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Abstract 

During cancer progression, tight junctions behave as mechanical restraints by anchoring 

malignant cells to their neighbours thereby inhibiting the metastatic development of primary 

tumours. Tight junctions not only behave as cell-cell junctional barriers but active 

participants in cell signalling pathways regulating cell proliferation, polarity, and 

differentiation.  

The increased and decreased expression of the tight junctional protein claudin-1 has been 

associated with higher tumour grades and lower survival rates in hepatocellular carcinoma. 

Despite these observations, little is known about how claudin-1 influences the molecular 

mechanisms involved in the initiation and progression of the disease. By overexpressing 

and silencing claudin-1 in the HepG2 hepatocellular carcinoma cell line, we have 

demonstrated that the aberrant expression of claudin-1 induces an invasive phenotype with 

increased migratory capacity that is consistent with the observational evidence published in 

the literature.  

Overexpression of claudin-1 in the HepG2 cell line resulted in an increase in the mRNA 

levels of mesenchymal and tumour metastasis genes such as vimentin, MMP -2, -9 and -

13, SNAIL, SLUG, TWIST, and ZEB1/2. Furthermore, a significant decrease in the mRNA 

levels of epithelial markers E-cadherin, cytokeratin-7, -14, -19 and miR-200a, b, c was also 

observed in these cells. Silencing of claudin-1 in HepG2 cells resulted in increased mRNA 

expression of vimentin, N-cadherin, MMP -2, -9, and -13, FOXC2, TWIST, and ZEB2. 

These cells also displayed increased mRNA levels of stem cell markers CD44, CK19, 

NOTCH, and JAGGED. The classical downregulation of epithelial markers combined with 

the upregulation of mesenchymal markers provide evidence that aberrant expression of 

claudin-1 induces EMT in these cells.   
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Chapter 1: Introduction 

1.1 Hepatocellular carcinoma  

1.1.1 Global epidemiology  

Hepatocellular carcinoma (HCC) is the most common primary liver cancer representing 

approximately 90% of hepatic malignancies (McGlynn et al 2015). It predominantly presents 

in patients with a history of chronic inflammation and/or cirrhosis but can also develop as a 

result of viral Hepatitis infections, chronic alcohol abuse, or fatty liver disease (Kanwal et al 

2011). The underlying aetiology varies based on age, geography, gender, and other risk 

factors. HCC is the fifth most common cancer for men and the seventh most common for 

women with 523,000 and 226,000 new cases worldwide each year, respectively (El-Serag 

2012). This accounts for around 7% of all cancers for both men and women across the 

globe. Despite this, HCC is the second largest contributor to cancer mortality (El-Serag 

2012).            

 The distribution of HCC varies most based on geographical location, with the highest 

incidence in Africa and Asia. Sub-Saharan Africa and Eastern Asia account for more than 

80% of HCC cases with a typical incidence rate of 20 per 100,000 individuals. Its 

prevalence correlates with the epidemic prevalence of Hepatitis B and C viral infections in 

these regions (Raza et al 2007). Southern european and mediterranean countries such as 

Greece, Spain, and Italy have lower incidence levels ranging from 10-20 cases per 100,000 

individuals. North America and Northern Europe have the lowest incidence of HCC globally, 

with less than 5 cases per 100,000 individuals. Reports suggest that cases of HCC are 

decreasing in certain regions in China such as Hong Kong, Shanghai and Singapore as 

well as Japan. However, cases of the disease have been increasing in countries with 

otherwise low incidences levels such as America and Canada (Mittal et al 2013). 
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Figure 1.1 Global variation in hepatocellular carcinoma incidence rates. Age-adjusted incidences 
per 100,000 of hepatocellular carcinoma among men and women by region, 2003-2010. Data taken 
from Venook et al 2010. 

The incidence of HCC, like the majority of cancers, increases with age. It is rarely seen in 

individuals under the age of 40, with the exception of areas where Hepatitis B and C 

infection is hyperendemic (Kanwal et al 2011). As the predominant causation factor is viral 

Hepatitis, the age of diagnosis correlates with the incidence of infection. In high incidence 

areas, such as China, the most common causation factor for HCC is viral Hepatitis 

transmitted at birth (El-Serag 2012). As a result, HCC is diagnosed on average 10 years 

earlier compared to lower incidence areas such as northern Europe and America, where 

viral Hepatitis is contracted at a later age. In China, the mean age of HCC diagnosis is 55-

59 years, and in Europe and America around 63-65 years. Areas with low incidences of 

viral Hepatitis have average HCC diagnosis ages of 75 or older (Venook et al 2010) 
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1.1.2 Risk factors of hepatocellular carcinoma 

The most important clinical risk factor in the causation of HCC is macronodular cirrhosis. It 

has been linked to 70-90% of HCC cases and is therefore the largest single risk factor 

(Nordenstedt et al. 2010). Cirrhosis is characterised by alterations to the normal structure of 

the liver resulting in areas of abnormal nodules, inflammation, and fibrosis. After 

macronodular cirrhosis, the most common aetiologies include chronic viral Hepatitis, 

alcoholic liver disease, steatohepatitis (fatty liver disease), and Wilson’s disease (Okuda 

2007). Other less common causative factors include Obesity, Diabetes Mellitus, 

Autoimmune Hepatitis, Alpha-1-antitrypsin deficiency, cigarette smoking, and Aflatoxin 

exposure (Herbst & Reddy 2012) 

 1.1.3 Treatment of HCC 

Treatment of HCC is significantly based on the staging of the tumour. Unfortunately, the 

diagnosis of the disease is often missed until patients present with signs and symptoms of 

advanced hepatic impairment. As a result, the tumours are often of an advanced stage, 

making resection and transplantation unsuitable for many people (Malek et al 2014). The 

treatment with the highest curative rate for patients with early stage HCC, prior to lymph 

node or portal vein invasion, is a partial hepatectomy. The resectability of the tumour 

depends on a number of factors such as the stage, location, liver function, and the volume 

of liver requiring resection (Wong & Frenette 2011). Successful resection can result in a 41-

74%, 5-year survival rate. However, the operative mortality rate can be as high as 10%, 

dependent on the degree of cirrhosis. Liver transplantation can be offered if the tumour is 

too large for resection, providing an organ is available, no extrahepatic invasion has 

occurred, and the patient presents with a good operative risk.  Patients that are not suitable 

for resection or transplantation can be offered loco-regional therapies such as transarterial 
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chemoembolization, radioembolization, percutaneous alcohol injection, and radiofrequency 

treatment, providing no extrahepatic invasion has occurred (Balogh et al 2016). Patients 

diagnosed with advanced HCC presenting with extrahepatic invasion, nodal spread, and 

general metastasis that are unacceptable for resection, translation, and locoregional 

therapies are often treated with systemic Sorafenib. The therapeutic action of Sorafenib is 

inhibition of Raf kinases, VEGF and platelet-derived growth factor receptors. Inhibiting 

these signalling pathways has been shown to limit cell proliferation and angiogenesis in 

cancer, although the effectiveness of the drug is dependent on the molecular profile of the 

disease (Clark et al 2016).         

 Molecular profiling describes the process of understanding the genetic and 

epigenetic processes underlying the development of diseases such as cancer. This process 

makes it possibly to understand how specific molecular signatures correspond to clinical 

outcomes which can ultimately allow the development of targeted treatment options based 

on these signatures (Piris 2011). Ras activation resulting from several molecular 

mechanisms such as point mutations, and epigenetic silencing of associated tumour 

suppressors are common progressive factors in hepatocellular carcinoma. Sorafenib has 

been shown to be effective treatment against HCC tumours derived from aberrant Ras 

activation, by blocking the kinase activity of Ras (Newell et al 2009). However, cases of 

HCC with mutations that lead to inactivation of the wild-type p53 tumor suppressor gene 

have been shown to be significantly more likely to be resistant to sorafenib. This is mainly 

due to these cells being less dependent on their vascular supply which sorafenib targets 

though blocking VEGF (He and Goldenberg 2013). Furthermore, hepatocellular carcinomas 

with elevated stem cell marks such as CD133/CD44 have been shown to respond poorly to 

the treatment (Rimassa et al 2009).  
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1.2 Hepatocellular carcinoma metastasis  

Metastatic cancer is defined by the ability of cancer cells to invade the tumour 

microenvironment and subsequently spread and recolonise in distant parts of the body. 

This process defines the major difference between benign and malignant tumours and has 

significant clinical implications as over 90% of cancer related deaths are caused by 

metastasis (Hanahan & Weinberg 2000). Metastasising cells cause fatalities by creating 

local obstructions, disturbing organ function and competing with normal bodily cells for 

nutrients and oxygen. Unfortunately, many cancers are likely to metastasise before they are 

clinically detectable, leading to a poor prognosis and limiting treatment options for many 

people (Hutchinson 2015).         

 The majority of cancers invade and utilise the immediate vasculature and lymphatic 

systems as means of transport from primary to metastatic sites (Gobardhan et al 2011). As 

a result, the predominant location of secondary tumours is in close proximity, usually 

following the routes of these systems. However, it has been observed that specific cancers 

favour certain metastatic niches that cannot be explained by the routes of anatomical 

channels (Williams et al 2013). In 1889, Stephen Paget, found patients with breast cancer 

often presented with liver metastasis with none recorded in the spleen, despite both organs 

receiving similar blood volumes. He later proposed the terms “seed and soil”, stating that 

metastasising cancer cells, ‘the seeds’, may require a metastatic niche, ‘the soil’, with 

conditions favourable to those cells to allow recolonisation (Paget 1889). Sugarbaker, and 

later Kinsey, experimentally proved Paget’s theory correct when they transplanted 

melanoma-containing organs into DBA/2 syngeneic mice. They found that the melanoma 

cells only metastasised to the lungs and no other organs, despite no obvious anatomical 

explanation (Sugarbaker 1952; Kinsey 1960).       

 The occurrence of extrahepatic metastases of HCC are not rare. The aggressive 
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nature of the cancer means patients on average develop metastases only 10 months after 

initial diagnosis. The average life expectance for these patients is 7 months, which is often 

significantly reduced in patients with multiple organ metastases (Natsuizaka et al 2005).

 The most frequent site for extrahepatic metastases is the lung, representing by an 

average 55% of secondary malignancies (Katyal et al 2000). The bone, abdominal lymph 

nodes, and adrenal glands are also common metastatic sites occurring in up to 38%, 33%, 

and 17% of patients respectively (Katyal et al 2000). The brain, and less commonly skeletal 

muscle, are also metastasised to in 8% and 1.5% of patients respectively (Katyal et al 

2000). Up to 45% of patients present with multiple organ metastases, with the majority of 

patients with brain metastases also having lung metastases (Natsuizaka et al 2005).

 The frequency of extrahepatic metastases, short survival rate, and limited treatment 

options for patients with HCC poses a significant problem in management of the disease. 

Further understanding of the molecular mechanisms which initiate metastasis are needed 

to provide adequate therapeutic options.  

1.2.1 The molecular process of metastasis initiation 

The process of metastasis follows a progressive acquisition of traits causing cells to gain an 

invasive phenotype and recolonise a secondary site. The major steps in the process are 

invasion, intravasation, transport, extravasation, metastatic colonisation and angiogenesis. 

Although these processes are often described as distinct biological events, the acquisition 

of the traits required to implement any of these stages may be obtained simultaneously or 

in a different order as described above. This is due to many of these mechanisms sharing 

conserved molecular pathways (Gupta & Massagué 2006).    

 The process of metastasis often begins with the acquisition of an invasive 

phenotype. Epigenetic and genomic instability coupled with oncogenic mutations drive 
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molecular mechanisms which cause cells to disseminate from the primary tumours. Before 

cells can begin to invade they first must acquire cancerous prerequisites such as self-

renewal, and detachment survival both from neighbouring cells and the extracellular matrix 

(Hutchinson 2015).          

 Cellular adhesion between neighbouring cells and the extracellular matrix is 

predominantly achieved by coordinating tight junctions, cell adhesion molecules (CAMs), 

and integrins (Farahani et al 2014). A loss or mislocalisation of tight junction and cell 

adhesion molecules, predominantly claudins, occludin, and cadherins, has been shown to 

promote motility and metastasis in a number of cancers (Cavallaro & Christofori 2004). 

Cells must regulate these molecular restraints, so they can gain motility and break away 

from the primary tumour and surrounding ECM.       

