-cadherin or vimentin. Interestingly, R/C mutation 

increased the efficacy of the induction of mesenchymal markers analysed, N-cadherin and 

vimentin. In fact, ZEB2-R/C mutant was as efficient as ZEB1 in activating expression of these 

markers. 

Loss of E-cadherin is considered as possibly the most important hallmark of EMT. Of note, 

whereas ectopic expression of ZEB1 leads to the apparent repression of E-cadherin, no or 

little effect was observed in cells infected with vectors harbouring ZEB2 wild-type or ZEB2-

R/C mutant inserts. It has been established that EMT-TFs cooperate with the oncogenic 

pathways to induce full EMT response including loss of E-cadherin (Morel et al., 2012).  
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Figure 5-1: Illustration of pBABE-ZEB2 plasmid and the position of substituted codons. 
A) ZEB2 was cloned into the retroviral pBABE vector at the C-terminal. B) Schematic of two triplets (LGVs) 
mutated from rare codon to common codon within ZEB2 ORF. Codon and codon frequencies are presented. 
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Figure 5-2: Post-transfection of HMEC cells.  
HMEC-hTERT cells were infected with retroviral vector expressing ZEB1, ZEB2 or ZEB2-R/C. Cells were analysed 
by phase-contrast microscopy and photographed at five, eight and 12 days post-selection. Data provided by Dr 
Louise Hill.  
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Therefore, it was assessed how the wild-type and R/C mutants cooperate with the 

oncogenic RAS (HA-RASG12V). HMEC-hTERT cells were first infected with the neomycin-

resistant retroviral vector harbouring HA-RASG12V. Two days post-infection, cells were 

infected again with the pBABE vectors containing ZEB1, ZEB2 or ZEB2-R/C mutant. Then cells 

were maintained in the presence of puromycin and neomycin, and expression of E-cadherin 

and vimentin was analysed in selected cell populations by western blotting. As expected, 

both ZEB proteins cooperated with HA-RASG12V in the induction of EMT including down-

regulation of E-cadherin. It is noteworthy that no difference between ZEB2 wild-type and 

ZEB2-R/C mutant was observed in HA-RASG12V-transformed cells with regards to the 

activation of vimentin or down-regulation of E-cadherin (Figure 5-4). 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 5-3: Western blot analysis at 6 days post-transfection HMEC cells with ZEB1, ZEB2, and ZEB2-mut. 
HMEC-hTERT cells were transfected and lysed. Proteins examined via western blot to check for expression 
levels of ZEB1/2, ZEB2–mut and mesenchymal markers. α-tubulin was used as loading control. 
 
 

 

 

ZEB1 

N-cadherin 

Vimentin 

E-cadherin 

α-Tubulin 

ZEB2 

250 kDa 

250 kDa 

130 kDa 

60 kDa 

120 kDa 

55 kDa 



CHAPTER 5: RETROVIRAL EXPRESSIONS ENHANCE ZEB2 AND PROMOTES EMT│ 2015 

 

113 
 

 

 

 

 

 

 

 

 

 

 

Figure 5-4: Introducing RAS promotes EMT.  
Western blot analysis of HMEC cells transfected with retroviral ZEB1 and ZEB2 constructs with and without 
RAS. Level of ZEB1 is higher compared to ZEB2 with loss of E-cadherin and increased level in N-cadherin and 
Vimentin. H-RAS was used as transfection control while α-tubulin was used as a loading control.   
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5.3 DISCUSSION 

Through the analysis of the regulation of ZEB2 protein synthesis, two stretches of rare 

codons (L426G427V428) and (L439G440V441) were characterised, which are located at the border 

of SBD and induce ribosome pausing (Figure 5-1). These codon clusters are responsible for 

the reduced expression of chimeric proteins composed of EGFP and short ZEB2-derived 

fragments (Chapter 4). However, it was important to establish a role for LGV elements in the 

context of the full-length protein. Experiments with the retroviral vectors expressing wild-

type ZEB2 or ZEB2-R/C mutant (Figure 5-2) have shown that introducing common codons in 

these triplets enhances protein yield concomitantly with more efficient activation of 

mesenchymal markers (Figure 5-3). This finding indicates the existence of a novel regulatory 

mechanism which is dependent on the availability of a rare isoacceptor tRNAS among other 

factors (expression and subcellular of localisation of FBXO45, and possibly other component 

of ubiquitin-proteasome system; expression level of cytoplasmic chaperons, etc.). A recent 

study has demonstrated that eukaryotic cells contain two distinct pools of tRNA isoacceptor 

(Gingold et al., 2014). These two pools of tRNAs carry anticodons corresponding to the 

codons more often utilised either in proliferation/cancerous or differentiation/arrested cell 

states. Interestingly, both rare isoacceptor tRNAs (tRNA-LUUA and tRNA-VGUA) are part of the 

tRNA gene expression signature characteristics for the differentiated/arrested state. This 

indicates that this state is permissive for the expression of ZEB2 and point to the tumour 

suppressive ZEB2 features possessed by some genetic backgrounds. In line with these 

speculations, the ZEB-R/C mutant was expressed at a higher level than its wild-type 

counterpart in hTERT-immortalised proliferative HMEC cells. This difference was however 

abandoned in HA-RASG12V-transformed HMEC cells. Whether the expression of tRNA-LUUA 

and tRNA-VGUA gene is regulated by the oncogenic RAS deserves further investigation. 

It is becoming increasingly clear that co-translational folding pathways have an important 

role in the regulation of protein function (Kimchi-Sarfaty et al., 2007). This phenomena 

could be explained if ZEB2 function is regulated by co-translational folding and co-

expression with E-cadherin in normal human and mouse melanocytes (Caramel et al., 2013), 

and in some forms of human cancer such as transitional cell carcinoma of the bladder 

(Sayan et al., 2009). However, currently we have no data to support this theory. Indeed, the 
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ability to activate mesenchymal markers correlates with the expression level of ZEB2 in 

HMEC-hTERT cells. On the other hand, ZEB2 function as an E-cadherin repressor is 

independent of LGV elements, but is determined by RAS transformation. Whether 

oncogenic induces ZEB2 modifications or activates some co-factors which are important for 

the repression of E-cadherin gene remains to be determined in future studies. 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 6: GENERAL DISCUSSION│ 2015 

 

116 
 

 

 

 

 

 

 

 

 

 

CHAPTER 6: GENERAL DISCUSSION 

 

 

 

 

 

 

 

 

 

 



CHAPTER 6: GENERAL DISCUSSION│ 2015 

 

117 
 

Development EMT pathways are responsible for the generation of individually-migrating 

mesenchymal- like cells from epithelial tissue. This process is reminiscent of the detachment 

of cancer cells from a tumour mass and intravasation followed by the formation of 

secondary tumours at distant sites. In earlier studies the implication of developmental EMTs 

in tumour progression has been considered primarily in light of this analogy. During the last 

decade, it has been established that the role of EMT programs in cancer is much broader 

and not limited to the alterations in adhesive and migratory features of tumour cells. EMT 

programs affect the majority of all hallmarks of cancer highlighted in Hanahan and 

Weinberg’s reviews (Hanahan and Weinberg, 2011). In particular, the interrelation between 

EMT and cancer cell stemness has been the focus of recent research. Established in two 

independent studies published in 2008, this link unveiled a mechanism of generation of 

highly tumorigenic breast carcinoma cells through EMT pathways involving EMT-TFs of 

TWIST, SNAIL and ZEB families. Among the criteria for stem-like characteristics these studies 

used expression levels of CD24 and CD44, cell surface markers whose expression pattern 

(CD24low/CD44high) is associated with both human breast CSCs and normal mammary 

epithelial stem cells (Mani et al., 2008). In contrast, manipulating the expression levels of 

canonical Yamanaka pluripotency transcription factors in prostate and bladder carcinoma 

cells has shown that these factors support epithelial phenotype, and EMT suppressed 

pluripotency in these cell models (Celia-Terrassa et al., 2012). Likewise, ZEB2 drives the 

neuroectodermal differentiation of human embryonic stem cells, and directly represses 

NANOG and OCT4. NANOG, OCT4 and SOX2 in turn repress ZEB2 transcription (Chng et al., 

2010). These data obtained in prostate and bladder carcinoma cells and normal hESCs are in 

line with the observation that adult fibroblasts experience MET to undergo reprogramming 

and acquire self-renewing capacity (Li et al., 2010).  However, there are numerous reports 

showing overexpression of pluripotency factors in cancerous tissues (Jeter et al., 2011, Sun 

et al., 2014), and a cooperation between these factors and EMT-TFs has been reported 

(Uthaya Kumar et al., 2015). Taken together, these data indicate that the interrelationship 

between EMT and stemness is complex, whereas EMT program promote features of adult 

stem cells, they may antagonise or support pluripotency, likely dependent on cell context. 

In my work, I attempted to address the interrelationship between EMT-TFs and embryonic 

stem cell factors in malignant cutaneous melanoma cell lines. EMT is a biological 
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programme characterised by loss of E-cadherin expression during cancer. Indeed, many 

oncogenic pathways, including the RAS pathway, are known to play a vital role during EMT. 

Malignant Melanoma, for example, has the ability to undergo EMT process at the invasive 

front, rendering it capable of invasion and metastasis. Another critical concept of melanoma 

development and progression is the theory of cancer stem cells. These are initiating cells in 

many types of cancer, including malignant melanoma (Boiko et al., 2010, Klein et al., 2007).  

Malignant melanoma is driven through the activation of MEK-ERK signalling via the 

mutations in the oncogenes B-RAF or N-RAS (Caramel et al., 2013).  By studying the 

functions of EMT-TFs in melanoma cell lines, data from our lab has demonstrated that the 

use of B-RAF and MEK inhibitors resulted in the regulation of EMT-TFs expression. 

Consistent with these data, this study demonstrated that inhibition of B-RAF pathway lead 

to down-regulation of ZEB1 and TWIST1 and up-regulation of ZEB2 and SNAIL2. Remarkably, 

data shows that both embryonic stem cells core transcriptional factors OCT4 and SOX2, 

which bind to and repress ZEB2 via RE-4, are following the same pattern of ZEB1 and TWIST1 

in the melanoma cell line. Using these methods I was, however, not able to demonstrate the 

link between stem cell factors and EMT-TFs. 

The down-regulation of ZEB2 suggesting a possible function in supressing the tumour by 

oncogenic activation. In agreement with this suggestion, a recent study has shown that ZEB2 

modulates PTEN expression in melanoma via cooperation with miRNA (Karreth et al., 2011). 

From a genomic structure perspective, both ZEB1 and ZEB2 are similar, but their function 

and regulation in cancers remain unclear. Although ZEB2 is sited up-stream of ZEB1 and 

negatively regulates its expression, their genomic organisations are complex. It is interesting 

in this context to note that both genes are found to be controlled by different 

transcriptional enhancers. For instance, a recent study has reported that ZEB2 expression is 

regulated by two enhancers located at 1.2 Mb and 60 KB upstream of ZEB2 gene (El-Kasti et 

al., 2012). In addition, two promoters U5 and E1 were identified within ZEB2 (Nelles et al., 

2003). The activity of these ZEB2 two promoters in malignant melanoma can be linked with 

the activity of its enhancers. Indeed, the activity of the U5 promoter in the melanoma cell 

line has been confirmed in this study, while comparing different regulatory elements show 

that they are active to some extent. 
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The link between ZEB proteins and miRNAs species has been demonstrated in several 

studies. For example, the inhibition of both ZEB1 and ZEB2 expression via miRNA-200 family 

and miRNA-205 causes high expression level of E-cadherin and induced MET with epithelial 

characteristics (Gregory et al., 2008a). By investigating the expression of both ZEB1 and 

ZEB2 in a number of different cell lines we showed that their expression level varies 

significantly. Despite the common properties between both proteins, ZEB1 is expressed in 

almost all mesenchymal cells while ZEB2 remains uncommon. Consistent with this data, our 

strategy which aims to study the expression of ZEB proteins in the same setting by 

establishing a new model of EMT show that ZEB1 is still expressed at high levels compared 

to ZEB2. These data has led to consider that post-translational and post-transcriptional 

regulation may be responsible for the delimited expression level of ZEB2.   

There is also limited literature on the potential role of translational regulation of ZEB2 in 

cancer cells. Analysis of ZEB2 reported that its ORF contains codons clusters which influence 

ZEB2 translation. An interesting observation by a recent study showed that 60 gene pairs 

with high protein identity differ in rare codon density and their expression was affected by 

codon bias (Lampson et al., 2013). In this context, ZEB2 included two rare codon LGV triplets 

located at the border of smad binding domain. Noteworthy, it has been found that replacing 

these rare codons with common codons enhanced the expression of ZEB2, while 

substitution of a single rare to common codon has no significant effect on ZEB2 expression 

levels. Moreover, such an experiment using full length of ZEB2 including two stretches of 

rare codons (LGV) and using retroviral vector expression was carried out in HMEC-hTERT 

cells. I have clearly presented evidence that ZEB2 protein yield is promoted with efficiently 

notable activation of mesenchymal markers. Indeed, this indicates the importance of rare 

isoacceptor tRNAs among other EMT factors. 

In the context of post-translational modification, ubiquitination is a post-translational 

modification system which has vital function in degrading proteins. The link between 

ubiquitination and ZEB proteins remains little studied. However, a subsequent study using a 

trophoblast cell has reported that ZEB1 is regulated by cullin7 E3 ligase (Fu et al., 2010). 

Additionally, in a very recent study such a role of ubiquitination on ZEB2 was found to be 

dependent on the E3 ligase complex SPFFbxo45 (Xu et al., 2015a). Consistent with this study, 

our data shows that SPFFbxo45 mediate ZEB2 expression at the level of protein translation. 
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Therefore, it was proposed that the ribosome stalling promotes the degradation of the 

nascent peptide through ubiquitin-proteasome pathway, and involves the 

FBXO45/PAM/SKP1 E3 ligase activity (Figure 6-1). 

Overall, investigating the link between EMT-TFs and cancer stemness as well as EMT-TFs and 

tRNA requires further studies. Focusing particularly on ZEB2 translation may provide a 

better understanding of the fundamental principle of ZEB2 expression and its role during 

EMT.  

 

 

 

 

 

 

 

 

 
Figure 6-1: A hypothetical scheme illustrating translational control of ZEB2 protein expression. 
Ubiquitin E3 ligase complex FBXO45/PAM/SKP1 strongly affects ZEB2 expression level, but has no influence on 
the protein half-life. The ribosome stalling promotes the degradation of the nascent peptide through ubiquitin-
proteasome pathway, and involves the FBXO45/PAM/SKP1 E3 ligase activity.
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Appendix 1: Map of the pGL3 basic cloning vector. Promega (cat. no.  E1751) 
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Appendix 2: ZEB2 RE-4 reporter sequence.  

CGCGCGGAAAATTGGGGACACAACCAGACCTGTTTAGCATCAATAAATTAAGATGCTCATTTGGGTCCTGAAGTTTGCTG
GTTCCTGTCAGTGGAGACGTTGGCAAAAGCCCTGAAGCCGAGATTCAGCCTTTACTTCAAAAAAATAAAATAAAATCAAC
CCCTCAGCTGGCCGCCCTGCTGGGGCCAGGTGACGTGCGAGATTCCACAGCCTGCGGGTCTCGCAGCAGGGATGTTAGG
GACGGTCTGAGCTTCTCTGGTCCTGTTTTGGTTTTGTTTGAAAGGGCTTCTCAGAGAGATGCTCCTGATTTTTTTTTTTTTTA
ATAGACTTTCCCCTCCTATCCTAGGCTCAACTCCGAATGGATTGGATTGCGAGTCTGCACGTGAGAAAACCGTTTGGCTTG
GCTTGGACCCCTGCCGCCCCCCACCTCCTCCACACACACCCAGTCCAGGGGTCCCCTTTATCACCCTTTGCTTGCAACTCCA
AAAGAAGTTGCCCACCTCCTGAGTCACAACACAAGGTCGAATAATTCCTCTAGATGAAAGATCAGTTTCATTTCAAAACGA
GAATAGGTTCCTTTTTTTATTTTCTCCACATGGTACAAAATAAACAGAATTTGCTTTAAAAAAAATCATTAGCTGTGGCCAA
ATTCGAATTCCTTCTACAGCCTGTGTGTTCAAGGGCAGAAACATTGTATCTCTTCGGGCATCTGGGCCGCCAAGCTGAGCG
GGGGGAGGGGGGAGCGGCTGTGAAAGTTGAGGAAATTGACAGACTGAGAGGTGAATGGGGGGACAGGCACCAGGTCC
TGGCTGGAGGGAATTGGAAAACAAAAGTGCATCCTTCTCACCCTGCCTGGGTGGAGGGAATCCTGAGGGAGGTAGTTTG
TTTTGCCCATGGAAACCCCAAAGAATTATTTTTCCCCCTTCAATGTTGATTGCAATATTATTTCACATTTCCGTGTATCTGTT
GTTTTAATCTCTTTCGTCTGCGCTAATCTCGAAGTGGATTATTAATGGGGAAGACAGAGAAGGAGAGATTCATTTGCAGG
ACTTATTTTGCTGTGTGAGGAGCCGAAAGCCAGCAGCCCCCAGTCCTCTCTCGACTTTTCTCTGCGTCCTGTGCTCCTGCAT
CCTCCTGATCCCACGATCCCCATTGTCCCCGAACTGGCCCTCGGACTGAGGGAGTGTTCGGAACAAATTTATATTCCGGCT 
TCCTCCCGACCCCATCACCTCTGCCACGTTGGGAACTCTCTCGGCCAAATGCCTGGGGAGGGGCGTGCCAGTCAGGAACC
AGGGGCAAGGCAACCTAGCCGCAGCGCTCACCCCTCGCGGAGACCCTTCCCGTGCCACCATCCAAATATCTACCTTCATG
GGAACCTGGAAGACTGCTTTTTCACCCCAAATCAAATACTGGCTAGTCGGAACTCCCAGTGATAAATGTTGGGGACTGCCT
CCTGCCACTTGAGCAATTCCTGAGTCCAGGGTAATCAGATGATTAGGTGTTTTTAATGGAAATACTTAGGGTTTTTTTTTTT
TTTTTTAAGTCAGATCCTAAGTAACCTGACATTTAATATACATAATAAAGACAAGTGTTTTGTTAGCTATTCGATTGGATCC
TTTGACCTGAGGTTATGCTTGTGTGTGTGTCTGGTCTGTAAGCCTCCAATGGCTACCTGGGTGCCTGAAGAGGAGTCTTGC
CTGTAATAACTCTATGCAAAGGGCTCCTTCTTCCTTAGGAGTGGTGGAAGGGTGGCTGTAAAGCAAACGTCTAGAGAAAG
CTGGATTCCAATCTTTTAAATTAAAAAAGAGGAAAAAAAGGAAGAGGAAGAAAAATGGACATGAACAGTGGTGCTAAAT
CTCAGAAGAGGAACTTGATAAGTCACACATATATTTAGTATAGATATATAATAATGAAAGAAATGTAAAATATAAAATTAA
GAATGTGCCTGACCCATGTTGAAAATCTTTGATTTTATTTATTAATAATTTTTAAGCTGAAGATCCTGAATGCCTTTCTTCTA
TAGACACTTTATCTGTGATGGGGTGGGGGGAGAGAGTTAATTTATCCAGCAGCTATTTTCATTATAATAAATACTTAAATT
AGGAAAGAGGTGAGTAACCAACTGTGAAAATCTACTTTCTTGCATCCTAGAACAAGATCTAGCTGTGGTCGTGCTAGGTA
GCTATTAACCACCCCCACCCCACTCCCCCGCCCCGCAAAAAAAAATACAAAATACAAAGACGTATACCTCTGGGAGTGTG 
GATGTGGCAACCCATGTGGTGGCTTGTCCCTCCTTTGAGTGCAATTGCCAGTGACTCTTGCATTCAAAGTCTTGCTTTAGG
CACACATTCAAAGCACAGTTCAAAGCAGTTTATCTTAATATAGTGTTGGATCAGGGTATTATTTGTTTCAGATTTCATCAGA
CTGGAAACAGGAGGGTGTAACATATTTAACAATATTAAAGCTTAAAAATTGGTGTGAGGCAGCTCTCTGGTCCTCTTAACA
CCTCCACCTTTACCTTTCCGAAGAATCCTAAATGCTGTGAGGCTAGAAGTTTATTTGTGCTCTGAGGTTCTCAAGCACTTTC
ACTCTTTAGGAAAAAAAAAAAAGTCTCACAGTTATTTAAGAAATTGAGCCTGAACCATCCGAGGATAGGAGATTTCTTCCT
TTTCCGATAAATGCCTGTGCTCAGCATCCTCAAATTTGGCTGTCTTTATTTACTTCTATATTAGTTCCAATTATGTGCAGTGT 
AAACCAGCTTTTTGATTAACAAAACAGCAGAGCATTGGTTAAGAACACTTAAACTTCAAAAAAATTCCCCTGGGAAGTGG
GCTCTGAATTGGTTAATAATGTGCAGTACTTGCTAAATTGCTGACTTCCAGATGTGGAAAATATCTTTCTTGTTTAGGACCT
ATGTAACCTGATTGGATTACGACAGAAGCGTCACGTTGGAAGCTTTTGAGTGATTATTTAATTAACCATACAGTAGAAAGC
TGTATTCTCCAGGAAATCCCTTCCATATTTGCATAACCAATCCCTTCAGAGCAAAGGTGGAGTCTTTTCTTTTTAATCTTACT
TTAATTGTAATATCAAAAAATATATACTCCAAAACTTAGACCCCATGCCGTTTAATATCATGCTCTCCCTTCCCTGCTAAGTT
TCTCTATGGCCTTTCTCGTTTCTCCTCCTGCCTCCCTACACACTCTCCCTTACTTTGTAGTGAGGTCTCCCCGAGGTGTAG 
AGAGATTCAGAGATCGGCCAACCGAGTGTTCTATTTTAATTTACTTAGAGACCCTTTATTAAAATGCCAAACTACTTTTTAA
TATTGGGATCCAGTCCAGAAATTCATCATGCACACACCCTAATACACATGCCCTAAGATGCAGCTCCCATGCAGCATTTTTT
TTTCTGGCTCTGGTACCTAAAAAGAAAAAAATAACAATAAGAGAAAGGGCAGAGAACTTTGTTCCAGAAGCTGTACTGAG
ATACCTACACAATTTGATGTGCATCTCAAATCTGGTCATTAGAGATATCTGTATAAGAAGAGACTATCTGGATTGAGGACC
CGGGATCTTTCCCTTTAACTTTCGCCCCTTGGAGTTCTCCAGTTCTGTGAATGGTGTGCACCGTTTTCCGCCCTGTACTCTGT
AGGATTTAGTGATGAGGATAATGATGCCAAAGGCTTGACGGGCGGGGAGGGGGGGGTGGAGGGGGGGAGAAGGGAG
GGAGGGGGGAGGGAGGCGAAGGCGAAAGGGAGGGAGAGGAGGAAGGGAGGGAGGTGGAATTTCATTTCTTCCACTA
AAGCGTTTGCGGAGACTTCAAGGTATAATCTATCCCAGATCCTTTCCCAGAGAGAAACTTGGCGATCACGTTTTCACATGA
TGCTCACGCTCAGGGCGCTTCAATTATCCCTCCCCACAAAGATAGGTGGCGCGTGTTTCAGGGTCTCTCGTCTCTCTCCTAC
AGAAAAGAAAAAGAAAAAAATGTCATTAGAAGAGGCGTAACACGTCAGTCCGTCCCCAGGTTTGTGTTTCCTGGAGTGG
CCGAAAGAGATCAGT 
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Appendix 3: ZEB2 E1 reporter sequence. 

AAATATAATTCTAATAACTGATGAATATATGTATATACACACATACATATGCAATAAACATATGTGTATATATTTATTATAT

ATATGTATATACACATATAATGTATGTATATACACATATAATATATGTATATACATATATAATATATGTATGAATATATATAA

TGTATGTATATTCATATGTATATGTATATACTTATAATGAATATATGTGTATACACACATATATATATTTATTATTTATTAGG

TAGAATGTAGGAAGTTTATAGACAAGTTCCAAGAAAGTGACAGAGGCAAGGAATAAATCAGTCTATAAGTCAGGAGACC

TGGAGTCAGCTATGCAACTAATACATACATATATATATACATACATACACACATAAACACACACACACGTACTTTTTAACTT

CAGTAGCAATTTCTAGAAATCTCAACGAAAAATTTTGCCAAAAGTTTTTTCCACTTCTACTACCATTGTCAGGAGAAAACAG

TCACAGGCCTTTATGTTCTTGTTCAATCCTTGTCTGAAGGAAATATTGGACTTGTAATGCTGCACATATGTTATGTAAATTA

TCGTAGCACTTTGTATTGCTTTGACCTTTATAACACCCTATAATTTGATTGGCTGACTAGTCAAGTTGATAGTGTTTACAGTC

TTGCCCTTACTTGGATGGACATGATAAGATATTCCAATCTAGCCAATCAAAAAATAGAATATCAAAAAGGTCAGAGTAGTA

TAATGTTTTTTTAAACTACAGTCTTCTCTTTCCTGGTCAAATATATGCATTCTCATAAGAAAATAGAGAAGTCATGTGAAAC

GCAACATATCTGAGAATAAAAAATGTAATGAATATTTTATTTGATTACATTGATGTCAACTTTCCTGTTTTTAAAATTGATT

GTCCTAGGAGAACTGCTTAGATTTTTACCAAGGCTGTGTTGTCACAGATTGTGTTTTACTTTTCTTTGAATCTCTAGAACCT

ATAGTAATATCATAATACAGTGCTTAGTATATATTGATTAAATAAATAAATTTGAATATCAAAACTGTCTCACTCTCTTCCCC

TTTCCTGTATAAGGTAACACATAAGCAGAAGTTTACCTTCTTCTGGGTGTCCTTGGTAGCCTTATCTCTTTCTTTCTGAAGTT

CCTCAAGGCTCAATGCCAGGCCCTCTTCTCACCATATTGTTTTTCCTGGGGAATTTTATTGAACATAGTTCAATTATCATTCA

TAAGCTGATGACTTTCAAATGTGCATTTCTATTACTCTCACCTGAGTTCTTGATTCTTATATCTTATTGCCTATTTTAAATTTT

CAATTGAGTCCCAGAAGGAACTCAATTTTATTATGTACAAAAACAAACTCAAACTTGTTTTCCTCCAAGTGTCCTTATCTCA

GTCAATGGCACCATCATCTAGGGGTTATCCTT GACACTGTCCTTACTCCTGCACAACATATTACTAAGAACAGTAGCTTTTA 

CCTCTTTAATATCTTCTTAATGTATTTACCTTTATTTTTCATCACTGGGACTTTCCTAGTCAAAGGTGCCATCATCTCTTACCT

TGGCCATTAGGTACTCACCTGTTGTTCTGCCTGCCATCACTTTCATAGAGAATCCAGAGTTGCAATTTAAAAATAAATTATT

GACAATGCCATTACCTCTCCCATTTTCTTCCTCTTTAATATTCCATTTTTCTTAGTTTACAGATAAAATCTCTTATATTGTCTAT

AGGACTAATATCTGTGACACCTGAAGACACACTCTCTCTCCCCCTCTATGCTGCAACTACGCATTCTGGTTCTTATAATGTT

CTCTCTTGCTACAGGGGCTTTTGCTTCTGTATCTTAGTCTGGCTAAAGTCTTTTTTTCTAGTTATGAATGGAACTAAGAACA

GATATTTTTGTCCACTAAATAAGTGGATATTTAACACCTTTGAAAAGACAGGAAAACAATGGGCAGACGTGTTCCTGGAG

AATATAGACTCATCA ACCGGGAAGAA  

 

 

 

 

Appendix 2: ZEB2 short enhancer -395 sequence.  