 Integrins have also been shown to modulate the malignant phenotype. The 

upregulation of integrin α6β4 has been shown to form signalling complexes with oncogenic 

tyrosine kinases c-Met, EGFR, and Her2, upregulating cell proliferation and the invasive 

phenotype (Guo & Giancotti 2004).        

 During cancer progression, malignant cells are required to break integrin-ECM ligand 

binding to migrate and colonise secondary sites. Ordinarily, in normal cells this causes a 

specific type of apoptosis called anoikis. Anoikis is mediated by activation of death 

receptors (via the extrinsic pathway) and mitochondria (via the intrinsic pathway). Death 

receptors such as Fas and TNFR1 active caspase 8 causing cleavage and activation of 

executor caspases such as caspase 3 leading to cell death. Bax-Bak oligomers can also be 

formed via the intrinsic pathway leading to cytochrome c release from the mitochondria into 

the cytoplasm. Once released it can induce the development the apoptosome and 

ultimately the activation of the executor caspases leading to cell death. Cancer cells that 

are able to invade and disrupt this interaction are required to gain apoptosis resistance to 
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overcome this response (Paoli et al 2013). Cancer cells which can initiate the EMT program 

are able to downregulate pro-apoptotic proteins such as p21, Bim and Bax allowing 

detachment from the ECM and subsequent migration without initiating anoikis (Wu and 

Zhou 2010)           

 Once malignant cells have modulated their cell-cell adhesion properties, they must 

manipulate the ECM and surrounding tumour stroma to access the neighbouring 

vasculature or lymphatic tissue. Serine proteases and matrix metalloproteases secreted 

directly from tumour cells or induced from surrounding tumour stromal cells, are able to 

degrade elements of the tumour microenvironment facilitating the invasion of malignant 

cells.  A number of tumours have been shown to secrete extracellular MMP inducer 

(EMMPRIN) which binds to non-malignant stromal cells such as fibroblasts and infiltrating 

inflammatory cells, causing them to secrete proteases (Reunanen & Kähäri 2000).

 The MMP family not only remodel and degrade ECM components but also cleave 

extracellular and cell surface proteins such as growth factors (EGF and TGF-β) and 

extracellular ligands, promoting cell proliferation, angiogenesis, and resistance to apoptosis 

(Nissinen and Kähäri 2014).  Due to their potent effect during metastasis, the gene 

expression of MMPs are stringently regulated.  They are secreted in an inactive form and 

inhibited by a family of appropriately named Tissue Inhibitor of Metalloproteinases (TIMPS). 

A downregulated expression of TIMP family members in cancer is commonly observed, 

which consequently causes a decrease in their anti-metastatic activity and an increase in 

MMP activity promoting tumour progression (Hadler-Olsen et al 2013).    

 The remodelling of cell-cell contacts and surrounding extracellular matrix allows 

individual cells to behave more independently. However, metastasising cells must gain 

motility to leave the primary tumour site. The acquisition of a mobile phenotype is a 

complex and highly orchestrated process guided by internal and external signals. Integrins, 
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chemokines, and growth factor receptors can interpret the surrounding environment and 

modulate signal transduction pathways influencing cell migration (Polacheck et al 2013). 

These factors also activate Rho, Rac1, and CDC42, members of the small GTPase family. 

The expression of Rho, Rac1 and CDC42 are commonly upregulated in the hepatocellular 

carcinoma and have been linked to increased cell migration and invasion (Grise et al 2009). 

Rho GTPases act as sensitive molecular switches which are activated by internal and 

external signals. Figure (1.2) illustrates the mechanism of activation/inactivation of Rho 

GTPases. 

Figure 1.2: The Rho GTPase cycle. Rho GTPases cycle between an active (GTP-bound) and an 
inactive (GDP-bound) conformation. This is facilitated by guanine nucleotide exchange factors 
(GEFs) which catalyse nucleotide exchange and maintain activation. GTPase-activating proteins 
(GAPs) facilitate GTP hydrolysis, leading to inactivation. Guanine nucleotide exchange inhibitors 
(GDIs) prevent exchange of GDP to GTP (maintaining the small GTPase in an inactive state) but also 
remove the inactive GTPase from the membrane which is the site of action (Etienne-Manneville 
and Hall 2002) 

Rho GTPases are responsible for initiating cell migration which ultimately creates 

protrusions of lamellipodia and filopodia at the leading ledge, whilst contracting the cell, and 

detaching the trailing edge. Both lamellipodia and filopodia are created by actin 

polymerisation and filament elongation mediated by the Arp2/3 complex. CDC42 and Rac 

Some materials have been removed from this thesis due to Third Party Copyright considerations. Pages where 
material has been removed are clearly marked in the electronic version. The unabridged version of the thesis can 
be viewed at the Lanchester Library, Coventry University.
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activate the Arp2/3 complex via WASP/N-WASP and WAVE respectively, stimulating actin 

polymerization and driving forward the leading edge (Ridley 2015). Rho in conjunction with 

ROCK, mediate cell contraction and detachment of the trailing edge by modifying integrin 

based focal adhesion (Parri & Chiarugi 2010). Taken together, these mechanisms promote 

cell migration and contribute to the invasive phenotype seen in HCC.   

    

Figure 1.3: Regulation of cell migration via signal transduction. Signalling pathways for cell 
migration mediated by Ras. Extracellular stimuli, such as serum, EGF and TGF-β activate Rac though 
Ras. Rac is then able to activate Cdc42 and IRSp53 resulting in actin polymerisation and ultimately 
filopodia and lamellipodia formation. Rac can also regulate focal adhesion to favour cell mitigation 
by activating vinculin (VCL) and inhibiting gelsolin (GSN) though PI(4)P 5-Kinase (PIP5KI) (Thomas et 
al 2013). 

 

The traits acquired by metastasising cells to invade and intravasate can theoretically be 

obtained independently of one another. Although, the molecular mechanisms that control 

these changes link a number of these invasive attributes together. The most common 

Some materials have been removed from this thesis due to Third Party Copyright considerations. Pages where 
material has been removed are clearly marked in the electronic version. The unabridged version of the thesis can be 
viewed at the Lanchester Library, Coventry University.
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process linking these characteristics and driving the metastatic phenotype is epithelial to 

mesenchymal transition (Thiery 2002).  

1.3 Epithelial to Mesenchymal Transition (EMT) 

EMT is the physiological process by which closely connected, polarised epithelial cells are 

converted into highly mobile and invasive mesenchymal cells (He et al 2017). The process 

involves a multitude of changes that alters cellular shape, production of intra and 

extracellular components and the way cells interact with their immediate environment 

(Ogden et al 2013). The process is essential in a number of normal biological settings such 

as during wound healing and early embryogenesis. However, EMT is also implemented in a 

number of diseases, organ fibrosis, and often the initiation of metastasis, tumour invasion, 

and cell migration (Kalluri & Weinberg 2009).       

 Normal epithelial tissue is organised into polarised sheets, functioning as a barrier 

between distinct environments, and enabling the body to be compartmentalised (Giepmans 

et al 2009). Ordinarily, these cells have extensive interactions between the neighbouring 

cells and the underlying extracellular matrix utilising tight junctions, adherence junctions, 

and cellular adhesion molecules (Anderson & Van Itallie 2009). During EMT cells undergo 

gene expression changes and biochemical alterations which allow detachment and 

degradation or remodelling of these cell-cell tight junctions/gap junctions, and cell-ECM 

integrin attachments (Moreno-Bueno et al 2008). These changes also alter the cellular 

phenotype allowing increased proliferation (via upregulation of cyclin D1), increased 

migratory capacity (via upregulation of Rock, Rac1 and CDC42) and increased resistance 

to apoptosis and chemotherapy (via upregulating the expression of the pro-survival protein 

Bcl-XL) (Shibue and Weinberg 2017). The resulting mesenchymal cells are depolarised 
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with a fibroblastic morphology, often only interacting with other cells via focal points (Thiery 

2002).          

The process of EMT can be observed in three district biological settings, producing 

three classifications of the process. Whilst these classifications share many overlapping 

features, the outcomes of the transition differ significantly. Type 1 EMT is almost exclusively 

involved in foetal implantation and embryogenesis. Every aspect of this type of EMT is 

rigorously controlled by highly conserved mechanisms that have not been corrupted by 

mutations associated with cancer (Chaffer et al 2016). As a result of this, and the absence 

of inflammation, the process does not allow for fibrosis formation or uncontrolled growth. 

Instead the mesenchyme created, termed primary mesenchyme, facilitates invasion of the 

endometrium and encourages placental formation, as well as expanding and specifying the 

different tissues required during embryogenesis. Embryonic mesenchyme cells then 

differentiate into secondary epithelia by the reverse process, mesenchymal to epithelial 

transition, a process crucial to the successful development of the foetus (Kalluri & Weinberg 

2009). 

Type 2 EMT is associated with wound healing and tissue regeneration, initiated by 

inflammatory mediators, immune cells, and fibroblasts. Cellular damage in response to 

injury or pathogens attracts immune cells such macrophages that activate resident 

fibroblasts present at the site of injury (Kalluri & Weinberg 2009). Growth factors including 

TGF-β, PDGF, EGF, and FGF-2 are released by fibroblasts, macrophages and other 

inflammation inducing immune cells, as well as from the interstitial fluid surrounding the 

damaged cells. The binding of these factors, particularly TGF-β, increases proliferation and 

initiates the EMT program via the SMAD2/3 and MAPK pathway. (Nawshad et al 2005). As 

a result, epithelial, progenitor, and stellate cells resident in the surrounding stromal tissue 

are subject to direct myofibroblastic differentiation as part of the EMT program, adopting a 
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mesenchymal phenotype. These cells further release growth factors (such as TGF-β, 

PDGF, EGF, and FGF-2), chemokines (such as CXCL12), and MMPs, remodelling the 

ECM and creating a chemoattractive gradient for epithelial cells and fibroblasts to attend 

and repair the affected area. Myofibroblastic cells can contract using a smooth muscle type 

actin-myosin complex, pulling the wound edges together whilst proliferating to replace 

damaged cells (Kalluri & Neilson 2003).       

 Remodelling of the ECM during wound healing and inflammation causes 

myofibroblasts to produce excessive amounts of ECM components, especially collagen. 

Under normal circumstances when the reconstruction of the tissue is complete the 

inflammation subsides, and the modification of the ECM stops (Darby et al 2014). However, 

prolonged inflammatory exposure, such as during chronic viral Hepatitis infection, induces 

continuous ECM remodelling and continuous depositing of ECM components thereby 

causing bands of hepatic scarring and eventual cirrhosis (Bishayee 2014). The continuous 

increase in inflammation seen during Hepatitis infection is thought to be a great risk factor 

for HCC initiation (Gomaa et al 2008). The abundance of growth factors, coupled with a 

number of epithelial and progenitor stem cells undergoing the EMT program creates an 

environment of invasive, proliferative cells that are more likely to gain mutations and initiate 

HCC. (Levrero & Zucman-Rossi 2016).        

 Type 3 EMT is the third biologically distinct classification of the process and the one 

most associated with tumour initiation and progression (Banyard & Bielenberg 2015). It is 

thought to occur predominantly in epithelial cells that have gained genetic mutations and 

epigenetic modifications (Tam & Weinberg 2013). During neoplasm formation and cancer 

progression, permanent alterations in the DNA sequence of oncogenes and tumour 

suppressor genes can signal and initiate the EMT program thereby producing the frequently 

observed hallmarks of cancer (Zeisberg & Neilson 2009).  Epigenetic modifications such as 
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DNA methylation and histone modifications can also alter the expression of oncogenes and 

tumour suppressor genes by orchestrating repressor proteins that attach to silencer regions 

of the DNA.  Disruption of epigenetic processes can lead to altered gene function, 

malignant cellular transformation and initiation of the EMT program (Biswas and Rao 2017). 

The initiation of EMT has been linked to the acquisition of an invasive phenotype and 

associated metastasis in a number of cancers, including HCC (Thiery 2002).    

Type 3 EMT has a number of characteristics typically associated with type 1 EMT, as 

type 3 does not typically result in fibrosis and is able to be reversed by MET. It is poorly 

understood how type 3 EMT cells reverse their phenotype to perform MET, however, it is 

thought that this process is responsible for the colonisation step at secondary sites (Huang 

et al 2008). It has been suggested that the local microenvironment of the secondary tumour 

can influence the reversal of EMT and promote colonisation. Proteins such as Bone 

morphogenic protein-7 (BMP-7), which is usually involved in osteoblast differentiation, has 

been described as a major inducer of MET and could in part explain the frequent 

colonisation of bone by metastasising cells (Langley & Fidler 2011). It is also thought that 

the absence of EMT inducing signals experienced in the primary tumour environment could 

trigger MET and the colonisation process (Kalluri & Weinberg 2009).   