CCTCGCCTCACCCCAAGTTCCCGAGCCGGGGGCTGAGGACTTTTCGAAGGAAAGGGTCCGCCTAGCCCTGAGTCAAGCG
GTCTTACTGTACCGCCGTGTGCATTCCCTCATACGGTCAGGAGTTATGACTCATTTTGAAGATGTAATTCTTGTCTCTCTGA
TCCCCTCGCGGGTGCAACACACCAAACAGTAACAAACACAAAGCGCCTCGGGGCCAAGGCTGGGGGTGGGGGGCGGGG
AGGGGGCCGCCGAAGTTTCGCTTTGGCGTTGGGGGGCGCGGATGGGTGCTCGCCGGGGCCCTGGCCCGGCTCCCCTGG
GCGGCCCGCGCGCGTTTCAATGGGCGCGGGCGATGCCCACATTGTCGCTG 
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Appendix 4: ZEB2 VISTA enhancer sequence. 

TGCACTCCCTGAGTCCTTCTCATCAGTGTGGCACATGTGCCAACCACTAAGGAAAATAATGGGAAGTTTGAGGACTAGCC

CTCACATTTGTAGAATAAAGTGCCTTTGTGATTTTTATCAACATCTTTTATTACTCAGAGATTGAGGATCAAAAGGTGCTTT

CTGTGAAAAATGCCTAGTTTGGTAAGTAACCACCAGGGTCACTTCAGGGGCTGATTTTATTTCGCTTTTTAAATATGCAGG

TTTAAAGCAGGTAGCTATGCTCTTACAGAGGTTTCACCTGATGCCAGCAGCAGTGGGGCAACACCAGACCCCCGCTCCCTC

ATTTCGTCACGAACAGGAAAGAGCCACAATTTTCTAGCTGACCTGTGACTCTGCAAGCAGCCACTGGTTCAGGTTGTTATC

AATGCTGGGGGAACATTTCTTTTGTTTGCCCTCCTTACCCCAATTCCATCTTGGTATTTGCACATTGATTGCCTGGTGCAGA

GTTTCTACATATTATAGCTTAATTGCAGATTTTTAAAAAAGACAAAAATATGTTCATATCTTAGGAATTATGTCTTGCAGCC

TACTAAATATGCTAATGCAGCACTAAGCAGGGATAAAGTTCTTGCCATACCCCCCAACAGTTGCGTGGAACCTGCTGCCAA

GTGATTGTTAATTGTGAAGCACAAGCAGGCTTTGCAATCCATCTTAATTGTCATACTTACTTCAGGTTTCGTGATAAGGCTC

AATGTTCTGTTTAAAGTGACAATGTTGACAAGGGGAAAGGGTGTGGGCCTGAGCCTGTGGTTCTGAAGGGGTTGCGTGC

TCTGACCTGCCGAAGGTTGATATGGACGGTCTGCGAGGGGATTTTAGTTGTCATGGGGTCCCCAGGCGGTTGAATGGAG

AGACTGTCTGTCCTGCTTTTTCCTGTTAGGATCCTGACACGTGGAGCATTGATGAACTCAGCACAACGTTGAATGGGAGCT

TTTTGGCAGCTGAGACACTGGGGCTAAGCTGCAGGTCAGAGATAACACCAGTGCGGATCTCCTCCTGCACAGAGCTCCTA

GCATGCTTTCTTCCCTCCTGAGTGCAGGAAATGGCTCATGTTAAATATGTTCACTTTTCAGTTTTCCTTTCTTCTAAAAAGGA

GCTTGACAGATTGGACTTTTCAGCTCCCTCTTTTTTCACCACCTCTGCTTTCTACCTCAGAAATACTCTTCAGGAAGCAGGA

GTTAATCTTGGTGAGGAAACGATAAGGTGATGCTTGATTTTCACGGCAAAGCAGAAGGATATGGCTGCCTTCTTGCTGTT

CATAAACTTAGAGCTCCCCACCTGTGAGGCTTTCCTTAGCTTTTCCCTTCACATCCCTTCAAAATAGGCCAGAAGAGTAAGA

GAGTCAAGCGTCTACTGCCCAGACGAATGTAGGAGAGCAACATGTAGCATTATGCAATCTTGAGAAAAGGAATCACCGA

GTTGGGAGGTAATGCTGACTTTTAAACAGTGTTTTCTCCAATACTTATGTGGCCCTCTACCCAAAGGGTGCATCACTGCCC

ACACCAAAATGCTTCTGCTTTGTTTTACGTGCAGCTGAGTTTAGCAGGTTTCCGAGATGTGGAGAACAAAGAGAAACTGC

CAGCAAAGAGCTACTCTAATAATCTTTTGCCAACATCCTGTATTCACAAAAGCGATGCAGAAAGAATTCTTTCTAGTTTTAG

TGTCTGCCCTAAACATGGGCTGTCAAAGCTCCATTTAAAAGAAAGGTATTTGAAATGGATTCTTGTGTGGTATTGATTAGT

GACTGTGAAACTAATACATTGAAACCACTCCCAAACAAGTCAAATTCTGACTTGAGGTACATACATATGGCTTCGGTGAGA

TATGAATGTTTTCTTTTCACTCTATTGAGTATATGATACCCATATCCTTTGAAGCAAAAGGGATGTG 

 

 

Appendix 5: Sequence alignment of EGFP-ZEB2 (RC-CC) and EGFP-ZEB2 showing the RC to CC 

substitutions of (LVmut). 

EGFP-ZEB2(LVmut)  99 ACAGAACCACTAGACTTCAATGACTATAAAGTTCTTATGGCAACACATGG    148 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

EGFP-ZEB2       1700 ACAGAACCACTAGACTTCAATGACTATAAAGTTCTTATGGCAACACATGG   1749 

 

EGFP-ZEB2(LVmut) 149 GTTTAGTGGCAGCAGTCCCTTTATGAACGGTGGGCTTGGAGCCACCAGCC    198 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

EGFP-ZEB2       1750 GTTTAGTGGCAGCAGTCCCTTTATGAACGGTGGGCTTGGAGCCACCAGCC   1799 

 

EGFP-ZEB2(LVmut) 199 CTCTGGGTGTGCACCCATCTGCTCAGAGTCCAATGCAG------------    236 

                     ||.|.|||||.|||||||||||||||||||||||||||             

EGFP-ZEB2       1800 CTTTAGGTGTACACCCATCTGCTCAGAGTCCAATGCAGCACTTAGGTGTA   1849 
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Appendix 6: Sequence alignment of EGFP-ZEB2 single (RC-CC) and EGFP-ZEB2 showing the RC to 

CC substitutions of (Vmut). 

EGFP-ZEB2(Vmut)  100 ACAGAACCACTAGACTTCAATGACTATAAAGTTCTTATGGCAACACATGG    149 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

EGFP-ZEB2       1700 ACAGAACCACTAGACTTCAATGACTATAAAGTTCTTATGGCAACACATGG   1749 

 

EGFP-ZEB2(Vmut) 150 GTTTAGTGGCAGCAGTCCCTTTATGAACGGTGGGCTTGGAGCCACCAGCC    199 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

EGFP-ZEB2       1750 GTTTAGTGGCAGCAGTCCCTTTATGAACGGTGGGCTTGGAGCCACCAGCC   1799 

 

EGFP-ZEB2(Vmut)  200 CTTTAGGTGTGCACCCATCTGCTCAGAGTCCAATGCAG------------    237 

                     ||||||||||.|||||||||||||||||||||||||||             

EGFP-ZEB2       1800 CTTTAGGTGTACACCCATCTGCTCAGAGTCCAATGCAGCACTTAGGTGTA   1849 

 

 

 

 

 

Appendix 7: Sequence alignment of EGFP-ZEB2 single (RC-CC) and EGFP-ZEB2 showing the RC to 

CC substitutions of (Gmut). 

EGFP-ZEB2(Gmut)   98 ACAGAACCACTAGACTTCAATGACTATAAAGTTCTTATGGCAACACATGG    147 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

EGFP-ZEB2       1700 ACAGAACCACTAGACTTCAATGACTATAAAGTTCTTATGGCAACACATGG   1749 

 

EGFP-ZEB2(Gmut)  148 GTTTAGTGGCAGCAGTCCCTTTATGAACGGTGGGCTTGGAGCCACCAGCC    197 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

EGFP-ZEB2       1750 GTTTAGTGGCAGCAGTCCCTTTATGAACGGTGGGCTTGGAGCCACCAGCC   1799 

 

EGFP-ZEB2(Gmut)  198 CTTTAGGCGTACACCCATCTGCTCAGAGTCCAATGCAG------------    235 

                     |||||||.||||||||||||||||||||||||||||||             

EGFP-ZEB2       1800 CTTTAGGTGTACACCCATCTGCTCAGAGTCCAATGCAGCACTTAGGTGTA   1849 

 

 

 

 Appendix 8: Sequence alignment of EGFP-ZEB2 (Kmut) and EGFP-ZEB2 showing the substitution of 

two lysines K389 and K391 with chemically related arginine. 

EGFP-ZEB2(Kmut)   36 AAAATGGAAAACCaCTTAGCAtgTCTGAGCAGACAGGCTTACTTAGGATT     85 

                     |||||||||||||||||||||||||||||||||||||||||||||.|||| 

EGFP-ZEB2       1647 AAAATGGAAAACCACTTAGCATGTCTGAGCAGACAGGCTTACTTAAGATT   1696 

 

EGFP-ZEB2(Kmut)   86 AGAACAGAACCACTAGACTTCAATGACTATAAAGTTCTTATGGCAACACA    135 

                     |.|||||||||||||||||||||||||||||||||||||||||||||||| 

EGFP-ZEB2       1697 AAAACAGAACCACTAGACTTCAATGACTATAAAGTTCTTATGGCAACACA   1746 

 

EGFP-ZEB2(Kmut)  136 TGGGTTTAGTGGCAGCAGTCCCTTTATGAACGGTGGGCTTGGAGCCACCA    185 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

EGFP-ZEB2       1747 TGGGTTTAGTGGCAGCAGTCCCTTTATGAACGGTGGGCTTGGAGCCACCA   1796 

 

EGFP-ZEB2(Kmut)  186 GCCCTTTAGGTGTACACCCATCTGCTCAGAGTCCAATGCAG---------    226 

                     |||||||||||||||||||||||||||||||||||||||||          

EGFP-ZEB2       1797 GCCCTTTAGGTGTACACCCATCTGCTCAGAGTCCAATGCAGCACTTAGGT   1846 
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Appendix 9: Sequence alignment of pBABE-ZEB2 double (RC-CC) and pBABE-ZEB2 showing the 

RC to CC substitutions of (LGVmut). 

EGFP-ZEB2(LGVmut) 24 CAGaACCaCTAGACTTCAATGACTATAAAGTTCTTATGGCAACACATGGG     73 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

EGFP-ZEB2       1701 CAGAACCACTAGACTTCAATGACTATAAAGTTCTTATGGCAACACATGGG   1750 

 

EGFP-ZEB2(LGVmut) 74 TTTTGTGGCAGCAGTCCCTTTATGAACGGTGGGCTTGGAGCCACCAGCCC    123 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

EGFP-ZEB2       1751 TTTAGTGGCAGCAGTCCCTTTATGAACGGTGGGCTTGGAGCCACCAGCCC   1800 

 

EGFP-ZEB2(LGVmut)124 TCTGGGCGTGCACCCATCTGCTCAGAGTCCAATGCAGCACCTGGGCGTGG    173 

                     |.|.||.||.||||||||||||||||||||||||||||||.|.||.||.| 

EGFP-ZEB2       1801 TTTAGGTGTACACCCATCTGCTCAGAGTCCAATGCAGCACTTAGGTGTAG   1850 

  

EGFP-ZEB2(LGVmut)174 GGATGGAAGCCCCTTTACTTGGATTTCCC--------------------T    203 

                     |||||||||||||||||||||||||||||                    | 

EGFP-ZEB2       1851 GGATGGAAGCCCCTTTACTTGGATTTCCCACTATGAATAGTAACTTGAGT   1900 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

128 
 

 

 

 

 

 

 

 

 

 

REFERENCES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

129 
 

<s1-ln12821025-875406221-1939656818Hwf-910474251IdV-
120004096812821025PDF_HI0001.pdf>. 

ACLOQUE, H., ADAMS, M. S., FISHWICK, K., BRONNER-FRASER, M. & NIETO, M. A. 2009. 
Epithelial-mesenchymal transitions: the importance of changing cell state in 
development and disease. J Clin Invest, 119, 1438-49. 

ADHIKARY, A., CHAKRABORTY, S., MAZUMDAR, M., GHOSH, S., MUKHERJEE, S., MANNA, A., 
MOHANTY, S., NAKKA, K. K., JOSHI, S., DE, A., CHATTOPADHYAY, S., SA, G. & DAS, T. 
2014. Inhibition of epithelial to mesenchymal transition by E-cadherin up-regulation 
via repression of slug transcription and inhibition of E-cadherin degradation: dual 
role of scaffold/matrix attachment region-binding protein 1 (SMAR1) in breast 
cancer cells. J Biol Chem, 289, 25431-44. 

ARDLEY, H. C. & ROBINSON, P. A. 2005. E3 ubiquitin ligases. Essays Biochem, 41, 15-30. 

BADVE, S., DABBS, D. J., SCHNITT, S. J., BAEHNER, F. L., DECKER, T., EUSEBI, V., FOX, S. B., 
ICHIHARA, S., JACQUEMIER, J., LAKHANI, S. R., PALACIOS, J., RAKHA, E. A., 
RICHARDSON, A. L., SCHMITT, F. C., TAN, P.-H., TSE, G. M., WEIGELT, B., ELLIS, I. O. & 
REIS-FILHO, J. S. 2011. Basal-like and triple-negative breast cancers: a critical review 
with an emphasis on the implications for pathologists and oncologists. Mod Pathol, 
24, 157-167. 

BAKIN, A. V., TOMLINSON, A. K., BHOWMICK, N. A., MOSES, H. L. & ARTEAGA, C. L. 2000. 
Phosphatidylinositol 3-kinase function is required for transforming growth factor 
beta-mediated epithelial to mesenchymal transition and cell migration. J Biol Chem, 
275, 36803-10. 

BARDEESY, N., BASTIAN, B. C., HEZEL, A., PINKEL, D., DEPINHO, R. A. & CHIN, L. 2001. Dual 
inactivation of RB and p53 pathways in RAS-induced melanomas. Mol Cell Biol, 21, 
2144-53. 

BLEYER, A., VINY, A. & BARR, R. 2006. Cancer in 15- to 29-year-olds by primary site. 
Oncologist, 11, 590-601. 

BOIKO, A. D., RAZORENOVA, O. V., VAN DE RIJN, M., SWETTER, S. M., JOHNSON, D. L., LY, D. 
P., BUTLER, P. D., YANG, G. P., JOSHUA, B., KAPLAN, M. J., LONGAKER, M. T. & 
WEISSMAN, I. L. 2010. Human melanoma-initiating cells express neural crest nerve 
growth factor receptor CD271. Nature, 466, 133-7. 

BOLOS, V., PEINADO, H., PEREZ-MORENO, M. A., FRAGA, M. F., ESTELLER, M. & CANO, A. 
2003. The transcription factor Slug represses E-cadherin expression and induces 
epithelial to mesenchymal transitions: a comparison with Snail and E47 repressors. J 
Cell Sci, 116, 499-511. 

BONGOS, A. & HIN LEE, E. 2004. Stem Cells: Their Definition, Classification and Sources, 
World Scientific Publishing Co. Pte. Ltd. 

BORRULL, A., GHISLIN, S., DESHAYES, F., LAURIOL, J., ALCAIDE-LORIDAN, C. & MIDDENDORP, 
S. 2012. Nanog and Oct4 overexpression increases motility and transmigration of 
melanoma cells. J Cancer Res Clin Oncol, 138, 1145-54. 



 
 

130 
 

BOSCH, A., EROLES, P., ZARAGOZA, R., VINA, J. R. & LLUCH, A. 2010. Triple-negative breast 
cancer: molecular features, pathogenesis, treatment and current lines of research. 
Cancer Treat Rev, 36, 206-15. 

BRABLETZ, S. & BRABLETZ, T. 2010. The ZEB/miR-200 feedback loop--a motor of cellular 
plasticity in development and cancer? EMBO Rep, 11, 670-7. 

BRABLETZ, T. 2012. EMT and MET in metastasis: where are the cancer stem cells? Cancer 
Cell, 22, 699-701. 

BRABLETZ, T., JUNG, A., REU, S., PORZNER, M., HLUBEK, F., KUNZ-SCHUGHART, L. A., 
KNUECHEL, R. & KIRCHNER, T. 2001. Variable beta-catenin expression in colorectal 
cancers indicates tumor progression driven by the tumor environment. Proc Natl 
Acad Sci U S A, 98, 10356-61. 

BRACKEN, C. P., GREGORY, P. A., KOLESNIKOFF, N., BERT, A. G., WANG, J., SHANNON, M. F. 
& GOODALL, G. J. 2008. A double-negative feedback loop between ZEB1-SIP1 and 
the microRNA-200 family regulates epithelial-mesenchymal transition. Cancer Res, 
68, 7846-54. 

BROWN, H. F., UNGER, C. & WHITEHOUSE, A. 2013. Potential of herpesvirus saimiri-based 
vectors to reprogram a somatic Ewing's sarcoma family tumor cell line. J Virol, 87, 
7127-39. 

BROWNE, G., SAYAN, A. E. & TULCHINSKY, E. 2010. ZEB proteins link cell motility with cell 
cycle control and cell survival in cancer. Cell Cycle, 9, 886-91. 

BURK, U., SCHUBERT, J., WELLNER, U., SCHMALHOFER, O., VINCAN, E., SPADERNA, S. & 
BRABLETZ, T. 2008. A reciprocal repression between ZEB1 and members of the miR-
200 family promotes EMT and invasion in cancer cells. EMBO Rep, 9, 582-9. 

CAMPBELL, S. L., KHOSRAVI-FAR, R., ROSSMAN, K. L., CLARK, G. J. & DER, C. J. 1998. 
Increasing complexity of Ras signaling. Oncogene, 17, 1395-413. 

CARAMEL, J., PAPADOGEORGAKIS, E., HILL, L., BROWNE, G. J., RICHARD, G., WIERINCKX, A., 
SALDANHA, G., OSBORNE, J., HUTCHINSON, P., TSE, G., LACHUER, J., PUISIEUX, A., 
PRINGLE, J. H., ANSIEAU, S. & TULCHINSKY, E. 2013. A switch in the expression of 
embryonic EMT-inducers drives the development of malignant melanoma. Cancer 
Cell, 24, 466-80. 

CELIA-TERRASSA, T., MECA-CORTES, O., MATEO, F., DE PAZ, A. M., RUBIO, N., ARNAL-
ESTAPE, A., ELL, B. J., BERMUDO, R., DIAZ, A., GUERRA-REBOLLO, M., LOZANO, J. J., 
ESTARAS, C., ULLOA, C., ALVAREZ-SIMON, D., MILA, J., VILELLA, R., PACIUCCI, R., 
MARTINEZ-BALBAS, M., DE HERREROS, A. G., GOMIS, R. R., KANG, Y., BLANCO, J., 
FERNANDEZ, P. L. & THOMSON, T. M. 2012. Epithelial-mesenchymal transition can 
suppress major attributes of human epithelial tumor-initiating cells. J Clin Invest, 
122, 1849-68. 

CHAFFER, C. L., BRENNAN, J. P., SLAVIN, J. L., BLICK, T., THOMPSON, E. W. & WILLIAMS, E. D. 
2006. Mesenchymal-to-epithelial transition facilitates bladder cancer metastasis: 
role of fibroblast growth factor receptor-2. Cancer Res, 66, 11271-8. 



 
 

131 
 

CHAMBERS, I., COLBY, D., ROBERTSON, M., NICHOLS, J., LEE, S., TWEEDIE, S. & SMITH, A. 
2003. Functional expression cloning of Nanog, a pluripotency sustaining factor in 
embryonic stem cells. Cell, 113, 643-55. 

CHANG, F., STEELMAN, L. S., LEE, J. T., SHELTON, J. G., NAVOLANIC, P. M., BLALOCK, W. L., 
FRANKLIN, R. A. & MCCUBREY, J. A. 2003. Signal transduction mediated by the 
Ras/Raf/MEK/ERK pathway from cytokine receptors to transcription factors: 
potential targeting for therapeutic intervention. Leukemia, 17, 1263-93. 

CHIN, L., MERLINO, G. & DEPINHO, R. A. 1998. Malignant melanoma: modern black plague 
and genetic black box. Genes Dev, 12, 3467-81. 

CHNG, Z., TEO, A., PEDERSEN, R. A. & VALLIER, L. 2010. SIP1 mediates cell-fate decisions 
between neuroectoderm and mesendoderm in human pluripotent stem cells. Cell 
Stem Cell, 6, 59-70. 

CHO, E., ROSNER, B. A. & COLDITZ, G. A. 2005. Risk factors for melanoma by body site. 
Cancer Epidemiol Biomarkers Prev, 14, 1241-4. 

CHOI, J., PARK, S. Y. & JOO, C. K. 2007. Transforming growth factor-beta1 represses E-
cadherin production via slug expression in lens epithelial cells. Invest Ophthalmol Vis 
Sci, 48, 2708-18. 

CHRISTOFFERSEN, N. R., SILAHTAROGLU, A., OROM, U. A., KAUPPINEN, S. & LUND, A. H. 
2007. miR-200b mediates post-transcriptional repression of ZFHX1B. Rna, 13, 1172-
8. 

CLARKE, M. F. 2005. A self-renewal assay for cancer stem cells. Cancer Chemother 
Pharmacol, 56 Suppl 1, 64-8. 

COHN, M. A., HJELMSO, I., WU, L. C., GULDBERG, P., LUKANIDIN, E. M. & TULCHINSKY, E. M. 
2001. Characterization of Sp1, AP-1, CBF and KRC binding sites and minisatellite DNA 
as functional elements of the metastasis-associated mts1/S100A4 gene intronic 
enhancer. Nucleic Acids Res, 29, 3335-46. 

COMIJN, J., BERX, G., VERMASSEN, P., VERSCHUEREN, K., VAN GRUNSVEN, L., BRUYNEEL, E., 
MAREEL, M., HUYLEBROECK, D. & VAN ROY, F. 2001. The two-handed E box binding 
zinc finger protein SIP1 downregulates E-cadherin and induces invasion. Mol Cell, 7, 
1267-78. 

COUX, O., TANAKA, K. & GOLDBERG, A. L. 1996. Structure and functions of the 20S and 26S 
proteasomes. Annu Rev Biochem, 65, 801-47. 

DEMARINI, D. M., LANDI, S., TIAN, D., HANLEY, N. M., LI, X., HU, F., ROOP, B. C., MASS, M. J., 
KEOHAVONG, P., GAO, W., OLIVIER, M., HAINAUT, P. & MUMFORD, J. L. 2001. Lung 
tumor KRAS and TP53 mutations in nonsmokers reflect exposure to PAH-rich coal 
combustion emissions. Cancer Res, 61, 6679-81. 

DEMONTIS, S., RIGO, C., PICCININ, S., MIZZAU, M., SONEGO, M., FABRIS, M., BRANCOLINI, C. 
& MAESTRO, R. 2005. Twist is substrate for caspase cleavage and proteasome-
mediated degradation. Cell Death Differ, 13, 335-345. 

DENECKER, G., VANDAMME, N., AKAY, O., KOLUDROVIC, D., TAMINAU, J., LEMEIRE, K., 
GHELDOF, A., DE CRAENE, B., VAN GELE, M., BROCHEZ, L., UDUPI, G. M., RAFFERTY, 
M., BALINT, B., GALLAGHER, W. M., GHANEM, G., HUYLEBROECK, D., HAIGH, J., VAN 



 
 

132 
 

DEN OORD, J., LARUE, L., DAVIDSON, I., MARINE, J. C. & BERX, G. 2014. Identification 
of a ZEB2-MITF-ZEB1 transcriptional network that controls melanogenesis and 
melanoma progression. Cell Death Differ, 21, 1250-1261. 

DERIBE, Y. L., PAWSON, T. & DIKIC, I. 2010. Post-translational modifications in signal 
integration. Nat Struct Mol Biol, 17, 666-72. 