 The mechanisms by which type 1 and 2 EMT are initiated are well documented, 

although the exact mechanisms that promote type 3 are still yet to be completely 

understood (Kalluri & Weinberg 2009). In many cases the inflammatory environment 

associated with cancer, contains an abundance of growth factors and chemokines. The 

presence of HGF, EGF, PDGF, and especially TGF-β, are suspected to be heavily involved 

in initiating EMT during cancer progression. Binding of these modules to their respective 

cell surface receptors causes a cascade of intercellular signal transduction, activating 

targets such as ERK1/2, PI3K, AKT, SMADs, Rho GTPases, and β-catenin (Shi & 
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Massagué 2003). Figure (1.4) illustrates the epidermal growth factor (EGF) Signaling 

pathway which can initiate EMT via MAPK signalling.  

 

Figure 1.4: Epidermal growth factor (EGF) signalling pathway. The diagram on the left shows the 
signalling pathway prior to stimulation, with the components in their inactive form. These include 
the soluble ligand, EGF, its receptor (EGFR, a tyrosine kinase), Ras (a G protein), several kinases 
(RAF, MEK, MAPK), and transcription factors (TF). The diagram on the right shows the activation of 
the signalling pathway. Binding of EGF to EGFR causes autophosphorylation of the receptor. Though 
a series of proteins not shown here, Ras is activated to its active GTP bound form. Ras can now 
continue the signalling process by phosphorylating a series of kinases and ultimately the 
transcriptions factors which promote the expression of genes associated with cell proliferation and 
EMT activation (Kim et al 2016). 

 

Mutations can also occur in one or more of these EMT regulatory proteins. These mutations 

can result in activation and/or loss of inhibitory factors thereby initiating EMT independently 

of external signals. Ras mutations are commonly implicated in the causation and 

progression cancers. Mutations at specific loci in Ras exons have been shown to inhibit 

Some materials have been removed from this thesis due to Third Party Copyright considerations. Pages where 
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GTPase activity, modulate the guanine nucleotide exchange rate, or desensitize their 

activation by GTPase-activating proteins. Ultimately, this results in constitutive active Ras 

and inappropriate activation of downstream MAPK signalling, irrespective of any inhibition 

of cell surface receptor kinases (Hecht et al 2015). 

Figure 1.5: Changes associated with mutant Ras. The diagram on the left demonstrates the normal 
mode of action of wild-type Ras. The controlled activation of Ras mediates normal cellular growth, 
proliferation and differentiation. This process can be activated/inactivated in response to the needs 
of the cell. The diagram on the right demonstrates mutant Ras. This form of Ras contains one or 
more of the mutations previously discussed, resulting in resistance to inactivation with associated 
abnormal growth and proliferation. 

GAP (guanosine triphosphatase-activating proteins) ; GDP (guanosine diphosphate); GEF (guanine 
exchange factors); GTP (guanosine triphosphate) (Hecht et al 2015). 

 

1.3.1 Hallmarks of EMT  

The biomarkers of EMT consist of transcription factors and signal transduction kinases that 

choreograph the transitional process. As a result, EMT modifies cell surface markers, 

cytoskeleton/intermediate filaments, and ECM proteins creating the hallmarks associated 

with cancer progression.          

 As cells progress from an epithelial phenotype to a mesenchymal one, they change 

Some materials have been removed from this thesis due to Third Party Copyright considerations. Pages where 
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17 
 

their cell surface markers in an attempt to regulate intercellular and ECM adherence. E-

cadherin is a transmembrane cellular adhesion molecule, found to be almost exclusive to 

epithelial cells. Its downregulation or complete loss is an important indicator for EMT, and 

often the first step in the progression towards a more mesenchymal phenotype (Huber et al 

2005).  Despite this, not all cadherin members are downregulated during EMT. In fact, a 

process called cadherin switching upregulates other cadherin members such as -N, -T, -P, -

11 and -OB. This process is important for type 1 EMT during primitive streak formation and 

neural plate invagination in embryonic development, as the switching of cadherin members 

causes segregation of cells, allowing the formation of different tissues. This mechanism is 

also often observed in type 3 EMT, when E-cadherin is commonly replaced with N-

cadherin, promoting cellular motility and invasion of the basal membrane. In this way, the 

upregulation of the N-cadherin is recognised as a mesenchymal marker (Wheelock et al 

2008).             

 β-catenin is a cytoplasmic plaque protein that associates with E-cadherin at the cell 

membrane, and with α-catenin and the actin cytoskeleton intracellularly. The loss of E-

cadherin associated with cancer progression and EMT causes the dissociation of β-catenin 

into the cytoplasm of the cell. Under normal conditions, β-catenin is then targeted for 

proteosomal degradation by the destruction complex, consisting of the scaffolding protein 

axin along with APC, CK1 and GSK-3β. Together they phosphorylate the amino terminal 

region of β-catenin. An E3 ubiquitin ligase, β-Trcp recognises this phosphorylated region 

and targets the protein for destruction by ubiquitination. Binding of extracellular WNT 

ligands to frizzled receptors located on the cell surface recruits an intracellular, membrane 

bound complex of low-density lipoprotein receptor related protein 6 (LRP6) and dishevelled 

(Dvl). This membrane bound complex recruits axin and GSK-3β, thereby preventing the 

phosphorylation of β-catenin and its associated proteosomal degradation (MacDonald et al 
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2009). The stabilised β-catenin is now able to translocate to the nucleus and bind to 

TCF/LEF1 transcription factors. These transcription factors have been found to up regulate 

HIF-2α, EGFR, c-MYC, and cyclinD1 expression as well as EMT transcription factors 

SNAIL, SLUG, and TWIST, thereby driving the EMT program (Liu et al 2016).  

 Most commonly, β-catenin mediated EMT in cancer is triggered by mutations in one 

or more members of the destruction complex, rendering it ineffective in the ubiquitination of 

β-catenin. Mutations in β-catenin itself can also be present, making its destruction more 

difficult, or entirely ineffective (Morin et al 2016). However, β-catenin can be stabilised by 

other signalling pathways, irrespective WNT signalling or mutations. The EMT transcription 

factor SNAIL has also been shown to directly bind to β-catenin during EMT, thereby 

stabilising it and preventing its degradation by GSK-3β. The β-catenin/TCF/LEF complex 

can then upregulate SNAIL in a positive feedback loop, further promoting EMT (Stemmer et 

al 2008). IκB kinases (IKKs), the primary regulators of NF-κB, and extracellular signal-

regulated kinase (ERK1/2), a downstream kinase in growth factor signalling, have also both 

been reported to inhibit GSK-3β, promoting the stabilisation of β-catenin (Yamaguchi et al 

2012). Other intracellular signalling molecules such as integrin linked kinase (ILK) and PI3K 

activate AKT in response to TGF-β and other stimuli, thereby inactivating GSK-3β and 

promoting the stabilisation of β-catenin independently of external WNT signalling (Medici et 

al 2008). These findings outline how central β-catenin is in the EMT program and how 

integral it is to a number of other initiating signalling pathways.    

 In addition to cadherins, the expression and localisation of tight junctions, adherence 

junctions, and desmosomes at lateral surfaces are also modulated under the EMT program. 

Upon the initiation of the process, zonula occluden-1 (ZO-1), an important scaffold protein 

in cell junction formation, is frequently relocalised and/or degraded (Foroni et al 2012). In 

type 1 and 2 EMT, the downregulation and/or delocalisation of ZO-1 destabilises the 
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junctional proteins, particularly occludin and claudin, resulting in downregulated cell-cell 

adherence and subsequent cell migration. However, in type 3 EMT associated with cancer, 

the role of tight junctions and other junctional proteins is far more complex. While it is true 

that in the vast majority of human cancers tight junctions are dysregulated, they are not 

always downregulated, nor are they always localised in the correct places. In fact, some 

cancers have presented with increased levels of tight junction proteins, with a poor 

prognosis documented as a result (Latorre et al 2006).    

 Integrin composition, in terms of the expression of α/β subunits, is also altered during 

EMT to adapt to the changes in ECM composition and to mediate cell migration (Li et al 

2003). An example of this is the upregulation of the integrin subunit α5. A common 

biomarker of EMT, its expression is regulated by TWIST1 and is documented to be 

upregulated in all three EMT biological groups promoting cell migration (Nam et al 2015). In 

type 1 EMT during development, the expression of fibronectin binding integrin α5β1 is 

upregulated (Davidson et al 2006). The α5 integrin has also been documented to be 

increased in type 2 EMT seen in kidney fibrosis experiments (White et al 2007) and 

associated with increased migration and invasion in HCC (Nejjari et al 2002).  

 The binding to fibronectin via integrins has also been shown to initiate EMT. 

Furthermore, the initiation of EMT causes the secretion of fibronectin as part of the 

remodelling of the ECM. This positive feedback mechanism can be found in all three types 

of EMT (Park & Schwarzbauer 2014). In tumour initiation and progression, the increased 

expression of fibronectin is described as a cause and result of the process, with elevated 

levels correlating with the severity the disease. As a result, fibronectin is recognised as a 

biomarker for EMT and associated cancer progression (Ioachim et al 2002).  

 During EMT, cells change the composition of their intermediate filaments to mediate 

changes in cell shape and morphology. Epithelial cells classically produce type I and II 
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cytokeratin filaments which are well suited to maintaining their epithelial phenotype by 

promoting the formation of adherence junctions and directing E-cadherin to the cell 

membrane (Toivola et al 2005). During the transition to a mesenchymal phenotype, cells 

downregulate the epithelial associated cytokeratin and upregulate vimentin, a type III 

intermediate filament (Huang et al 2012). Vimentin has been reported to be involved in 

signal transduction. Upregulation of the intermediate filament has been shown to induce 

ERK1/2 activation, as well as upregulate SLUG expression thereby progressing the EMT 

phenotype (Mendez et al 2010). Vimentin is thought to facilitate a more dynamic cell 

structure that allows cancer cells to survive the mechanical stresses of the tumour 

microenvironment. This dynamic cell structure also facilitates migration, intravasation, and 

extravasation though a changing and challenging environment (Liu et al 2015). As vimentin 

is almost exclusively associated with mesenchymal cells it has become a common hallmark 

of the transition. 

1.3.2 Transcriptional regulation of EMT 

The initiation of EMT is orchestrated at the molecular level by an array of transcription 

factors (EMT-TFs). These regulators interact with epigenetic components which repress 

epithelial gene expression and promote a mesenchymal phenotype (Puisieux et al 2014). 

Almost all of the phenotypic changes associated with the transition are mediated by SNAIL, 

TWIST, and ZEB1/2, although the importance of other transcription factors such as FOXC2 

and homeobox goosecoid are only just being realised. The changes in gene expression 

induced by these transcription factors relies considerably on the extracellular ligands and 

signal transduction pathways involved. Although, during cancer they can be significantly 

influenced by the mutations and epigenetic changes driving the malignancy (Peinado et al 

2007)            
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 The SNAIL family of transcription factors consists of three members SNAIL -1, -2, 

and -3. Although only SNAIL1 and SNAIL2 (SLUG) have been implicated in the initiation of 

EMT. Both SNAIL and SLUG are able to promote and repress the transcription of a number 

of EMT related genes via binding though their carboxy-terminal zinc-finger domains to E-

box DNA sequences present in the proximal promotor region of these genes (Peinado et al 

2007). Binding in this way recruits the polycomb repressive complex 2 (PRC2) consisting of 

methyltransferases (EZH2, SUV39H1), co-repressors (SIN3A), the lys-specific demethylase 

1 (LSD1), and histone deacetylases. This complex is able to initiate histone modifications 

and produce bivalent chromatin (Herranz et al 2008). Bivalent chromatin are segments of 

DNA, bound to histone proteins, that have both repressing and activating epigenetic 

regulators in the same region. This acts as an epigenetic switch that is able to both repress 

and activate expression of EMT genes. Bivalent chromatin is crucial in developing and 

differentiating pluripotent embryonic stem cells and is thought to contribute to the revisable 

nature of the EMT program (Bernstein et al 2006).      