DHILLON, A. S., HAGAN, S., RATH, O. & KOLCH, W. 2007. MAP kinase signalling pathways in 
cancer. Oncogene, 26, 3279-90. 

DOWNWARD, J. 2003. Targeting RAS signalling pathways in cancer therapy. Nat Rev Cancer, 
3, 11-22. 

EGER, A., AIGNER, K., SONDEREGGER, S., DAMPIER, B., OEHLER, S., SCHREIBER, M., BERX, G., 
CANO, A., BEUG, H. & FOISNER, R. 2005. DeltaEF1 is a transcriptional repressor of E-
cadherin and regulates epithelial plasticity in breast cancer cells. Oncogene, 24, 
2375-85. 

EL-KASTI, M. M., WELLS, T. & CARTER, D. A. 2012. A novel long-range enhancer regulates 
postnatal expression of Zeb2: implications for Mowat-Wilson syndrome phenotypes. 
Hum Mol Genet, 21, 5429-42. 

ELLENBERGER, T., FASS, D., ARNAUD, M. & HARRISON, S. C. 1994. Crystal structure of 
transcription factor E47: E-box recognition by a basic region helix-loop-helix dimer. 
Genes Dev, 8, 970-80. 

EROLES, P., BOSCH, A., ALEJANDRO PÉREZ-FIDALGO, J. & LLUCH, A. 2012. Molecular biology 
in breast cancer: Intrinsic subtypes and signaling pathways. Cancer Treatment 
Reviews, 38, 698-707. 

EVDOKIMOVA, V., TOGNON, C., NG, T., RUZANOV, P., MELNYK, N., FINK, D., SOROKIN, A., 
OVCHINNIKOV, L. P., DAVICIONI, E., TRICHE, T. J. & SORENSEN, P. H. 2009. 
Translational activation of snail1 and other developmentally regulated transcription 
factors by YB-1 promotes an epithelial-mesenchymal transition. Cancer Cell, 15, 402-
15. 

EZEH, U. I., BAEHNER, R. L., CHEW, K. L., FRIDLYAND, J. J., WALDMAN, F. M. & CEDARS, M. I. 
2007. The prognostic role of the human embryonic stem cell protein, NANOG, in 
breast cancer. Fertility and Sterility, 88, S399. 

FERNANDEZ-MEDARDE, A. & SANTOS, E. 2011. Ras in cancer and developmental diseases. 
Genes Cancer, 2, 344-58. 

FERNANDEZ-SAIZ, V., TARGOSZ, B. S., LEMEER, S., EICHNER, R., LANGER, C., BULLINGER, L., 
REITER, C., SLOTTA-HUSPENINA, J., SCHROEDER, S., KNORN, A. M., KURUTZ, J., 
PESCHEL, C., PAGANO, M., KUSTER, B. & BASSERMANN, F. 2013. SCFFbxo9 and CK2 
direct the cellular response to growth factor withdrawal via Tel2/Tti1 degradation 
and promote survival in multiple myeloma. Nat Cell Biol, 15, 72-81. 

FIDLER, I. J. 2003. The pathogenesis of cancer metastasis: the 'seed and soil' hypothesis 
revisited. Nat Rev Cancer, 3, 453-8. 

FU, J., LV, X., LIN, H., WU, L., WANG, R., ZHOU, Z., ZHANG, B., WANG, Y. L., TSANG, B. K., 
ZHU, C. & WANG, H. 2010. Ubiquitin ligase cullin 7 induces epithelial-mesenchymal 
transition in human choriocarcinoma cells. J Biol Chem, 285, 10870-9. 



 
 

133 
 

FUNAHASHI, J., KAMACHI, Y., GOTO, K. & KONDOH, H. 1991. Identification of nuclear factor 
delta EF1 and its binding site essential for lens-specific activity of the delta 1-
crystallin enhancer. Nucleic Acids Res, 19, 3543-7. 

GAGGIOLI, C. & SAHAI, E. 2007. Melanoma invasion - current knowledge and future 
directions. Pigment Cell Res, 20, 161-72. 

GAJULA, R. P., CHETTIAR, S. T., WILLIAMS, R. D., THIYAGARAJAN, S., KATO, Y., AZIZ, K., 
WANG, R., GANDHI, N., WILD, A. T., VESUNA, F., MA, J., SALIH, T., CADES, J., FERTIG, 
E., BISWAL, S., BURNS, T. F., CHUNG, C. H., RUDIN, C. M., HERMAN, J. M., HALES, R. 
K., RAMAN, V., AN, S. S. & TRAN, P. T. 2013. The twist box domain is required for 
Twist1-induced prostate cancer metastasis. Mol Cancer Res, 11, 1387-400. 

GALAN, J. M. & HAGUENAUER-TSAPIS, R. 1997. Ubiquitin lys63 is involved in ubiquitination 
of a yeast plasma membrane protein. Embo j, 16, 5847-54. 

GARASSINO, M. C., MARABESE, M., RUSCONI, P., RULLI, E., MARTELLI, O., FARINA, G., 
SCANNI, A. & BROGGINI, M. 2011. Different types of K-Ras mutations could affect 
drug sensitivity and tumour behaviour in non-small-cell lung cancer. Ann Oncol, 22, 
235-7. 

GEMMILL, R. M., ROCHE, J., POTIRON, V. A., NASARRE, P., MITAS, M., COLDREN, C. D., 
HELFRICH, B. A., GARRETT-MAYER, E., BUNN, P. A. & DRABKIN, H. A. 2011. ZEB1-
responsive genes in non-small cell lung cancer. Cancer Lett, 300, 66-78. 

GIBBONS, D. L., LIN, W., CREIGHTON, C. J., RIZVI, Z. H., GREGORY, P. A., GOODALL, G. J., 
THILAGANATHAN, N., DU, L., ZHANG, Y., PERTSEMLIDIS, A. & KURIE, J. M. 2009. 
Contextual extracellular cues promote tumor cell EMT and metastasis by regulating 
miR-200 family expression. Genes Dev, 23, 2140-51. 

GINGOLD, H., TEHLER, D., CHRISTOFFERSEN, N. R., NIELSEN, M. M., ASMAR, F., KOOISTRA, S. 
M., CHRISTOPHERSEN, N. S., CHRISTENSEN, L. L., BORRE, M., SORENSEN, K. D., 
ANDERSEN, L. D., ANDERSEN, C. L., HULLEMAN, E., WURDINGER, T., RALFKIAER, E., 
HELIN, K., GRONBAEK, K., ORNTOFT, T., WASZAK, S. M., DAHAN, O., PEDERSEN, J. S., 
LUND, A. H. & PILPEL, Y. 2014. A dual program for translation regulation in cellular 
proliferation and differentiation. Cell, 158, 1281-92. 

GIROUARD, S. D., LAGA, A. C., MIHM, M. C., SCOLYER, R. A., THOMPSON, J. F., ZHAN, Q., 
WIDLUND, H. R., LEE, C. W. & MURPHY, G. F. 2012. SOX2 contributes to melanoma 
cell invasion. Lab Invest, 92, 362-70. 

GOSSEN, M. & BUJARD, H. 1992. Tight control of gene expression in mammalian cells by 
tetracycline-responsive promoters. Proc Natl Acad Sci U S A, 89, 5547-51. 

GREGORY, P. A., BERT, A. G., PATERSON, E. L., BARRY, S. C., TSYKIN, A., FARSHID, G., VADAS, 
M. A., KHEW-GOODALL, Y. & GOODALL, G. J. 2008a. The miR-200 family and miR-205 
regulate epithelial to mesenchymal transition by targeting ZEB1 and SIP1. Nat Cell 
Biol, 10, 593-601. 

GREGORY, P. A., BRACKEN, C. P., BERT, A. G. & GOODALL, G. J. 2008b. MicroRNAs as 
regulators of epithelial-mesenchymal transition. Cell Cycle, 7, 3112-8. 

GROETTRUP, M., PELZER, C., SCHMIDTKE, G. & HOFMANN, K. 2008. Activating the ubiquitin 
family: UBA6 challenges the field. Trends Biochem Sci, 33, 230-7. 



 
 

134 
 

GUI, T., SUN, Y., SHIMOKADO, A. & MURAGAKI, Y. 2012. The Roles of Mitogen-Activated 
Protein Kinase Pathways in TGF-&#x3b2;-Induced Epithelial-Mesenchymal Transition. 
Journal of Signal Transduction, 2012. 

GUPTA-ROSSI, N., LE BAIL, O., GONEN, H., BROU, C., LOGEAT, F., SIX, E., CIECHANOVER, A. & 
ISRAEL, A. 2001. Functional interaction between SEL-10, an F-box protein, and the 
nuclear form of activated Notch1 receptor. J Biol Chem, 276, 34371-8. 

GUPTA, P. B., KUPERWASSER, C., BRUNET, J. P., RAMASWAMY, S., KUO, W. L., GRAY, J. W., 
NABER, S. P. & WEINBERG, R. A. 2005. The melanocyte differentiation program 
predisposes to metastasis after neoplastic transformation. Nat Genet, 37, 1047-54. 

HADLAND, B. K., HUPPERT, S. S., KANUNGO, J., XUE, Y., JIANG, R., GRIDLEY, T., CONLON, R. 
A., CHENG, A. M., KOPAN, R. & LONGMORE, G. D. 2004. A requirement for Notch1 
distinguishes 2 phases of definitive hematopoiesis during development. Blood, 104, 
3097-105. 

HANAHAN, D. & WEINBERG, R. A. 2000. The Hallmarks of Cancer. Cell, 100, 57-70. 

HANAHAN, D. & WEINBERG, R. A. 2011. Hallmarks of cancer: the next generation. Cell, 144, 
646-74. 

HATAKEYAMA, S., YADA, M., MATSUMOTO, M., ISHIDA, N. & NAKAYAMA, K. I. 2001. U box 
proteins as a new family of ubiquitin-protein ligases. J Biol Chem, 276, 33111-20. 

HAWROT, A., ALAM, M. & RATNER, D. 2003. Squamous cell carcinoma. Current Problems in 
Dermatology, 15, 91-133. 

HE, L., THOMSON, J. M., HEMANN, M. T., HERNANDO-MONGE, E., MU, D., GOODSON, S., 
POWERS, S., CORDON-CARDO, C., LOWE, S. W., HANNON, G. J. & HAMMOND, S. M. 
2005. A microRNA polycistron as a potential human oncogene. Nature, 435, 828-33. 

HILL, L., BROWNE, G. & TULCHINSKY, E. 2013. ZEB/miR-200 feedback loop: at the crossroads 
of signal transduction in cancer. Int J Cancer, 132, 745-54. 

HOCKER, T. & TSAO, H. 2007. Ultraviolet radiation and melanoma: a systematic review and 
analysis of reported sequence variants. Hum Mutat, 28, 578-88. 

HOLLIER, B. G., EVANS, K. & MANI, S. A. 2009. The epithelial-to-mesenchymal transition and 
cancer stem cells: a coalition against cancer therapies. J Mammary Gland Biol 
Neoplasia, 14, 29-43. 

HUBER, M. A., KRAUT, N. & BEUG, H. 2005. Molecular requirements for epithelial-
mesenchymal transition during tumor progression. Curr Opin Cell Biol, 17, 548-58. 

INAMDAR, G. S., MADHUNAPANTULA, S. V. & ROBERTSON, G. P. 2010. Targeting the MAPK 
pathway in melanoma: why some approaches succeed and other fail. Biochem 
Pharmacol, 80, 624-37. 

JANDA, E., LEHMANN, K., KILLISCH, I., JECHLINGER, M., HERZIG, M., DOWNWARD, J., BEUG, 
H. & GRUNERT, S. 2002. Ras and TGF[beta] cooperatively regulate epithelial cell 
plasticity and metastasis: dissection of Ras signaling pathways. J Cell Biol, 156, 299-
313. 



 
 

135 
 

JETER, C. R., LIU, B., LIU, X., CHEN, X., LIU, C., CALHOUN-DAVIS, T., REPASS, J., ZAEHRES, H., 
SHEN, J. J. & TANG, D. G. 2011. NANOG promotes cancer stem cell characteristics 
and prostate cancer resistance to androgen deprivation. Oncogene, 30, 3833-3845. 

JOHNSON, L., GREENBAUM, D., CICHOWSKI, K., MERCER, K., MURPHY, E., SCHMITT, E., 
BRONSON, R. T., UMANOFF, H., EDELMANN, W., KUCHERLAPATI, R. & JACKS, T. 1997. 
K-ras is an essential gene in the mouse with partial functional overlap with N-ras. 
Genes Dev, 11, 2468-81. 

JUNG, S. Y., JEONG, J., SHIN, S. H., KWON, Y., KIM, E. A., KO, K. L., SHIN, K. H., LEE, K. S., 
PARK, I. H., LEE, S., KIM, S. W., KANG, H. S. & RO, J. 2010. The invasive lobular 
carcinoma as a prototype luminal A breast cancer: a retrospective cohort study. BMC 
Cancer, 10, 664. 

KALLURI, R. & WEINBERG, R. A. 2009. The basics of epithelial-mesenchymal transition. J Clin 
Invest, 119, 1420-8. 