 SNAIL and SLUG are often defined by their ability to initiate the EMT program by 

epigenetically repressing E-cadherin (Lin et al 2014). However, they have also been shown 

to regulate a number of other aspects of the EMT phenotype. In a further attempt to 

regulate cellular adhesion, SNAIL family members are able to bind and repress the 

promotors of claudin-1, occludin, cytokeratin and ZO-1 (Lin et al 2014). Cell polarity is also 

decreased due to the suppression of crumbs3, PALS1 and PATJ by SNAIL and SLUG 

(Lamouille et al 2014). Cell proliferation is increased by these transcription factors as they 

supress cyclin D proteins, cyclin-dependent kinase 4 (CDK4) and promote WNT5a and 

LEF1 (Peiro et al 2006). Suppression of caspases, DNA fragmentation factor, and Bcl-

interacting death agonist by SNAIL and SLUG significantly increase the resistance to 

apoptosis during EMT (Nieto 2009). While the up-regulation of fibronectin, N-cadherin, and 
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vimentin, as well as MMP-2 and -9 by SNAIL and SLUG drive the mesenchymal phenotype 

and induce cell migration and invasion (Zeisberg et al 2009). Both SNAIL and SLUG have 

also been documented to induce the transcription of other EMT transcription factors ZEB1/2 

and TWIST, further promoting the initiation of transition (Lamouille et al 2014).  

 SNAIL is regulated post-translationally by glycogen synthase kinase-3β (GSK-3β). 

Phosphorylation of SNAIL by GSK-3β on Serine 97 and Serine 101 amino acids cause a 

change in the subcellular localisation of the transcription factor, promoting its nuclear export 

to the cytoplasm, thereby diminishing its transcriptional activity. Further phosphorylation of 

SNAIL on other serine rich residues causes the ubiquitination and subsequent proteolytic 

destruction of the transcription factor (Zhou et al 2004). In response to TGF-β, growth 

factors, or oncogenic activity, the signal transduction pathways WNT, PI3K–AKT, NOTCH, 

and NF-κB through receptor tyrosine kinases have all been shown to prevent 

phosphorylation of SNAIL by GSK-3β thereby preserving its nuclear location and 

associated transcriptional activity (Yook et al 2006, Sahlgren et al 2008, Wu et al 2009). 

 TWIST is a member of the a basic helix-loop-helix transcription factor family and a 

master regulator of EMT. The EMT-TF is most frequently upregulated during embryonic 

morphogenesis influencing cell differentiation and lineage determination (Yu et al 2008). 

Postnatally its expression is mainly associated with wound healing, fibrosis, and with cancer 

metastasis (Kida et al 2007, Yang et al 2004). The N-terminal region of TWIST shares a 

conserved basic amino region which binds to E-box DNA sequences present in the 

proximal promotor region of EMT genes, in a similar way to SNAIL (Jones 2004).  Binding 

to these regions by TWIST initiates the recruitment of histone modifying SETD8 

methyltransferase, which is linked to repression or promotion of EMT related genes (Yang 

et al 2012). It is thought that TWIST is involved in regulating up to 500 genes in EMT and 

development (Margetts et al 2012). TWIST has been shown to downregulate E-cadherin, 
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claudins, occludin, and other adherence proteins such as desmoplaskin and plakoglobin, 

whilst upregulating N-cadherin, vimentin, fibronectin, SPARC, and the α5 integrin subunit 

(Lamouille et al 2014). Stabilisation and subsequent nuclear import of TWIST is required to 

enable its transcription activity. MAPK signalling as a result of TGF-β or oncogenic activity 

causes p38, JNK and ERK1/2 to phosphorylate the Serine 68 amino acid in TWIST, thereby 

stabilizing the transcription factor and protecting it from ubiquitin-mediated degradation 

(Hong et al 2011). TWIST has also been shown to be upregulated by mechanical stress 

and the hypoxic conditions associated with cancer (Farge 2003). Inducing mechanical 

stress in Drosophila melanogaster epithelia increases TWIST expression, a process that is 

thought be modulated by β-catenin. It has been proposed that the mechanical restrains 

associated with cancer could also induce TWIST expression by a similar mechanism (Farge 

2003). Hypoxia-inducible factor-1alpha (HIF-1α) is upregulated during the anaerobic 

conditions of some cancers and has been shown to directly bind to the TWIST hypoxia-

response element (HRE) in the TWIST proximal promoter, thereby upregulating its 

expression (Yang et al 2008).         

 ZEB1 and 2 are important regulatory EMT transcription factors able to activate and 

repress associated genes via E-box binding (Gregory et al 2008). Their DNA binding 

capacity is mediated by the presence of two zinc finger domains that enable attachment to 

the promotor region of a number of genes, such as E-cadherin, crumbs3 and PATJ (Aigner 

et al 2007). Once bound ZEB1/2 are able to recruit transcriptional co-repressors and co-

activators, thereby regulating EMT gene transcription (Liu et al 2008).  During cancer 

progression, the overexpression of ZEB1/2 is most commonly associated with the decrease 

of E-cadherin (Sanchez-Tillo et al 2010). Binding of ZEB1/2 to the E-box promotor region of 

E-cadherin, recruits CtBP transcriptional co-repressors and chromatin-remodelling protein 

BRG1, thus preventing the transcription of the gene (Shi et al 2003). ZEB1/2 are also able 
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to repress a number of cell polarity genes such as crumbs3, HUGL2 and PATJ and tight 

junction associated scaffold ZO-1 further promoting the mesenchymal phenotype (Aigner et 

al 2007).           

 Recruiting and binding PCAF and SMAD proteins enable ZEB1/2 to become 

transcriptional activators, enabling transcription activity of TGF-β-responsive genes N-

cadherin and MMPs (Postigo 2003). They have also been shown to recruit lys-specific 

demethylase 1 (LSD1) which is involved in the epigenetic histone demethylation in EMT 

and developmental processes (Wang et al 2007). The extent of which ZEB1/2 regulated 

EMT and cancer progression is still under investigation, but its documented involvement 

seems to be increasing. Experimental evidence has suggested that in certain breast cancer 

cell lines, ZEB1/2 are involved in repressing over 200 genes, whilst activating more than 30, 

most of which are key regulators of EMT, cellular adhesion, and cell-cell contact (Zhang et 

al 2015).           

 There has been an emergence in the literature of the importance of the role of less 

conventional EMT inducing transcription factors such as the forkhead box (FOX), goosecoid 

homeobox (GSC) and SRY box (SOX) (Lamouille et al 2014). In a similar way to the well-

established EMT-TFs they are able to bind and repress or activate EMT related genes, both 

independently and in conjunction with SNAIL, TWIST, and ZEB1/2. Although their exact 

role in the transition is still being realised, their presence has been considered a hallmark of 

the program (Lamouille et al 2014). 

1.3.3 MicroRNA meditation in the initiation and progression of EMT 

Micro-RNAs are short, non-coding RNA strands capable of post-transcriptionally regulating 

gene expression by complimentary binding to target mRNA transcripts, preventing their 

translation or promoting their degradation (Iorio & Croce 2017). Present in virtually all cell 
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types, these regulatory nucleotides are thought to be master regulators in both normal 

cellular physiology and in diseases such as Alzheimer’s, osteoporosis, diabetes, and 

cancer (Abba et al 2016).  

Figure 1.6: miRNA bio-genesis. A diagram outlining the biogenesis and function of miRNAs. The 
process begins in the nucleus where the polyadenylated primary miRNA transcript (pri-miRNA) is 
transcribed by RNA-polymerase II-dependent (RNAPII).  This transcript is processed by Drosha, a 
RNase III endonuclease, and its co-factor Dgcr8. This creates a smaller stem-looped structure 
known as precursor miRNA (pre-miRNA). Exportin-5 transports pre-miRNAs out of the nucleus and 
into the cytosol where Dicer, a RNase III enzyme further modifies them to create the mature 
miRNA. The mature miRNA associates with the RISC complex (miRNA-induced silencing complex) 
and binds to the target mRNA sequence via complementary base pair binding. The binding of the 
miRNA-RISC complex induces translational repression and/or mRNA degradation (Lin and Gregory 
2015). 

 

During EMT, the molecular reprogramming and phenotypic changes associated with the 

transition are thought to be significantly regulated by miRNAs (Sassen et al 2008). It has 
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been estimated that 30% of all genes and almost every genetic pathway involved in EMT is 

under some form of miRNA control, the regulation of miRNAs that target EMT transcription 

factors is thought to be key in the initiation and progression of the process (Yan et al 2013). 

The complex interplay between microRNAs and transcription factors means that they are 

able to regulate each other, forming both positive and negative feedback loops that can 

either promote or inhibit the progression of EMT. For example, ZEB1 is inhibited by miR-

200, but the increased expression of ZEB1 during EMT initiation causes the decrease of 

these miRNAs in a double negative feedback loop (Lamouille et al 2014).  

Figure 1.7: ZEB1/miR-200 Double-Negative Feedback Loop. A diagram which represents the 
double negative feedback loop between ZEB1 and the miRNA 200 family. In epithelial cells, the 
epithelial phenotype is maintained by high expression of miR-200 which inhibits ZEB1, a key 
regulator of EMT progression.  Upon EMT initiation, in this example via TGF-β induction, ZEB1 
expression is increased causing cells to transition toward a mesenchymal phenotype. ZEB1 
represses the expression of the miR-200 family by binding to ZEB-type E-Boxes within the miR-
200b∼200a∼429 promoter. Together this system forms a double negative feedback loop, whereby 
the either the epithelial or mesenchymal state is maintained depending on the relative levels of 
ZEB1 and miR-200 (Ocana and Nieto 2008) 

 

A large number of regulatory miRNAs are downregulated during cancer progression, 

resulting in a decrease in their inhibitory effect on the EMT program. As a result, cancer 

cells are able to obtain the EMT related hallmarks that enable increased proliferation, 

invasion and metastasis (Sassen et al 2008). 
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Figure 1.8: Regulation of EMT by miRNAs. Regulation of epithelial mesenchymal transition (EMT) 
by miRNAs. Green arrows represent the upregulation/activation and the red lines indicate the 
inhibition or transcriptional repression. Many miRNAs, such as miR-29a, b, c, miR-200c, miR-34a, 
regulate EMT by suppressing EMT-related transcription factors and signalling pathways. These 
miRNAs are commonly downregulated during cancer progression, resulting in the initiation of EMT 
(Chi and Zhou 2016). 

 

1.3.4 Hybrid EMT 

Existing evidence for EMT suggests that cells either adopt an epithelial or a mesenchymal 

phenotype, possessing exclusive markers unique to either state (Zeisberg et al 2009). 

Recent research has suggested that this transition is not a binary process, and in fact it is 

possible for cells to express and display co-expression of epithelial and mesenchymal 

markers, in a process termed partial or hybrid EMT (Grigore et al 2016). In an apparent 

contradictory notion, it appears that cells expressing a hybrid EMT phenotype have a 50 

times higher tumour-initiating and metastatic potential than those in a complete 

mesenchymal phenotype (Jolly et al 2015).       
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 Interestingly, cells that possess this hybrid EMT phenotype display increased stem 

cell properties and markers, such as CD44. Interestingly, the increase in these markers 

appears to be greater in hybrid EMT cells than cells that display a complete mesenchymal 

transition. Ruscetti et al provided evidence of this by separating hybrid EMT cells from 

complete EMT cells in a prostate cancer mouse model. The hybrid EMT cells displayed 

higher stem cell properties and tumour initiating potential compared to complete EMT cells 

(Ruscetti et al 2015). Jolly et al, in combination with Ombrato and Malanchi, furthered this 

work and created the figure below, outlining the stem-ness window model during hybrid 

EMT (Jolly et al 2015; Ombrato and Malanchi 2014) 

 

 

 

 

 

Figure 1.9: Stemness window of hybrid EMT. A diagram representing the ‘EMT gradient’ where 
partial/hybrid EMT is associated with stemness. Ombrato and Malanchi propose a model whereby 
stemness is maintained in a window between epithelial and mesenchymal states. This window 
represents cells which have increased stem cell markers and significantly higher tumor-initiating 
potential. 

 

The increase in stemness associated with hybrid EMT is thought to promote 

chemoresistance and immune tolerance, creating a selective advantage during 

chemotherapy treatments (Chouaib et al 2014). As a result, it is thought that hybrid EMT 

cells may be selected for during chemotherapy.       

 A major marker of stemness associated with hybrid EMT is the upregulation of 

NOTCH/JAGGED1 signalling. Although not unique to stem cells/cancer stem cells, 
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NOTCH/JAGGED1 signalling features heavily in embryonic stem cell development as it 

contributes to stem cell maintenance, cell differentiation, and cellular homeostasis (Koch et 

al 2013). NOTCH/JAGGED1 signalling has also been shown to upregulate stem cell 

markers during HCC (Govaere et al 2014). Cell to cell communication between hybrid EMT 

cells by NOTCH/JAGGED1 signalling is thought to stabilise the hybrid phenotype and can 

induce the phenotype in adjacent cells via lateral induction. Hybrid EMT cells connecting 

this way can form clusters and exhibit collective cell migration (Jolly et al 2015). Hybrid 

EMT-induced collective migration in the form of multicellular aggregates were found to be 

more efficient at extravasation and display sufficient plasticity to enable metastatic 

colonisation at secondary sites (Bednarz-Knoll et al 2012). Ultimately, this would contribute 

to the significantly higher tumour-initiating and metastatic potential observed by these cells.

 The idea of partial EMT conserves the notion that tight junctional proteins, often 

downregulated during the process, are not always silenced during EMT and cancer. In fact, 

a growing body of evidence continues to implicate tight junction proteins in the progression 

of the disease and in the initiation of EMT (Martin et al 2011). This highlights the importance 

of research into understanding the mechanisms surrounding their role in initiating EMT and 

ultimately metastasis.  

1.4 Tight junctions  

Tight junctions are a group of protein constituents that form junctional complexes 

responsible for the production of comprehensive sheets of polarised epithelial and 

endothelial cells. They act as paracellular barriers that regulate the diffusion of intercellular 

solutes and maintain the apical/basolateral plasma membrane domains (Itoh & Bissell 

2003). Tight junctions are comprised of transmembrane and peripheral membrane proteins 

that interact with one another and connect the complex to a scaffold of intracellular proteins. 
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The scaffold proteins provide the link between transmembrane proteins and the 

cytoskeleton, whilst connecting and influencing many signal transduction pathways. The 

transmembrane and peripheral membrane proteins are able to form intercellular junctional 

complexes that act as adhesive contacts between adjacent cells (Giepmans & van 

IJzendoorn 2009). Tight junctions are vital in the formation of many tissues, particularly 

epithelial. Epithelial cells make up tissues, and line the majority of organs, ducts and 

lobules. Tight junctions present between epithelial cells create an effective seal producing 

selectively permeable barriers between body compartments and regulate the passage of 

solutes (Gunzel & Yu 2013). The presence of tight junctions dictates the boundaries of the 

apical and basolateral membrane domains of the cell, thereby creating a fence function 

regulating intramembrane diffusion and passage of proteins and macromolecules (Trimble 

& Grinstein 2015).          

 Tight junctions were conventionally viewed as static, mechanical structures used to 

maintain paracellular permeability and cell-to-cell contact. However, tight junctions are 

known to be highly dynamic structures involved in regulating intracellular polarity 

complexes, and directly targeting and modulating gene transcription relating to cellular 

proliferation and differentiation (González-Mariscal et al 2008)    

 Disruption of tight junctions is thought to directly initiate a variety of pathological 

disorders and cancers. Viruses, bacteria, and other pathogens often target junctional 

complexes, for example Hepatitis C virus and Adenovirus exploit tight junction proteins to 

gain entry to cells. The inflammatory conditions induced by these viruses have been 

observed to disrupt cellular polarity, increasing the infection and transmission of the virus as 

a result (Mee et al 2009). 

More than 40 proteins have been identified within the tight junction complex. These can be 

divided into three major categories (Latorre et al. 2006): 
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Transmembrane proteins 

Tight junctional transmembrane proteins include the tight junction–associated MARVEL 

protein (TAMP) family (occludin, tricellulin and marvelD3), the claudin family 1-24, and 

Junctional Adhesion Molecules (JAMs). All transmembrane proteins span the cell 

membrane and are anchored to the cytoskeleton via cytoplasmic plaques/scaffold proteins 

(Latorre et al. 2006). 

Cytoplasmic plaques/scaffold proteins 

Cytoplasmic plaques/scaffold proteins include Zonula Occluden proteins (ZO-1, ZO-2, and 

ZO-3), PATJ, MUPP1, cingulin and the angiomotin family. These proteins are responsible 

for linking tight junctional proteins to the cytoskeleton and are involved in regulating 

numerous signal transduction pathways (Guillemot et al. 2008) 

Associated/regulatory proteins  

Associated/regulatory proteins include such families as the RAB and Rho subfamily along 

with important polarity complexes such as crumbs and PAR. They are often targets 

involved in scaffold protein signal transduction (Anderson & Van itallie 2009) 

1.4.1 Claudins: Distribution and Function 

Claudins are tight junctional membrane proteins that form paracellular barriers and pores 

which regulate the selective permeability to small ions and solutes. They were first identified 

in 1998 by Mikio Furuse and Shoichiro Tsukita in purified junctional fractions of chicken liver 

(Furuse et al 1998). Furuse (1999) later demonstrated claudins to be the major structural 

component of the tight junction by overexpressing them in fibroblasts that ordinarily do not 

produce tight junctions. As a result, strands of fibroblasts formed with junctional complexes 

that resembled tight junctions. Since then a multitude of studies focusing on overexpression 

or silencing of claudins has provided evidence of their role in forming both paracellular 
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barriers and pores within the tight junction and determining the permeability properties of 

epithelial and endothelial cells (Oliveira and Morgado-Diaz 2007)   

 The human claudin family to date is comprised of 27 members, which exhibit 

complex tissue-specific patterns of expression. They range from 20 to 34 kDa in size, with 

most around 22 to 24 kDa. Claudins are expressed in all known epithelial tissues in a 

variable tissue-specific manner of expression. Expression of different combinations of 

claudins can give rise to differences in the sealing properties of tight junctions and 

ultimately the permeability properties of tissues. The differing requirements of selective 

permeability in tissues means multiple different claudins are often co-expressed to achieve 

this (Capaldo and Nusrat 2015). 

 

Tissue Claudin Reference  

Stomach 3, 4, 5, 12, 18, 23 

(Rahner et al. 2001) 

(Hewitt et al. 2006) 

(Katoh 2003) 

Intestine 1, 2, 3, 4, 5, 7, 8, 10, 12, 15, 18, 20, 21, 23 
(Fujita et al. 2006) 

(Holmes et al. 2006) 

Liver 

1 (Tight junctions of hepatocytes, lateral 
membrane of bile duct cholangiocytes) 

2 (Tight junctions of hepatocytes. Levels increase 
from periportal to pericentral hepatocytes) 

3 (Expressed in hepatocyte and cholangiocyte 
tight junctions) 

5 (Expressed in endothelial cells of the portal veins 
and hepatic arteries) 

6 

(Hadj-Rabia et al. 2004) 

(Rahner et al. 2001) 

(Zheng et al. 2007) 

(Jakab et al. 2010) 
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Tissue Claudin Reference  

7 (Expressed in the basolateral membrane of 
cholangiocytes but not in hepatocytes) 

8, 9, 14 

Gall bladder (Strongly expressed) 1, 2, 3 ,4, 10 (Weakly 
expressed) 7, 8 (Laurila et al. 2007) 

Respiratory 
tract 

(Proximal) 1, 3, 4, 5, 7, 10 (Confined to Clara cells), 
18 (distal) 3, 4, 5, 7, 8, 15, 18 

(Coyne et al. 2003) 

(Moldvay et al. 2007) 

(Wang et al. 2003) 

Epidermis 1, 4, 7 > 3, 5, 8, 11, 12, 17 (Brandner et al. 2002) 

Eye (Cornea and conjunctiva)1, 4, 7 (Conjunctiva) 10  (Yoshida et al. 2009) 

Salivary gland 10 > 1, 2, 3, 4, 7, 8, 12 (Maria et al. 2008) 

Mammary gland 1, 2, 3, 4, 5, 7, 8, 15, 16 
(Markov et al. 2012) 

(Jakab et al. 2008) 

Taste bud 4, 6, 7, 8 (Michlig et al. 2007) 

Exocrine 
pancreas 1, 2, 3, 4, 5, 7 (D'Souza et al. 2009) 

Retinal pigment 
epithelium 19 > 3, 10  (Xu et al 2005) 

Choroid plexus 1, 2, 5, 11 
(Lippoldt et al. 2007)  

(Morita et al. 1999) 

Cochlea 
(Organ of Corti & striae vascularis marginal cells); 
1, 2, 3, 8, 9, 10, 12, 14, 18 (Striae vascularis basal 
cells) 11 

(Kitajiri et al. 2004) 

Ovary 1, 5 (Zhu et al. 2007) 

Prostate 1, 3, 4, 5, 7, 8, 10 (Sakai et al. 2007) 

Epididymis 4, 7 > 2, 5, 10 (Dube et al. 2007) 
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Tissue Claudin Reference  

Seminiferous 
tubule 3, 5, 11 

(Morita et al. 1999) 

(Morrow et al. 2010) 

Urinary bladder 4, 8, 12 (Acharya et al. 2004) 

Table 1.1: Normal tissue specific claudin expression. The table outlines the expression patterns in 
of claudin family members in normal tissue development.  

 

1.4.1.2 Claudin structure  

The structure of claudins within the protein family is highly conserved throughout the animal 

kingdom, showing little change between species (Simske 2013). Claudins along with the 

tight junction–associated MARVEL protein (TAMP) family (occludin, tricellulin and 

MARV3D) are all tetraspanin proteins that share the same topology of four transmembrane 

domains, two extracellular domains, and cytoplasmic N- and C-termini. Although similar in 

structure, no members of the claudin family show any sequence homology to occludin 

(Koval 2013). The two extracellular domains (EL1, EL2) are formed as the protein chain 

crosses the cell membrane four times, thereby simultaneously creating the four 

transmembrane domains (TM1-4). The first extracellular domain forms a loop of 

approximately 60 amino acids that mediates paracellular ion selectivity. Motifs in this first 

extracellular loop create a region important for Hepatitis C virus (HCV) entry. The first 

extracellular domain also contains two highly conserved cysteine residues that from an 

intramolecular disulphide bond thought to improve the stability of the protein chain. The 

second extracellular domain also forms a shorter loop of approximately 24 amino acids and 

is thought to aid in claudin oligomerization and Clostridium perfringens enterotoxin (CPE) 

binding. The cytoplasmic carboxy-terminal typically ranges from 21 to 63 amino acids in 
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length but in the case of claudin-23 can be as large as 106 amino acids (Lal-Nag & Morin 

2009). The cytoplasmic N-terminal region however is much shorter, usually around 7 amino 

acids in length, and to date appears not to interfere with claudin assembly or function 

(Koval 2013). Figure 1.10 shows the generalised structure of the claudin monomer.   

 

 

 

 

 

 

 

 

Figure 1.10: Schematic representation of the claudin monomer. The diagram illustrates the 
conserved structural features present in all claudin monomers with some known interactions 
labelled.  EL1 and EL2 represent the two extracellular loops 1 and 2, respectively. EL1 is known to 
be important in regulating paracellular ion selectivity and EL2 is involved in claudin-claudin 
oligomerization. The four transmembrane domains are labelled TM1 to TM4. Regions which are 
important for Hepatitis C virus (HCV) entry and Clostridium perfringens enterotoxin (CPE) binding 
are shown (Lal-Nag and Morin 2009). 

The carboxy-terminal of claudins contains a PDZ binding domain that enables signal 

transduction to PDZ containing cytoplasmic scaffolding proteins such as ZO-1, ZO-2, ZO-3, 

multi-PDZ domain protein (MUPP)-1 and PALS-1 associated TJ protein (PATJ). This region 

shows the greatest amount of sequence and size heterogeneity despite being the most 

highly conserved region within the claudin family.  

 

Some materials have been removed from this thesis due to Third Party Copyright considerations. 
Pages where material has been removed are clearly marked in the electronic version. The unabridged 
version of the thesis can be viewed at the Lanchester Library, Coventry University.
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1.4.1.3 Claudin-Claudin interactions  

Claudins are known to display complex tissue-specific patterns of expression. The claudin 

composition of any given tissue dictates the paracellular permeability that will be variable to 

compounds of different molecular weights and charges. Intermolecular Claudin-Claudin 

interactions are responsible for regulating the function of the tight junction. Claudin isoforms 

have the potential to intermix, producing variable tight junction strands. The interactions 

between different claudin isoforms may provide a mechanism of selective barrier 

permeability (Findley & Koval 2009).       