KARRETH, F. A., TAY, Y., PERNA, D., ALA, U., TAN, S. M., RUST, A. G., DENICOLA, G., 
WEBSTER, K. A., WEISS, D., PEREZ-MANCERA, P. A., KRAUTHAMMER, M., HALABAN, 
R., PROVERO, P., ADAMS, D. J., TUVESON, D. A. & PANDOLFI, P. P. 2011. In vivo 
identification of tumor- suppressive PTEN ceRNAs in an oncogenic BRAF-induced 
mouse model of melanoma. Cell, 147, 382-95. 

KIM, N. H., KIM, H. S., LI, X. Y., LEE, I., CHOI, H. S., KANG, S. E., CHA, S. Y., RYU, J. K., YOON, 
D., FEARON, E. R., ROWE, R. G., LEE, S., MAHER, C. A., WEISS, S. J. & YOOK, J. I. 2011. 
A p53/miRNA-34 axis regulates Snail1-dependent cancer cell epithelial-mesenchymal 
transition. J Cell Biol, 195, 417-33. 

KIMCHI-SARFATY, C., OH, J. M., KIM, I. W., SAUNA, Z. E., CALCAGNO, A. M., AMBUDKAR, S. 
V. & GOTTESMAN, M. M. 2007. A "silent" polymorphism in the MDR1 gene changes 
substrate specificity. Science, 315, 525-8. 

KLEIN, W. M., WU, B. P., ZHAO, S., WU, H., KLEIN-SZANTO, A. J. & TAHAN, S. R. 2007. 
Increased expression of stem cell markers in malignant melanoma. Mod Pathol, 20, 
102-7. 

KOMAR, A. A. 2009. A pause for thought along the co-translational folding pathway. Trends 
Biochem Sci, 34, 16-24. 

KONDO, M., CUBILLO, E., TOBIUME, K., SHIRAKIHARA, T., FUKUDA, N., SUZUKI, H., SHIMIZU, 
K., TAKEHARA, K., CANO, A., SAITOH, M. & MIYAZONO, K. 2004. A role for Id in the 
regulation of TGF-beta-induced epithelial-mesenchymal transdifferentiation. Cell 
Death Differ, 11, 1092-101. 

KONSTANTINOPOULOS, P. A., KARAMOUZIS, M. V. & PAPAVASSILIOU, A. G. 2007. Post-
translational modifications and regulation of the RAS superfamily of GTPases as 
anticancer targets. Nat Rev Drug Discov, 6, 541-555. 

KOZLOWSKI, J. M., FIDLER, I. J., CAMPBELL, D., XU, Z. L., KAIGHN, M. E. & HART, I. R. 1984. 
Metastatic behavior of human tumor cell lines grown in the nude mouse. Cancer Res, 
44, 3522-9. 

KUME, T. 2012. The Role of FoxC2 Transcription Factor in Tumor Angiogenesis. J Oncol, 
2012, 204593. 



 
 

136 
 

KURODA, T., TADA, M., KUBOTA, H., KIMURA, H., HATANO, S. Y., SUEMORI, H., NAKATSUJI, 
N. & TADA, T. 2005. Octamer and Sox elements are required for transcriptional cis 
regulation of Nanog gene expression. Mol Cell Biol, 25, 2475-85. 

KWOK, W. K., LING, M. T., LEE, T. W., LAU, T. C., ZHOU, C., ZHANG, X., CHUA, C. W., CHAN, K. 
W., CHAN, F. L., GLACKIN, C., WONG, Y. C. & WANG, X. 2005. Up-regulation of TWIST 
in prostate cancer and its implication as a therapeutic target. Cancer Res, 65, 5153-
62. 

LAMOUILLE, S., XU, J. & DERYNCK, R. 2014a. Molecular mechanisms of epithelial-
mesenchymal transition. Nat Rev Mol Cell Biol, 15, 178-96. 

LAMOUILLE, S., XU, J. & DERYNCK, R. 2014b. Molecular mechanisms of epithelial–
mesenchymal transition. Nat Rev Mol Cell Biol, 15, 178-196. 

LAMPSON, B. L., PERSHING, N. L., PRINZ, J. A., LACSINA, J. R., MARZLUFF, W. F., NICCHITTA, 
C. V., MACALPINE, D. M. & COUNTER, C. M. 2013. Rare codons regulate KRas 
oncogenesis. Curr Biol, 23, 70-5. 

LANDER, R., NORDIN, K. & LABONNE, C. 2011. The F-box protein Ppa is a common regulator 
of core EMT factors Twist, Snail, Slug, and Sip1. J Cell Biol, 194, 17-25. 

LARUE, L. & BELLACOSA, A. 2005. Epithelial-mesenchymal transition in development and 
cancer: role of phosphatidylinositol 3' kinase/AKT pathways. Oncogene, 24, 7443-54. 

LECKER, S. H., GOLDBERG, A. L. & MITCH, W. E. 2006. Protein degradation by the ubiquitin-
proteasome pathway in normal and disease states. J Am Soc Nephrol, 17, 1807-19. 

LEEVERS, S. J., PATERSON, H. F. & MARSHALL, C. J. 1994. Requirement for Ras in Raf 
activation is overcome by targeting Raf to the plasma membrane. Nature, 369, 411-
4. 

LI, R., LIANG, J., NI, S., ZHOU, T., QING, X., LI, H., HE, W., CHEN, J., LI, F., ZHUANG, Q., QIN, B., 
XU, J., LI, W., YANG, J., GAN, Y., QIN, D., FENG, S., SONG, H., YANG, D., ZHANG, B., 
ZENG, L., LAI, L., ESTEBAN, M. A. & PEI, D. 2010. A mesenchymal-to-epithelial 
transition initiates and is required for the nuclear reprogramming of mouse 
fibroblasts. Cell Stem Cell, 7, 51-63. 

LIN, K., BARITAKI, S., MILITELLO, L., MALAPONTE, G., BEVELACQUA, Y. & BONAVIDA, B. 2010. 
The Role of B-RAF Mutations in Melanoma and the Induction of EMT via 
Dysregulation of the NF-kappaB/Snail/RKIP/PTEN Circuit. Genes Cancer, 1, 409-420. 

LING, G. Q., CHEN, D. B., WANG, B. Q. & ZHANG, L. S. 2012. Expression of the pluripotency 
markers Oct3/4, Nanog and Sox2 in human breast cancer cell lines. Oncol Lett, 4, 
1264-1268. 

LIU, C. W., LI, C. H., PENG, Y. J., CHENG, Y. W., CHEN, H. W., LIAO, P. L., KANG, J. J. & YENG, 
M. H. 2014. Snail regulates Nanog status during the epithelial-mesenchymal 
transition via the Smad1/Akt/GSK3beta signaling pathway in non-small-cell lung 
cancer. Oncotarget, 5, 3880-94. 

LONG, J., ZUO, D. & PARK, M. 2005. Pc2-mediated sumoylation of Smad-interacting protein 
1 attenuates transcriptional repression of E-cadherin. J Biol Chem, 280, 35477-89. 



 
 

137 
 

LOWY, D. R. & WILLUMSEN, B. M. 1993. Function and regulation of ras. Annu Rev Biochem, 
62, 851-91. 

MANI, S. A., GUO, W., LIAO, M. J., EATON, E. N., AYYANAN, A., ZHOU, A. Y., BROOKS, M., 
REINHARD, F., ZHANG, C. C., SHIPITSIN, M., CAMPBELL, L. L., POLYAK, K., BRISKEN, C., 
YANG, J. & WEINBERG, R. A. 2008. The epithelial-mesenchymal transition generates 
cells with properties of stem cells. Cell, 133, 704-15. 

MARKOVIC, S. N., ERICKSON, L. A., RAO, R. D., MCWILLIAMS, R. R., KOTTSCHADE, L. A., 
CREAGAN, E. T., WEENIG, R. H., HAND, J. L., PITTELKOW, M. R., POCKAJ, B. A., 
BARDIA, A., VACHON, C. M., SCHILD, S. E., LAMAN, S. D., MAPLES, W. J., PULIDO, J. S. 
& CAMERON, J. D. 2007. Malignant Melanoma in the 21st Century, Part 1: 
Epidemiology, Risk Factors, Screening, Prevention, and Diagnosis. Mayo Clinic 
Proceedings, 82, 364-380. 

MARTIN, T. A., GOYAL, A., WATKINS, G. & JIANG, W. G. 2005. Expression of the transcription 
factors snail, slug, and twist and their clinical significance in human breast cancer. 
Ann Surg Oncol, 12, 488-96. 

MCCUBREY, J. A., STEELMAN, L. S., CHAPPELL, W. H., ABRAMS, S. L., WONG, E. W. T., 
CHANG, F., LEHMANN, B., TERRIAN, D. M., MILELLA, M., TAFURI, A., STIVALA, F., 
LIBRA, M., BASECKE, J., EVANGELISTI, C., MARTELLI, A. M. & FRANKLIN, R. A. 2007. 
Roles of the Raf/MEK/ERK pathway in cell growth, malignant transformation and 
drug resistance. Biochimica et Biophysica Acta (BBA) - Molecular Cell Research, 1773, 
1263-1284. 

MCDONALD, S. A., PRESTON, S. L., LOVELL, M. J., WRIGHT, N. A. & JANKOWSKI, J. A. 2006. 
Mechanisms of disease: from stem cells to colorectal cancer. Nat Clin Pract 
Gastroenterol Hepatol, 3, 267-74. 

MEJLVANG, J., KRIAJEVSKA, M., VANDEWALLE, C., CHERNOVA, T., SAYAN, A. E., BERX, G., 
MELLON, J. K. & TULCHINSKY, E. 2007. Direct repression of cyclin D1 by SIP1 
attenuates cell cycle progression in cells undergoing an epithelial mesenchymal 
transition. Mol Biol Cell, 18, 4615-24. 

MIHAJLOVIC, M., VLAJKOVIC, S., JOVANOVIC, P. & STEFANOVIC, V. 2012. Primary mucosal 
melanomas: a comprehensive review. Int J Clin Exp Pathol, 5, 739-53. 

MOODY, S. E., PEREZ, D., PAN, T. C., SARKISIAN, C. J., PORTOCARRERO, C. P., STERNER, C. J., 
NOTORFRANCESCO, K. L., CARDIFF, R. D. & CHODOSH, L. A. 2005. The transcriptional 
repressor Snail promotes mammary tumor recurrence. Cancer Cell, 8, 197-209. 

MOREL, A. P., HINKAL, G. W., THOMAS, C., FAUVET, F., COURTOIS-COX, S., WIERINCKX, A., 
DEVOUASSOUX-SHISHEBORAN, M., TREILLEUX, I., TISSIER, A., GRAS, B., POURCHET, 
J., PUISIEUX, I., BROWNE, G. J., SPICER, D. B., LACHUER, J., ANSIEAU, S. & PUISIEUX, 
A. 2012. EMT inducers catalyze malignant transformation of mammary epithelial 
cells and drive tumorigenesis towards claudin-low tumors in transgenic mice. PLoS 
Genet, 8, e1002723. 

NAKAYAMA, K. I. & NAKAYAMA, K. 2006. Ubiquitin ligases: cell-cycle control and cancer. Nat 
Rev Cancer, 6, 369-81. 



 
 

138 
 

NAWSHAD, A., LAGAMBA, D., POLAD, A. & HAY, E. D. 2005. Transforming growth factor-beta 
signaling during epithelial-mesenchymal transformation: implications for 
embryogenesis and tumor metastasis. Cells Tissues Organs, 179, 11-23. 

NELLES, L., VAN DE PUTTE, T., VAN GRUNSVEN, L., HUYLEBROECK, D. & VERSCHUEREN, K. 
2003. Organization of the mouse Zfhx1b gene encoding the two-handed zinc finger 
repressor Smad-interacting protein-1. Genomics, 82, 460-9. 

NGUYEN, D. X. & MASSAGUE, J. 2007. Genetic determinants of cancer metastasis. Nat Rev 
Genet, 8, 341-52. 

NIELSEN, T. O., HSU, F. D., JENSEN, K., CHEANG, M., KARACA, G., HU, Z., HERNANDEZ-
BOUSSARD, T., LIVASY, C., COWAN, D., DRESSLER, L., AKSLEN, L. A., RAGAZ, J., 
GOWN, A. M., GILKS, C. B., VAN DE RIJN, M. & PEROU, C. M. 2004. 
Immunohistochemical and clinical characterization of the basal-like subtype of 
invasive breast carcinoma. Clin Cancer Res, 10, 5367-74. 

NINDL, I., GOTTSCHLING, M. & STOCKFLETH, E. 2007. Human papillomaviruses and non-
melanoma skin cancer: basic virology and clinical manifestations. Dis Markers, 23, 
247-59. 

NISSAN, X., LARRIBERE, L., SAIDANI, M., HURBAIN, I., DELEVOYE, C., FETEIRA, J., LEMAITRE, 
G., PESCHANSKI, M. & BALDESCHI, C. 2011. Functional melanocytes derived from 
human pluripotent stem cells engraft into pluristratified epidermis. Proceedings of 
the National Academy of Sciences, 108, 14861-14866. 

OFT, M., AKHURST, R. J. & BALMAIN, A. 2002. Metastasis is driven by sequential elevation of 
H-ras and Smad2 levels. Nat Cell Biol, 4, 487-94. 