 Claudins have been observed to interact in two orthogonal orientations similar to that 

of the adherence junctional proteins cadherins. As a result, claudins have adopted the 

same nomenclature of that of cadherin interactions. Claudin molecules which interact with 

other claudins laterally in same plane of the plasma membrane are termed cis-interactions, 

whereas claudins that interact with other claudins on opposing plasma membranes are 

termed trans-interactions. Claudins can also form homo and heterophilic interactions with 

other claudin isoforms as shown in figure 1.11 (Krause et al 2008).  
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Figure 1.11: Example homophilic and heterophilic cis- and trans-interaction possibilities of 
claudin-1 and -3. The diagrams represent possible interactions between claudin family members, 
the example given here involved claudin-1 and claudin-3. The upper table represents tight 
junctional strands consisting of (A) homophilic cis- and trans-interactions, (B) heterophilic trans-
interaction and homophilic cis-interaction (C) homophilic trans-interaction and heterophilic cis-
interaction as well as (D) heterophilic cis- and trans-interactions. The lower part of the diagram 
illustrates how individual claudin monomers can interact via homo/heterophilic and cis/trans 
interactions (Krause et al 2008). 

1.4.2 Occludin 

Occludin is a 522 amino acid, ∼65 kDa integral membrane tight junction protein, first 

discovered in avian tissue by Furuse et al in 1993. It was confirmed as the first tetraspan 

tight junction protein to be identified and is present in the tight junctions of epithelial and 

endothelial cells, but not fibroblasts (Cummins 2012). Two isoforms of occludin exist that 

are formed via alternative mRNA splicing, however no difference has been observed in their 

 
Some materials have been removed from this thesis due to Third Party Copyright considerations. Pages where 
material has been removed are clearly marked in the electronic version. The unabridged version of the thesis can 
be viewed at the Lanchester Library, Coventry University.
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function or tissue distribution (Muresan et al 2000).      

 As a tetraspan tight junctional protein, occludin shares a similar structure to claudin. 

They both consist of two extracellular domains, four transmembrane domains, N- and C-

termini and a short cytoplasmic loop. Unlike claudin, the two extracellular domains are 

almost identical in size; EL1 and EL2 are approximately 46 and 48 amino acids long. 

Occludin also contains substantially larger cytoplasmic C-termini, which is represented by a 

significantly larger molecular mass compared to claudin (Morrow et al 2010). The extended 

C-terminus is essential in signal transduction involved in facilitating occludin dimerization 

and interactions with cytoplasmic proteins such as ZO-1, which mediates occludins 

intracellular trafficking to the tight junction (Cummins 2012). Localisation of occludins 

within the tight junction of both epithelial and endothelial cells are also depended upon is 

phosphorylation. Phosphorylated occludin is intergraded into the tight junction complex 

whereas non-phosphorylated occludin is located toward the basolateral membrane and 

cytoplasmic vesicles (Wong 1997).       

 The C-terminal domain of occludin has been identified as regulator of signal 

transduction. Osanai et al (2006) has demonstrated that this domain is able to receive and 

transmit cell survival signals. Loss of occludin during carcinogenesis is common in many 

cell types and often correlates to increased invasion and metastasis. Overexpression of 

occludin in several cancer cell lines has resulted in an upregulation of apoptotic factors via 

an increased gene expression of apoptotic pathways. As a result, overexpression of 

occludin in these cell lines presents a reduction in tumor progression and invasion. This 

suggests that occludin functions not only as a structural constituent of the tight junction, but 

a regulator of signal transduction of a number of pathways.     

 The role of occludin in the tight junction is complex; it is thought to function as a 

paracellular barrier and participate in tight junction stability (Cummins 2012). However, 
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Saitou et al (2000) demonstrated that genetically altered occludin −/− mice produced tight 

junctions that did not appear to be affected morphologically. The barrier function of the 

intestinal epithelium was also examined electrophysiologically and also appeared to be 

normal, however, the mice displayed may other defects such as chronic inflammation, 

hyperplasia of the gastric epithelium, calcification in the brain, and thinning of several bone 

structures. The data therefore indicated that occludin is likely to regulate the tight junction 

rather than uphold the structure and assembly itself (Saitou et al 2000). 

1.4.3 Tricellulin 

Tricellulin, otherwise known as marvelD2, is a tetraspan tight junction protein uniquely 

concentrated at tricellular contacts in epithelial cellular sheets. They consist of two 

extracellular domains, four transmembrane domains, N- and C-termini, and a short 

cytoplasmic loop. Four isoforms of tricellulin can be found in humans ranging from 51-64 

kDa via alternative splicing of the human tricellulin gene, TRIC. The structure of tricellulin 

resembles that of occludin with approximately 133 amino acids conserved between them, 

predominantly at the C-terminus, which accounts for 32% homology (Mariano et al 2011).    

 Tricellulin knockouts in mouse Eph4 epithelial clones drastically compromised tight 

junction organization. An increase in paracellular permeability, and a decrease in 

transepithelial electrical resistance, were observed, suggesting that tricellulin is directly 

involved in barrier formation within the tight junction (Ikenouchi et al 2005).   

 Tricellulin was reported to relocate from the tricellular to the bicellular tight junction in 

occludin knockdown MDCK II cells, in part restoring the phenotype of normal occludin 

expression. This suggests that tricellulin may compensate, to some degree for some of 

occludins function (Ikenouchi et al 2008).      

 Mutations in a tricellulin isoform tricellulin-a (TRIC-a) have been observed to cause 
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nonsyndromic deafness in humans. This is particularly interesting as only the hearing is 

affected given the widespread tissue distribution of tricellulin in human epithelial cells 

(Riazuddin et al 2006) 

1.4.4 Junctional Adhesion Molecules (JAM) 

Junctional adhesion molecules JAM-A, -B and -C are members of the immunoglobulin (Ig)-

like glycoproteins involved in cellular adhesion and tight junction formation. All three JAM 

molecules consist of a single peptide approximately 30-40ka, with two Ig-like domains, a 

transmembrane domain and a cytoplasmic tail (Bazzoni 2003). The intracellular cytoplasmic 

tail contains a PDZ domain-binding sequence, similar to other tight junction proteins. This 

domain mediates binding to ZO-1, AF-6, MUPP1 and the cell polarity proteins PAR-3 and -

6. In this way they are thought to be involved in tight junction and cell polarity formation. 

JAM-A, JAM-B, and JAM-C can all dimerise via homophilic binding forming junctions 

between adjacent cells. They have also displayed the capacity to bind to leukocytes and 

platelets via interactions with integrins, and other JAM molecules. Therefore, JAMs are 

recognised to have two main purposes; to mediate cell to cell adhesion and tight junction 

formation, and to mediate leukocyte-endothelial cell interactions in immune responses 

(Ebnet et al 2004).  

1.4.5 Zonula Occludens  

Zonula Occludens, or ZO proteins, as they are often referred to, are scaffold proteins 

associated with intercellular junctions. The first TJ-associated protein to be identified was 

ZO-1 (220kDa), using a specific monoclonal antibody raised against a preparation of liver 

membranes. ZO-2 (160 kDa) and ZO-3 (130 kDa) were later identified as proteins that co-

immunoprecipitated with ZO-1 (Guillemot et al. 2008). ZO proteins are comprised of three 
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variants ZO-1, ZO-2, and ZO-3 which belong to the MAGUK (membrane-associated 

guanylate kinase-like homologs) family. They contain PDZ domains followed by SH3 and 

GuK regions with a carboxyl end that features an acidic domain and proline-rich region. 

These characteristics are common to all MAGUK proteins (Bauer et al. 2010). Figure 1.12 

shows a number of proteins that able to bind to ZO-1, -2, and -3. Although they share the 

same basic structure, sequence variation changes the binding properties of these proteins 

which ultimately gives them differing characteristics.    

Figure 1.12: Interaction of proteins with Zonula Occludens, ZO-1, -2, and -3. The diagram 
illustrates interactions between zonula occludens (ZO)-1, -2, and -3 and tight 
junctional/cytoskeleton proteins. ZO proteins contain 3 PDZ (post-synaptic density 95/Drosophila 
disc large/zona-occludens) domains, a SH3 (Src homology-3) domain and a GUK (region of 
homology to guanylate kinase). Several junctional and cytoskeleton proteins interact with ZO 
proteins via these domains. In this way ZO proteins form a scaffold linking these junctional proteins 
to the actin cytoskeleton (Lee 2015). 

 

The multiple protein binding domains featured in ZO-1, -2 and -3, create and maintain multi-

molecular complexes at subcellular sites that are usually clustered at the tight junction. 

They comprise of cell adhesion molecules, receptors, cytoskeletal proteins, ion channels, 

transcription factors, and signalling compounds. All ZO proteins directly bind to actin 

filaments, creating a scaffold and producing the structural basis of multi protein complexes 

that link junctional proteins to the cytoskeleton. ZO-1 and -2 bind to the actin skeleton via 
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the terminal –COOH regions, whereas ZO-3 binds through a domain located in the N-

terminal region. ZO proteins also possess the ability to indirectly bind to the actin skeleton 

via a number of actin binding proteins such as α-catenin, cortactin, and cingulin (González-

Mariscal et al 2008). 

Evidence has proposed ZO proteins are not only involved in structural barrier 

mechanisms but participate in signal transduction and transcriptional modulation. For 

example, ZONAB has a high affinity for the Src-homology-3 (SH3) domain of ZO-1. 

However, if ZO-1 is downregulated or missocialised, ZONAB translocated to the nucleus 

and promotes cell proliferation via the upregulation of cyclin D1 (Pozzi & Zent 2010). 

ZO proteins are known to interact directly with a number of tight junctional 

transmembrane proteins such as occludin, claudins, JAM, and tricellulin (González-Mariscal 

et al 2008). Their role as a scaffolding protein allows them to interact with a number of 

molecules and receptors, thereby acting as an intermediate between extracellular proteins 

and intracellular signalling molecules.  The ability of ZO proteins to cross talk to intracellular 

signalling pathways enables them to regulate gene transcription and cell proliferation in 

response to changes in cellular adhesion, intercellular permeability, and other changes to 

extracellular conditions. ZO proteins are known to influence transcriptions factors such as 

Fos, Jun, ZONAB, C/EBP and KyoT2, heat shock protein Apg-2, and cell cycle regulators 

such as cyclin D1 (González-Mariscal et al 2008). 

1.5 Tight junctions in cancer  

Tight junctions are conventionally known for their barrier forming and paracellular solute 

regulating roles (Trimble & Grinstein 2015). However, tight junctional complexes have been 

found to maintain cellular adhesion between epithelial cells and are important in maintaining 

the strict organisation of tissues. One of the initiating steps during cancer invasion and 

https://www.nature.com/articles/nrm1055#df17
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metastasis is the disassociation of malignant cells from the primary tumour, and the 

penetration of the neighbouring vasculature. Therefore, tight junctions and associated 

adhesion must be moderated to enable cancer cells to overcome this barrier and 

subsequently metastasise (Martin & Jiang 2009).      

 During cancer progression, tight junctions can be modulated in a number of ways. 

The upregulation of growth factors and cytokines secreted by the tumour cells themselves 

or by inflammatory cells in the tumour stroma can cause a dysregulation of tight junctional 

constituents. Regulatory mechanisms such as EMT, which are frequently involved during 

cancer metastasis, can upregulate associated transcription factors causing epigenetic 

changes to tight junction constituent promoter regions (Ikenouchi et al 2003). Mutations 

present in the functional regions of tight junctional proteins can cause non-functional 

proteins, creating leaky barriers and reduced cellular adhesion (Runkle & Mu 2013). Other 

regulatory elements such as RhoGTPases are able to disrupt cellular polarity and prevent 

effective TJ formation (Gopalakrishnan et al 1998). All of these mechanisms can be 

exploited by cancer cells during metastasis in response to physiological and environment-

specific requirements.         

 The extent in which tight junctions are involved in tumour progression is still 

unknown. While it is true that their barrier function must be controlled to mediate migration, 

it appears that tight junctions, in conjunction with their associated multiprotein structures, 

can regulate core cellular processes such as polarity, proliferation, and differentiation. 

Furthermore, it is becoming clear that tight junctions not only further the progression of 

cancer, but their dysregulation may orchestrate the processes required for oncogenesis 

(Shin et al 2006).          

 The dysregulation of tight junctions in human cancer and cancer cell lines is well 

documented. Both the upregulation and downregulation of tight junction constituents along 
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with their localisation and epigenetic regulation have all be implicated in the progression of 

the disease. The disruption of cell-cell adhesion does not always mean the downregulation 

of tight junctional proteins. The localisation, orientation, and possible modifications that take 

place in cancer can disrupt tight junctional proteins even if they are overexpressed. 

However, it appears the dysregulation of tight junctions and the effects on tumour 

progression as a result, appear to be cancer specific (Martin & Jiang 2009).   

1.5.1 Bladder cancer 

In bladder cancer, claudin-4 has been reported to be upregulated in well-differentiated 

carcinomas but subsequently downregulated in invasive/high-grade tumours. This is 

thought to be due to hypermethylation of the claudin-4 promotor region in these cancers. 

Boireau et al (2007) reported alterations in claudin-4 in 26/39 tumours examined, with 

abnormal cellular localisation of claudins -1, -4 and -7. Boireau et al (2007) also linked the 

downregulated expression of claudin-4 with an approximate 1-year survival rate in these 

patients. 

1.5.2 Breast cancer 

In breast cancer, claudin-1 has been described as a prognostic marker as it is frequently 

downregulated, associated with increased lymph node metastasis and short-term patient 

survival (Morohashi et al 2007). The expression of claudin-1 has also been documented to 

be undetectable in breast cancer cell lines MDA-MB-435 and MDA-MB-361, along with 

occludin and ZO-1 (Hoevel et al 2002). Interestingly, no genetic alterations in the promoter 

or coding sequences of claudin-1 have been identified in sporadic tumours and hereditary 

breast cancer patients, suggesting that the dysregulated expression of claudin-1 during 

breast cancer progression occurs as a result of epigenetic silencing or other regulatory 
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factors (Krämer et al 2000).         

 A comparative study investigated the expression of claudin-1, -3 and -4, by 

immunohistochemistry and real-time PCR, in 56 cases of malignant breast tumours and 

benign lesions. The study revealed significant dysregulation of these claudin family 

members in all 56 sections of breast cancer sections examined. Claudin-1 stained positively 

and was shown to be present, in normal membrane location in non-malignant duct cells, 

and in a small percentage of malignant ductal carcinoma in situ sections. However, claudin-

1 was either undetectable or displayed abnormal/scattered localisation in over 90% of 

secondary breast cancer metastasises, suggesting its downregulation or mislocalisation 

promotes cancer progression away from the primary site (Tőkés et al 2005).  

 Claudin-3 stained positively in 49 of the 56 sections and did not appear to affect the 

invasive nature of the cancer. Claudin-4 stained positively in all sections but was 

significantly higher in benign lesions and almost undetectable in grade 1 ductal carcinomas. 

Taken together, it appears that both claudin-1 and -4 may play a role in the invasion and 

metastasis of breast cancer (Tőkés et al 2005).      

 Both occludin and ZO-1 expression are frequently downregulated in breast cancer 

compared to normal breast tissue. The downregulation of occludin in breast cancer has 

been associated with tumour progression. Experimental forced expression of occludin 

promoted oxidative stress, and anoikis based apoptosis (Osanai et al 2007). ZO-1 is 

documented to be significantly reduced or absent in 42% of well differentiated breast 

cancers, 83% of moderately differentiated and of 93% of poorly differentiated tumours. The 

decreased expression of ZO-1 correlates with the increase in tumour grade and inversely 

with tumour differentiation in breast cancer (Hoover et al 1998). 
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1.5.3 Colon cancer 

A study investigating the expression of claudin-1, -4, occludin, and ZO-1 in 129 patients 

with stage II colon cancer found the expression of all of these tight junction constituents to 

be dysregulated. Claudin-1 was normal or elevated in 75% of tumours, claudin-4 in 58%, 

occludin in 54% and ZO-1 in 44%. However, they found that low expression of claudin-1 

and ZO-1 correlated with increasing tumour grade and associated poor prognosis. Further 

analysis indicated that low claudin-1 levels in colon cancer was linked to increased 

lymphovascular invasion and was a strong independent predictor of recurrence (Resnick et 

al 2005). Interestingly, other studies have reported increased claudin-1 and decreased 

levels of claudins -8 and -12 in colon cancer with both membranous and intracellular 

vesicular staining. Both the overexpression and the absence of claudin-1 in colon cancer 

has be associated with a poor prognosis and increased tumour staging (de Oliveira et al 

2005). The increased expression of claudin-1 in colon cancer is thought to correlate with 

the increase of β-catenin/TCF4 and ZEB1 and has been shown to induce EMT in those 

cells (Huang et al 2014). The differential expression of claudin-1 in colon cancer is thought 

to be associated with the initiation and progression of the disease, where both the 

increased and decreased levels of the protein are of prognostic value.  

1.5.4 Lung cancer 

The composition of tight junction constituents seems to be cell type specific in lung 

carcinomas. Squamous cell carcinomas and basal cells of bronchial epithelium have been 

shown to have increased expression of claudin-1 and decreased expression of claudin-5. 

Whereas, adenocarcinomas, normal cylindrical cells, and pneumocytes presented with 

increased claudin-5 and decreased claudin-1 expression (Paschoud et al 2007). The 

authors of this study made an interesting observation, noting that squamous cell 
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carcinomas and colon cancers often present with high claudin-1 levels, whilst glandular-

based lung cancers and breast cancers present with low claudin-1 levels. This divide 

suggests that cancers originating from epithelial/squamous cells are likely to develop a high 

claudin-1 associated carcinoma, whereas cancers originating from glandular components 

are more likely to present with a claudin-1 low phenotype.     

 Both squamous cell carcinomas and adenocarcinomas presented with positive 

claudin-4 and ZO-1 staining. Although, at the mRNA level both lung carcinomas presented 

with decreased expressions of claudin-3, claudin-4, claudin-7, ZO-2 and ZO-3, with 

squamous cell carcinomas also showing decreased levels of JAM-1, occludin, and Cingulin 

(Paschoud et al 2007).         

 Occludin staining did not show any positivity in any cases of squamous cell 

carcinoma, large cell carcinoma, small cell carcinoma, or large cell neuroendocrine 

carcinoma despite showing strong staining in all other surrounding normal lung tissues. 

These results suggest occludin could be an accurate Immunohistochemical indicator 

distinguishing between normal and malignant lung tissues (Tobioka et al 2004).  

1.5.5 Pancreas cancer 

In a similar pattern to lung carcinomas, carcinomas originating in different tissues of the 

pancreas express differing tight junction profiles. Carcinomas originating from normal 

pancreatic acini and ductal cells show strong immunological staining and increased mRNA 

expression of claudins-1, -3, -4, and -7 but were negative for claudin-13. Pancreatic 

endocrine tumours displayed no staining for claudin-1 and -4. However, both Langerhans 

islets and pancreatic endocrine tumours displayed claudin-3 and -7 positive 

immunohistochemistry. Claudin-2 expression was detected in around 50% of ductal 

adenocarcinomas, although the staining pattern was irregular and scattered. Claudin-2 
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expression was undetectable in the majority of Pancreatic endocrine tumours (Borka et al 

2007).             

 A study investigating the expression and localisation of ZO-1 found that 

pancreatic ductal adenocarcinoma samples contained significantly higher (6-fold) levels 

compared with normal pancreatic samples. In normal pancreatic tissue with or without 

chronic pancreatitis, ZO-1 is located the apical/apicolateral domains. However, during 

metastasis pancreatic carcinoma cells display a range of ZO-1 localised staining from 

apical and apicolateral, to diffuse membranous staining. The increased expression of ZO-1 

and its abnormal localisation during the lymphatic invasion of these cells, may imply that the 

scaffold protein confers a metastatic advantage to pancreatic cancer cells (Kleeff et al 

2001).             

 A decreased expression of JAM-A has been associated with a poor prognosis in 

pancreatic cancer (Fong et al 2012). Over 40% of samples specimens examined presented 

with low or delocalised JAM-A staining. The low expression of the junction protein was 

shown to correlate with increased lymph node invasion, distant metastasis, and increased 

tumour grade. As a result, JAM-A has been described as an independent predictor of poor 

outcome and a potential biomarker of the disease (Fong et al 2012).  

 

1.6 Tight Junctions in hepatocellular carcinoma 

As with the majority of cancers, HCC presents with a defining profile of junctional proteins 

during the initiation and progression of the disease. The profile produced has been 

suggested to confer an advantage during malignant transformation, with the expression of a 

number of tight junctional proteins correlating with patient prognosis.  
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1.6.1 Junctional proteins downregulated in hepatocellular carcinoma 

Claudin-2 is frequently downregulated in HCC, with decreased expression recorded at both 

the protein and mRNA level compared to normal and surrounding liver tissues. The 

dysregulation of claudin-2 coincides with the decreased expression of hepatocyte nuclear 

factor–1α (HNF-1α) in the disease. HNF-1α is thought to be a positive regulator of claudin-2 

in HCC. Claudin-2 has been documented to be required for cell polarity in hepatic cells. 

Taken together, it appears claudin-2 acts as a tumour suppressor by maintaining cellular 

polarity in HCC (Holczbauer et al 2013).       

 Claudin-3 is either undetectable or found at very low levels in the majority of HCC 

cases. Over 75% of HCC tissue samples and 65% of HCC cell lines contain downregulated 

or undetectable levels of the tight junction protein. In both cases, the downregulation is 

commonly associated with claudin-3 promoter hypermethalation (Holczbauer et al 2013). 

The low levels of claudin-3 in HCC have also been associated with increased cell motility, 

cell invasiveness, and tumor formation in experiments involving nude mice. Claudin-3 was 

shown to supress the invasive phenotype of HCC by inactivating Wnt/β-catenin and 

subsequently inhibiting epithelial mesenchymal transition. Claudin-3 has therefore been 

described as a metastasises suppressor in HCC (Jiang et al 2014).   

 Claudin-4 is typically undetectable or found at very low levels in HCC but is 

significantly increased in biliary tract cancers (Lódi et al 2006). The decreased expression 

of claudin-4 is associated with increased tumour grade (grade III and IV), increased 

recurrence rate and low disease-free survival rate in the disease. The increased levels of 

the protein are an independent prognostic factor for survival prognosis in the disease 

(Bouchagier et al 2014).          

 The expression of claudin-5 has been documented to decrease with increasing 

tumour grade in HCC. It is normally expressed in hepatocytes and in sinusoidal endothelial 
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cells but is frequently downregulated during hepatitis or fibrosis. The downregulation of 

claudin-5 has been associated with poor overall survival, with an increase in the protein 

representing an independent prognostic factor for the disease (Bouchagier et al 2014).

 The expression of ZO-1, occludin and tricellulin have been documented to be 

decreased in both primary HCCs and secondary metastases compared with normal liver 

tissue (Holczbauer et al 2013). In normal liver tissue, both occludin and ZO-1 are strongly 

expressed at the bile canaliculi with weaker, sometimes absent expression on apical, 

apicolateral, and basal membranes. In HCC, occludin and ZO-1 are commonly localised in 

the cytoplasm, if at all. The intracellular localisation is thought to indicate the loss of function 

of the tight junctional proteins (Bouchagier et al 2014). The expression of occludin and 

tricellulin is thought to not have any prognostic value in HCC, but the decreased expression 

of ZO-1 has been described as a predictive marker associated with poor prognosis in 

patients with HCC after hepatectomy (Nagai et al 2016).  

1.6.2 Junctional proteins upregulated in hepatocellular carcinoma 

Reports have suggested differing expression levels of claudin-7 in HCC. Holczbauer et al 

reported no significant change of claudin-7 expression immunochemistry during HCC 

compared to non-tumorous liver (Holczbauer et al 2013). Whereas, Bouchagier et al 

reported an increase of claudin-7 expression during the disease, and that a downregulation 

of the protein is an independent prognostic factor for increased overall survival (Bouchagier 

et al 2014).           