OKADA, H., DANOFF, T. M., KALLURI, R. & NEILSON, E. G. 1997. Early role of Fsp1 in 
epithelial-mesenchymal transformation. Am J Physiol, 273, F563-74. 

OMHOLT, K., KARSBERG, S., PLATZ, A., KANTER, L., RINGBORG, U. & HANSSON, J. 2002. 
Screening of N-ras codon 61 mutations in paired primary and metastatic cutaneous 
melanomas: mutations occur early and persist throughout tumor progression. Clin 
Cancer Res, 8, 3468-74. 

PAN, G. & THOMSON, J. A. 2007. Nanog and transcriptional networks in embryonic stem cell 
pluripotency. Cell Res, 17, 42-9. 

PARK, S. M., GAUR, A. B., LENGYEL, E. & PETER, M. E. 2008. The miR-200 family determines 
the epithelial phenotype of cancer cells by targeting the E-cadherin repressors ZEB1 
and ZEB2. Genes Dev, 22, 894-907. 

PAVON-ETERNOD, M., GOMES, S., GESLAIN, R., DAI, Q., ROSNER, M. R. & PAN, T. 2009. tRNA 
over-expression in breast cancer and functional consequences. Nucleic Acids Res, 37, 
7268-80. 

PEINADO, H., BALLESTAR, E., ESTELLER, M. & CANO, A. 2004. Snail mediates E-cadherin 
repression by the recruitment of the Sin3A/histone deacetylase 1 (HDAC1)/HDAC2 
complex. Mol Cell Biol, 24, 306-19. 

PEINADO, H., OLMEDA, D. & CANO, A. 2007. Snail, Zeb and bHLH factors in tumour 
progression: an alliance against the epithelial phenotype? Nat Rev Cancer, 7, 415-28. 



 
 

139 
 

PICKART, C. M. & EDDINS, M. J. 2004. Ubiquitin: structures, functions, mechanisms. Biochim 
Biophys Acta, 1695, 55-72. 

POSTIGO, A. A. 2003. Opposing functions of ZEB proteins in the regulation of the 
TGFbeta/BMP signaling pathway. Embo j, 22, 2443-52. 

POSTIGO, A. A. & DEAN, D. C. 1999. ZEB represses transcription through interaction with the 
corepressor CtBP. Proc Natl Acad Sci U S A, 96, 6683-8. 

POSTIGO, A. A., DEPP, J. L., TAYLOR, J. J. & KROLL, K. L. 2003. Regulation of Smad signaling 
through a differential recruitment of coactivators and corepressors by ZEB proteins. 
Embo j, 22, 2453-62. 

POTTEN, C. S., BOOTH, C. & PRITCHARD, D. M. 1997. The intestinal epithelial stem cell: the 
mucosal governor. Int J Exp Pathol, 78, 219-43. 

PRIOR, I. A., LEWIS, P. D. & MATTOS, C. 2012. A comprehensive survey of Ras mutations in 
cancer. Cancer Res, 72, 2457-67. 

QI, M. & ELION, E. A. 2005. MAP kinase pathways. J Cell Sci, 118, 3569-72. 

RAJALINGAM, K., SCHRECK, R., RAPP, U. R. & ALBERT, Š. 2007. Ras oncogenes and their 
downstream targets. Biochimica et Biophysica Acta (BBA) - Molecular Cell Research, 
1773, 1177-1195. 

REMACLE, J. E., KRAFT, H., LERCHNER, W., WUYTENS, G., COLLART, C., VERSCHUEREN, K., 
SMITH, J. C. & HUYLEBROECK, D. 1999. New mode of DNA binding of multi-zinc finger 
transcription factors: deltaEF1 family members bind with two hands to two target 
sites. Embo j, 18, 5073-84. 

REYA, T. & CLEVERS, H. 2005. Wnt signalling in stem cells and cancer. Nature, 434, 843-850. 

REYA, T., DUNCAN, A. W., AILLES, L., DOMEN, J., SCHERER, D. C., WILLERT, K., HINTZ, L., 
NUSSE, R. & WEISSMAN, I. L. 2003. A role for Wnt signalling in self-renewal of 
haematopoietic stem cells. Nature, 423, 409-14. 

RHIM, A. D., MIREK, E. T., AIELLO, N. M., MAITRA, A., BAILEY, J. M., MCALLISTER, F., 
REICHERT, M., BEATTY, G. L., RUSTGI, A. K., VONDERHEIDE, R. H., LEACH, S. D. & 
STANGER, B. Z. 2012. EMT and dissemination precede pancreatic tumor formation. 
Cell, 148, 349-61. 

RODDA, D. J., CHEW, J. L., LIM, L. H., LOH, Y. H., WANG, B., NG, H. H. & ROBSON, P. 2005. 
Transcriptional regulation of nanog by OCT4 and SOX2. J Biol Chem, 280, 24731-7. 

RODOLFO, M., DANIOTTI, M. & VALLACCHI, V. 2004. Genetic progression of metastatic 
melanoma. Cancer Lett, 214, 133-47. 

RODRIGUEZ-BOULAN, E. & MACARA, I. G. 2014. Organization and execution of the epithelial 
polarity programme. Nat Rev Mol Cell Biol, 15, 225-242. 

ROYER, C. & LU, X. 2011. Epithelial cell polarity: a major gatekeeper against cancer? Cell 
Death Differ, 18, 1470-7. 

RUBIN, A. I., CHEN, E. H. & RATNER, D. 2005. Basal-Cell Carcinoma. New England Journal of 
Medicine, 353, 2262-2269. 



 
 

140 
 

SAINSBURY, J. R., ANDERSON, T. J. & MORGAN, D. A. 2000. ABC of breast diseases: breast 
cancer. Bmj, 321, 745-50. 

SALAT, D., WINKLER, A., URLAUB, H. & GESSLER, M. 2015. Hey bHLH Proteins Interact with a 
FBXO45 Containing SCF Ubiquitin Ligase Complex and Induce Its Translocation into 
the Nucleus. PLoS One, 10, e0130288. 

SANCHEZ-TILLO, E., LAZARO, A., TORRENT, R., CUATRECASAS, M., VAQUERO, E. C., CASTELLS, 
A., ENGEL, P. & POSTIGO, A. 2010. ZEB1 represses E-cadherin and induces an EMT by 
recruiting the SWI/SNF chromatin-remodeling protein BRG1. Oncogene, 29, 3490-
500. 

SANCHEZ-TILLO, E., SILES, L., DE BARRIOS, O., CUATRECASAS, M., VAQUERO, E. C., CASTELLS, 
A. & POSTIGO, A. 2011. Expanding roles of ZEB factors in tumorigenesis and tumor 
progression. Am J Cancer Res, 1, 897-912. 

SANTINI, R., PIETROBONO, S., PANDOLFI, S., MONTAGNANI, V., D'AMICO, M., PENACHIONI, 
J. Y., VINCI, M. C., BORGOGNONI, L. & STECCA, B. 2014. SOX2 regulates self-renewal 
and tumorigenicity of human melanoma-initiating cells. Oncogene, 33, 4697-708. 

SAVAGNER, P., KUSEWITT, D. F., CARVER, E. A., MAGNINO, F., CHOI, C., GRIDLEY, T. & 
HUDSON, L. G. 2005. Developmental transcription factor slug is required for effective 
re-epithelialization by adult keratinocytes. J Cell Physiol, 202, 858-66. 

SAYAN, A. E., GRIFFITHS, T. R., PAL, R., BROWNE, G. J., RUDDICK, A., YAGCI, T., EDWARDS, R., 
MAYER, N. J., QAZI, H., GOYAL, S., FERNANDEZ, S., STRAATMAN, K., JONES, G. D., 
BOWMAN, K. J., COLQUHOUN, A., MELLON, J. K., KRIAJEVSKA, M. & TULCHINSKY, E. 
2009. SIP1 protein protects cells from DNA damage-induced apoptosis and has 
independent prognostic value in bladder cancer. Proc Natl Acad Sci U S A, 106, 
14884-9. 

SCOTT, M. C., WAKAMATSU, K., ITO, S., KADEKARO, A. L., KOBAYASHI, N., GRODEN, J., 
KAVANAGH, R., TAKAKUWA, T., VIRADOR, V., HEARING, V. J. & ABDEL-MALEK, Z. A. 
2002. Human melanocortin 1 receptor variants, receptor function and melanocyte 
response to UV radiation. J Cell Sci, 115, 2349-55. 

SEKIDO, R., TAKAGI, T., OKANAMI, M., MORIBE, H., YAMAMURA, M., HIGASHI, Y. & 
KONDOH, H. 1996. Organization of the gene encoding transcriptional repressor 
deltaEF1 and cross-species conservation of its domains. Gene, 173, 227-32. 

SHENG, Y., HONG, J. H., DOHERTY, R., SRIKUMAR, T., SHLOUSH, J., AVVAKUMOV, G. V., 
WALKER, J. R., XUE, S., NECULAI, D., WAN, J. W., KIM, S. K., ARROWSMITH, C. H., 
RAUGHT, B. & DHE-PAGANON, S. 2012. A human ubiquitin conjugating enzyme (E2)-
HECT E3 ligase structure-function screen. Mol Cell Proteomics, 11, 329-41. 

SHI, Y., SAWADA, J., SUI, G., AFFAR EL, B., WHETSTINE, J. R., LAN, F., OGAWA, H., LUKE, M. 
P., NAKATANI, Y. & SHI, Y. 2003. Coordinated histone modifications mediated by a 
CtBP co-repressor complex. Nature, 422, 735-8. 

SHIRAKIHARA, T., SAITOH, M. & MIYAZONO, K. 2007. Differential regulation of epithelial and 
mesenchymal markers by deltaEF1 proteins in epithelial mesenchymal transition 
induced by TGF-beta. Mol Biol Cell, 18, 3533-44. 



 
 

141 
 

SHIRLEY, S. H., GREENE, V. R., DUNCAN, L. M., TORRES CABALA, C. A., GRIMM, E. A. & 
KUSEWITT, D. F. 2012. Slug expression during melanoma progression. Am J Pathol, 
180, 2479-89. 

SIEMENS, H., JACKSTADT, R., HUNTEN, S., KALLER, M., MENSSEN, A., GOTZ, U. & 
HERMEKING, H. 2011. miR-34 and SNAIL form a double-negative feedback loop to 
regulate epithelial-mesenchymal transitions. Cell Cycle, 10, 4256-71. 

SIROY, A. E., BOLAND, G. M., MILTON, D. R., ROSZIK, J., FRANKIAN, S., MALKE, J., HAYDU, L., 
PRIETO, V. G., TETZLAFF, M., IVAN, D., WANG, W. L., TORRES-CABALA, C., CURRY, J., 
ROY-CHOWDHURI, S., BROADDUS, R., RASHID, A., STEWART, J., GERSHENWALD, J. E., 
AMARIA, R. N., PATEL, S. P., PAPADOPOULOS, N. E., BEDIKIAN, A., HWU, W. J., HWU, 
P., DIAB, A., WOODMAN, S. E., ALDAPE, K. D., LUTHRA, R., PATEL, K. P., SHAW, K. R., 
MILLS, G. B., MENDELSOHN, J., MERIC-BERNSTAM, F., KIM, K. B., ROUTBORT, M. J., 
LAZAR, A. J. & DAVIES, M. A. 2015. Beyond BRAF(V600): clinical mutation panel 
testing by next-generation sequencing in advanced melanoma. J Invest Dermatol, 
135, 508-15. 

SOLOMON, H., BUGANIM, Y., KOGAN-SAKIN, I., POMERANIEC, L., ASSIA, Y., MADAR, S., 
GOLDSTEIN, I., BROSH, R., KALO, E., BEATUS, T., GOLDFINGER, N. & ROTTER, V. 2012. 
Various p53 mutant proteins differently regulate the Ras circuit to induce a cancer-
related gene signature. J Cell Sci, 125, 3144-52. 

SOMMER, L. 2011. Generation of melanocytes from neural crest cells. Pigment Cell 
Melanoma Res, 24, 411-21. 

SOO, K., O'ROURKE, M. P., KHOO, P.-L., STEINER, K. A., WONG, N., BEHRINGER, R. R. & TAM, 
P. P. L. 2002. Twist Function Is Required for the Morphogenesis of the Cephalic 
Neural Tube and the Differentiation of the Cranial Neural Crest Cells in the Mouse 
Embryo. Developmental Biology, 247, 251-270. 

SORLIE, T., WANG, Y., XIAO, C., JOHNSEN, H., NAUME, B., SAMAHA, R. R. & BORRESEN-DALE, 
A. L. 2006. Distinct molecular mechanisms underlying clinically relevant subtypes of 
breast cancer: gene expression analyses across three different platforms. BMC 
Genomics, 7, 127. 

SOSIC, D., RICHARDSON, J. A., YU, K., ORNITZ, D. M. & OLSON, E. N. 2003. Twist regulates 
cytokine gene expression through a negative feedback loop that represses NF-
kappaB activity. Cell, 112, 169-80. 

SPADERNA, S., SCHMALHOFER, O., HLUBEK, F., BERX, G., EGER, A., MERKEL, S., JUNG, A., 
KIRCHNER, T. & BRABLETZ, T. 2006. A transient, EMT-linked loss of basement 
membranes indicates metastasis and poor survival in colorectal cancer. 
Gastroenterology, 131, 830-40. 

SPRINGER, G. F. 1984. T and Tn, general carcinoma autoantigens. Science, 224, 1198-206. 

STEELMAN, L. S., CHAPPELL, W. H., ABRAMS, S. L., KEMPF, R. C., LONG, J., LAIDLER, P., 
MIJATOVIC, S., MAKSIMOVIC-IVANIC, D., STIVALA, F., MAZZARINO, M. C., DONIA, M., 
FAGONE, P., MALAPONTE, G., NICOLETTI, F., LIBRA, M., MILELLA, M., TAFURI, A., 
BONATI, A., BASECKE, J., COCCO, L., EVANGELISTI, C., MARTELLI, A. M., MONTALTO, 
G., CERVELLO, M. & MCCUBREY, J. A. 2011. Roles of the Raf/MEK/ERK and 



 
 

142 
 

PI3K/PTEN/Akt/mTOR pathways in controlling growth and sensitivity to therapy-
implications for cancer and aging. Aging (Albany NY), 3, 192-222. 

SUN, A. X., LIU, C. J., SUN, Z. Q. & WEI, Z. 2014. NANOG: a promising target for digestive 
malignant tumors. World J Gastroenterol, 20, 13071-8. 

SUZUKI, Y., ORITA, M., SHIRAISHI, M., HAYASHI, K. & SEKIYA, T. 1990. Detection of ras gene 
mutations in human lung cancers by single-strand conformation polymorphism 
analysis of polymerase chain reaction products. Oncogene, 5, 1037-43. 

TAIPALE, J. & BEACHY, P. A. 2001. The Hedgehog and Wnt signalling pathways in cancer. 
Nature, 411, 349-354. 

TALMADGE, J. E. & FIDLER, I. J. 2010. AACR centennial series: the biology of cancer 
metastasis: historical perspective. Cancer Res, 70, 5649-69. 

TANIA, M., KHAN, M. A. & FU, J. 2014. Epithelial to mesenchymal transition inducing 
transcription factors and metastatic cancer. Tumour Biol. 

THIERY, J. P. 2002. Epithelial-mesenchymal transitions in tumour progression. Nat Rev 
Cancer, 2, 442-54. 

THIERY, J. P., ACLOQUE, H., HUANG, R. Y. & NIETO, M. A. 2009. Epithelial-mesenchymal 
transitions in development and disease. Cell, 139, 871-90. 

THIERY, J. P. & SLEEMAN, J. P. 2006. Complex networks orchestrate epithelial-mesenchymal 
transitions. Nat Rev Mol Cell Biol, 7, 131-42. 

THOMAS, A. J. & ERICKSON, C. A. 2008. The making of a melanocyte: the specification of 
melanoblasts from the neural crest. Pigment Cell & Melanoma Research, 21, 598-
610. 

THOMSON, S., PETTI, F., SUJKA-KWOK, I., MERCADO, P., BEAN, J., MONAGHAN, M., 
SEYMOUR, S. L., ARGAST, G. M., EPSTEIN, D. M. & HALEY, J. D. 2011. A systems view 
of epithelial-mesenchymal transition signaling states. Clin Exp Metastasis, 28, 137-
55. 

TSAO, H., CHIN, L., GARRAWAY, L. A. & FISHER, D. E. 2012. Melanoma: from mutations to 
medicine. Genes Dev, 26, 1131-55. 

TSUTSUMIDA, A., HAMADA, J., TADA, M., AOYAMA, T., FURUUCHI, K., KAWAI, Y., 
YAMAMOTO, Y., SUGIHARA, T. & MORIUCHI, T. 2004. Epigenetic silencing of E- and 
P-cadherin gene expression in human melanoma cell lines. Int J Oncol, 25, 1415-21. 

UGUREL, S., THIRUMARAN, R. K., BLOETHNER, S., GAST, A., SUCKER, A., MUELLER-
BERGHAUS, J., RITTGEN, W., HEMMINKI, K., BECKER, J. C., KUMAR, R. & 
SCHADENDORF, D. 2007. B-RAF and N-RAS mutations are preserved during short 
time in vitro propagation and differentially impact prognosis. PLoS One, 2, e236. 

UTHAYA KUMAR, D. B., CHEN, C. L., LIU, J. C., FELDMAN, D. E., SHER, L. S., FRENCH, S., 
DINORCIA, J., FRENCH, S. W., NAINI, B. V., JUNRUNGSEE, S., AGOPIAN, V. G., 
ZARRINPAR, A. & MACHIDA, K. 2015. TLR4 Signaling via NANOG Cooperates With 
STAT3 to Activate Twist1 and Promote Formation of Tumor-initiating Stem-like Cells 
in Livers of Mice. Gastroenterology. 



 
 

143 
 

VALLIER, L., MENDJAN, S., BROWN, S., CHNG, Z., TEO, A., SMITHERS, L. E., TROTTER, M. W., 
CHO, C. H., MARTINEZ, A., RUGG-GUNN, P., BRONS, G. & PEDERSEN, R. A. 2009. 
Activin/Nodal signalling maintains pluripotency by controlling Nanog expression. 
Development, 136, 1339-49. 

VAN GRUNSVEN, L. A., MICHIELS, C., VAN DE PUTTE, T., NELLES, L., WUYTENS, G., 
VERSCHUEREN, K. & HUYLEBROECK, D. 2003. Interaction between Smad-interacting 
protein-1 and the corepressor C-terminal binding protein is dispensable for 
transcriptional repression of E-cadherin. J Biol Chem, 278, 26135-45. 

VAN GRUNSVEN, L. A., TAELMAN, V., MICHIELS, C., OPDECAMP, K., HUYLEBROECK, D. & 
BELLEFROID, E. J. 2006. deltaEF1 and SIP1 are differentially expressed and have 
overlapping activities during Xenopus embryogenesis. Dev Dyn, 235, 1491-500. 

VAN WIJK, S. J. & TIMMERS, H. T. 2010. The family of ubiquitin-conjugating enzymes (E2s): 
deciding between life and death of proteins. Faseb j, 24, 981-93. 

VANDEWALLE, C., COMIJN, J., DE CRAENE, B., VERMASSEN, P., BRUYNEEL, E., ANDERSEN, H., 
TULCHINSKY, E., VAN ROY, F. & BERX, G. 2005. SIP1/ZEB2 induces EMT by repressing 
genes of different epithelial cell-cell junctions. Nucleic Acids Res, 33, 6566-78. 

VANDEWALLE, C., VAN ROY, F. & BERX, G. 2009. The role of the ZEB family of transcription 
factors in development and disease. Cell Mol Life Sci, 66, 773-87. 

VANNIER, C., MOCK, K., BRABLETZ, T. & DRIEVER, W. 2013. Zeb1 regulates E-cadherin and 
Epcam (epithelial cell adhesion molecule) expression to control cell behavior in early 
zebrafish development. J Biol Chem, 288, 18643-59. 

VARGO-GOGOLA, T. & ROSEN, J. M. 2007. Modelling breast cancer: one size does not fit all. 
Nat Rev Cancer, 7, 659-72. 

VAUGHN, C. P., ZOBELL, S. D., FURTADO, L. V., BAKER, C. L. & SAMOWITZ, W. S. 2011. 
Frequency of KRAS, BRAF, and NRAS mutations in colorectal cancer. Genes 
Chromosomes Cancer, 50, 307-12. 

VERNON, A. E. & LABONNE, C. 2004. Tumor metastasis: a new twist on epithelial-
mesenchymal transitions. Curr Biol, 14, R719-21. 

VERSCHUEREN, K., REMACLE, J. E., COLLART, C., KRAFT, H., BAKER, B. S., TYLZANOWSKI, P., 
NELLES, L., WUYTENS, G., SU, M. T., BODMER, R., SMITH, J. C. & HUYLEBROECK, D. 
1999. SIP1, a novel zinc finger/homeodomain repressor, interacts with Smad 
proteins and binds to 5'-CACCT sequences in candidate target genes. J Biol Chem, 
274, 20489-98. 

VERSTAPPEN, G., VAN GRUNSVEN, L. A., MICHIELS, C., VAN DE PUTTE, T., SOUOPGUI, J., VAN 
DAMME, J., BELLEFROID, E., VANDEKERCKHOVE, J. & HUYLEBROECK, D. 2008. 
Atypical Mowat-Wilson patient confirms the importance of the novel association 
between ZFHX1B/SIP1 and NuRD corepressor complex. Hum Mol Genet, 17, 1175-83. 

VOULGARI, A. & PINTZAS, A. 2009. Epithelial–mesenchymal transition in cancer metastasis: 
Mechanisms, markers and strategies to overcome drug resistance in the clinic. 
Biochimica et Biophysica Acta (BBA) - Reviews on Cancer, 1796, 75-90. 



 
 

144 
 

VOUTSADAKIS, I. A. 2012. Ubiquitination and the Ubiquitin-Proteasome System as 
regulators of transcription and transcription factors in epithelial mesenchymal 
transition of cancer. Tumour Biol, 33, 897-910. 

WAN, P. T. C., GARNETT, M. J., ROE, S. M., LEE, S., NICULESCU-DUVAZ, D., GOOD, V. M., 
PROJECT, C. G., JONES, C. M., MARSHALL, C. J., SPRINGER, C. J., BARFORD, D. & 
MARAIS, R. 2004. Mechanism of Activation of the RAF-ERK Signaling Pathway by 
Oncogenic Mutations of B-RAF. Cell, 116, 855-867. 

WANG, J. & MALDONADO, M. A. 2006. The ubiquitin-proteasome system and its role in 
inflammatory and autoimmune diseases. Cell Mol Immunol, 3, 255-61. 

WANG, J., SCULLY, K., ZHU, X., CAI, L., ZHANG, J., PREFONTAINE, G. G., KRONES, A., OHGI, K. 
A., ZHU, P., GARCIA-BASSETS, I., LIU, F., TAYLOR, H., LOZACH, J., JAYES, F. L., KORACH, 
K. S., GLASS, C. K., FU, X. D. & ROSENFELD, M. G. 2007. Opposing LSD1 complexes 
function in developmental gene activation and repression programmes. Nature, 446, 
882-7. 

WANG, Y.-C., PETERSON, S. E. & LORING, J. F. 2014. Protein post-translational modifications 
and regulation of pluripotency in human stem cells. Cell Res, 24, 143-160. 

WARD, Y., WANG, W., WOODHOUSE, E., LINNOILA, I., LIOTTA, L. & KELLY, K. 2001. Signal 
Pathways Which Promote Invasion and Metastasis: Critical and Distinct 
Contributions of Extracellular Signal-Regulated Kinase and Ral-Specific Guanine 
Exchange Factor Pathways. Molecular and Cellular Biology, 21, 5958-5969. 

WONG, T. S., GAO, W. & CHAN, J. Y. 2014. Transcription regulation of E-cadherin by zinc 
finger E-box binding homeobox proteins in solid tumors. Biomed Res Int, 2014, 
921564. 

XU, M., ZHU, C., ZHAO, X., CHEN, C., ZHANG, H., YUAN, H., DENG, R., DOU, J., WANG, Y., 
HUANG, J., CHEN, Q., JIANG, B. & YU, J. 2015a. Atypical ubiquitin E3 ligase complex 
Skp1-Pam-Fbxo45 controls the core epithelial-to-mesenchymal transition-inducing 
transcription factors. Oncotarget, 6, 979-94. 

XU, W., WANG, Z., ZHANG, W., QIAN, K., LI, H., KONG, D., LI, Y. & TANG, Y. 2015b. Mutated 
K-ras activates CDK8 to stimulate the epithelial-to-mesenchymal transition in 
pancreatic cancer in part via the Wnt/beta-catenin signaling pathway. Cancer Lett, 
356, 613-27. 

YANG, J., MANI, S. A., DONAHER, J. L., RAMASWAMY, S., ITZYKSON, R. A., COME, C., 
SAVAGNER, P., GITELMAN, I., RICHARDSON, A. & WEINBERG, R. A. 2004. Twist, a 
master regulator of morphogenesis, plays an essential role in tumor metastasis. Cell, 
117, 927-39. 

YERUSHALMI, R., HAYES, M. M. & GELMON, K. A. 2009. Breast carcinoma--rare types: review 
of the literature. Ann Oncol, 20, 1763-70. 

ZEISBERG, M. & NEILSON, E. G. 2009. Biomarkers for epithelial-mesenchymal transitions. J 
Clin Invest, 119, 1429-37. 

ZHANG, J., ESPINOZA, L. A., KINDERS, R. J., LAWRENCE, S. M., PFISTER, T. D., ZHOU, M., 
VEENSTRA, T. D., THORGEIRSSON, S. S. & JESSUP, J. M. 2013. NANOG modulates 
stemness in human colorectal cancer. Oncogene, 32, 4397-4405. 



 
 

145 
 

ZHOU, B. P., DENG, J., XIA, W., XU, J., LI, Y. M., GUNDUZ, M. & HUNG, M.-C. 2004. Dual 
regulation of Snail by GSK-3[beta]-mediated phosphorylation in control of epithelial-
mesenchymal transition. Nat Cell Biol, 6, 931-940. 

 