 Claudin-10 has emerged as an interesting inducer of invasive qualities during HCC 

development. Experimental overexpression of the tight junction protein in Hep3B cells, 

which ordinarily show undetectable levels of claudin-10, promoted cancer cell survival, 

motility, and invasiveness. Further analysis revealed that the overexpression of claudin-10 
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in these cells increased MMP2 and MT1-MMP as well as claudin-1, -2, and -4 (Martin & 

Jiang 2009). The same authors used siRNA knockdown to silence claudin-10 in an invasive 

HCC cell line, HLE, which is associated with overexpression of the tight junction protein. As 

a result, the siRNA knockdown of claudin-10 reduced the expression of MMPS and claudin-

1, whilst decreasing the invasive nature of the cells. Despite this, as yet no data exists 

about the typical expression levels of claudin-10 in HCC patient samples (Ip et al 2007) 

1.7 Claudin-1 in hepatocellular carcinoma 

The documented expression of claudin-1 and its effects in HCC have been controversial in 

the literature. As with a number of other cancers, claudin-1 has been linked to the 

progression of the disease, but the mechanisms in which it elicits its effects are under 

dispute. Previous studies believed that many cancers followed the breast cancer 

expression prolife of claudin-1, where low expression promoted invasion and metastasis, 

and increased expression caused suppression of this phenotype (Myal et al 2010). While 

this is still true for some cancers, such as breast and lung, other cancers such as colon, 

show a greater complexity of claudin-1 involvement in the disease (Chao et al 2009). In 

colon cancer, both claudin-1 overexpression and silencing has been reported to promote 

tumour progression and metastasis. Overexpression of the tight junction constituent has 

been linked to the upregulation of invasive markers and even the induction of EMT in a 

recent study (Bhat et al 2016). While the decreased expression of claudin-1 has been 

associated with increased tumour grade and lymph node metastasis (Ersoz et al 2011). 

This duel role of claudin-1 in colon cancer is not unique, with similar occurrences observed 

in HCCs, where both increased and decreased expression of claudin-1 is associated with a 

poor patient prognosis. HCC cell lines with increased claudin-1 levels are reported to be 

more invasive with upregulated expression of MMPs (Yoon et al 2010). Furthermore, data 
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obtained from HCC tissue sections has demonstrated that increased claudin-1 levels 

correlated with higher grades of tumour. Interestingly, the decreased expression of claudin-

1 has also been shown to be associated with tumour dedifferentiation, poor prognosis, and 

lower survival rates after hepatectomy (Higashi et al 2007). Despite these observations, 

very little is known about how claudin-1 influences the initiation and progression of HCC, 

particularly the underlying mechanisms that drive hepatocarcinogenesis, and the invasive 

and metastatic phenotype that is strongly associated with the disease.   

1.8 Aims and Objectives 

Evidence suggests that both the increased and decreased expression of claudin-1 

contributes to in the initiation and progression of HCC. However, this data originates from 

the observational findings of previous HCC cases, the exact underlying mechanisms by 

which claudin-1 modulates this invasive phenotype remains unclear. In this study, we aim to 

investigate the role of claudin-1 in the initiation and progression of HCC. The HepG2 

hepatocellular carcinoma cell line was used to examining the molecular mechanisms in 

which claudin-1 orchestrates the biochemical and functional changes that are observed 

during the disease. Therefore, the aims of this thesis are to:  

1. Investigate the in vitro migratory capacity of claudin-1 overexpressing and claudin-1 

silenced HepG2 cells. 

2. Determine the expression of the tight junction profile in the claudin-1 overexpressing 

and claudin-1 silenced HepG2 cells. 

3. Determine the expression of genes associated with epithelial-mesenchymal 

transition in the claudin-1 overexpressed and claudin-1 silenced HepG2 cells. 

4. Determine the expression of tumour metastasis and associated genes in the claudin-

1 overexpressing and claudin-1 silenced HepG2 cells. 
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5. Determine the expression profile of MicroRNAs in claudin-1 overexpressing and 

claudin-1 silenced HepG2 cells. 

Determining the migratory capacity, the gene expression profile of miRNAs and the gene 

expression profile of tight junctional, EMT and tumour metastasis genes will allow a greater 

understanding of how claudin-1 can influence the malignant hallmarks often seen in 

hepatocellular carcinoma. The intention is that this data can aid in stratifying HCC patient 

groups using the molecular markers outlined during this work. Ultimately this could aid in 

determining patient treatment and possibly give an indication of patient prognosis.  
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Chapter 2: Materials and methods  

2.1 Materials 

2.1.1 Standard solutions 

2.1.1.1 Solutions for cell culture 

X10 Phosphate Buffered Saline (PBS) (Ca2+ and Mg2+ free) 

80g of NaCl (sigma S7653-5KG), 2g of KCL (sigma P9541-500G), 14.4g of 

Na2HPO4.12H2O (sigma S5136-500G), and 2g of KH2PO4 (sigma P5655-500G) were 

dissolved in 1 litre of RO/DI water. The solution was adjusted to PH 7.4 and autoclaved. 

PBS can be stored at room temperature until needed.  

 

X1 PBS 

X10 PBS was diluted to x1PBS (100ml with 900ml RO/DI water) prior to use. 

 

Trypsin/EDTA x10 

100ml of x10 Trypsin/EDTA (LabTech XC-T1717/100) was diluted in 400ml sterile PBS. 

The diluted trypsin/EDTA was divided into 10ml aliquots stored at -20oC until needed. 

Trypsin/EDTA is used for enzymatic cellular detachment in routine cell culture.  

 

70% IMS 

700ml of 99% Ethanol denatured with methanol (industrial methylated spirit) (VWR 

23684.444) was mixed with 300ml RO/DI water. IMS was transferred to spray bottle for use 

in sterilisation. IMS can be stored at room temperature until needed.  
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2.1.1.2 Microbiological solutions  

Luria Bertani (LB) broth with glucose 

10g of tryptone (sigma T7293-1KG), 5g of yeast extract (sigma Y1625-1KG), 5g of NaCl 

and 1g of glucose (sigma 49159-1KG) was dissolved in 1 litre final volume of RO/DI water. 

The solution was adjusted to PH7.5, autoclaved, allowed to cool and stored at room 

temperature. The addition of selective antibiotics (if required) must only be added once 

cooled. 

 

Luria Bertani (LB) agar 

10g of tryptone, 5g of yeast extract, 5g of NaCl, 1g of glucose and 15g of Bacteriological 

agar (sigma A5306-250GF) was dissolved in 1 litre final volume of RO/DI water. The 

solution was adjusted to PH7.5, autoclaved, allowed to cool and stored at room 

temperature. The solution was steamed for 45 minutes until liquefied. Once liquid, the 

solution was placed in a 55oC water bath to reduce the temperature but allow the solution to 

remain in a liquid state. At this stage selective antibiotics were added. The solution was 

then poured into 10cm2 petri dishes (ThermoFisher 263991) in a category II laminar flow 

cupboard (NuAire) allowed to cool until solid, inverted and stored at 4oC. 

 

TSS buffer 

5g Poly (ethylene glycol) 8000 (Sigma P5413-500G), 0.30g MgCl2.6H20 (Sigma M2670-

100G) and 2.5ml 100% Dimethylsulphoxide (DMSO) (Sigma D8418-100ML) were mixed 

and made up to 50ml using LB broth. TSS buffer was filtered through 0.2um minisart filters 

(Sartorius 17764ACK), divided into 500μl aliquots and stored at -20oC. 
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Ampicillin, sodium salt (50mg/ml) 

500mg of ampicillin, sodium salt (Sigma A0166-5G) was dissolved in 10ml of autoclaved 

Milli Q water, filtered through 0.2μm minisart filter (Sartorius 17764ACK), divided into 1ml 

aliquots and stored at -20oC. 100 microliters of ampicillin, sodium salt was diluted in 100ml 

of LB broth/agar for use as a selective antibiotic.  

 

Chloramphenicol (Water Soluble) (25mg/ml) 

250mg Chloramphenicol (Sigma C3175-100MG) was dissolved in 10ml of autoclaved Milli 

Q water, filtered through 0.2μm minisart filter (Sartorius 17764ACK), divided into 1ml 

aliquots and stored at -20oC. 25 microliters of Chloramphenicol solution were diluted in 

100ml of LB broth/agar for use as a selective antibiotic.  

 

2.1.1.3 Molecular solutions 

75% Ethanol 

75ml molecular biology grade absolute ethanol (Fisher Scientific 10041814) was mixed with 

25ml Milli Q water and stored at RT in an RNase/DNase free container.  

 

0.3M guanidine hydrochloride in 95% ethanol 

2.86g guanidine hydrochloride (Sigma G3272-100G) was dissolved in 95ml molecular 

biology grade absolute ethanol and made up to 100ml total volume with 5ml Milli Q water. 

Solution was stored at RT in an RNase/DNase free container. 
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Tris/Acetate/EDTA Buffer (T.A.E) 

48.4g of Tris-base (sigma T1503-500G), 7.44g of EDTA.Na22H2O (sigma EDS-500G) and 

11.42ml of glacial acetic acid (sigma A6283-500ML-D) was dissolved in autoclaved Milli Q 

water and made up to 900ml. The solution was then PH adjusted to 8.5 and made up to 1 

litre final volume using autoclaved Milli Q water, autoclaved and stored at room 

temperature. The solution will need to be diluted to x1 concentration prior to use in agarose 

gels or running buffer.  

 

T.A.E Agarose Gels   

Table 2.1 shows the amount of agarose (sigma A9539-100G) and T.A.E buffer need to 

create agarose gels used in the separation of RNA during electrophoresis. Once mixed, the 

solution was autoclaved, allowed to cool and solidify, stored at room temperature.  

 

Gel concentration  Agarose x1 T.A.E 

1.0% 0.35g 35ml 

2.0% 0.70g 35ml 

2.5% 0.85g 35ml 

 
Table 2.1: Amounts of Agarose and T.A.E buffer needed for a range of agarose electrophoresis 
gels. The table outlines reagents required to produce different percentage agarose gels. Percentage 
gel varied based on the length of DNA/RNA separated. Volumes provided are per gel.  
 

Tris base/Borate/EDTA buffer (T.B.E) x10 

108g of Tris-base, 55g of boric acid (sigma B7901-500G) and 9.5g of EDTA.Na22H2O was 

dissolved in autoclaved Milli Q water and made up to 900ml. The solution was then pH 

adjusted to 8 using HCL and made up to 1 litre final volume using autoclaved Milli Q water, 

autoclaved and stored at room temperature. The solution was diluted to x1 concentration 

prior to use in agarose gels or running buffer. 
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T.B.E Agarose Gels   

Table 2.2 shows the amount of agarose and T.B.E buffer need to create agarose gels used 

in the separation of DNA during electrophoresis. Once mixed, the solution was autoclaved, 

allowed to cool and solidify, and stored at room temperature. 

 

Gel concentration  Agarose x1 T.B.E 

1.0% 0.35g 35ml 

2.0% 0.70g 35ml 

2.5% 0.85g 35ml 

 

Table 2.2: Amounts of Agarose and T.B.E buffer needed for a range of agarose electrophoresis 
gels. The table outlines reagents required to produce different percentage agarose gels. Percentage 
gel varied based on the length of DNA/RNA separated. Volumes provided are per gel.  

 

2.1.1.4 Immunocytochemistry solutions 

Blocking buffer 

(1% BSA, 22.52 mg/mL glycine in PBST (PBS+ 0.1% Tween 20) 

200mg Bovine Serum Albumin (sigma A9418-50G), 450mg glycine (sigma G8898-500G) 

and 20µl Tween 20 (sigma P1379-100ML) were added to 20ml PBS pH7.4 and mixed 

gently on a tube roller. Blocking buffer was stored at 4oC for a maximum of 48hours. 
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Antibody dilution buffer 

(1% BSA in PBST (PBS+ 0.1% Tween 20) 

200mg Bovine Serum Albumin and 20µl Tween 20 were added to 20ml PBS pH7.4 and 

mixed gently on a tube roller. Antibody dilution buffer was stored at 4oC for a maximum of 

48 hours. 

 

Permeabilization buffer (0.2% Triton x-100/PBS)  

40µl of Triton x-100 (sigma 93443-100ML) was added to 20ml PBS and agitated gently until 

dissolved. Permeabilization buffer was stored at 4oC for a maximum of 2 weeks.  

 

2.1.1.5 Western blotting solutions 

10% (w/v) SDS 

10g Sodium dodecyl sulphate (Sigma L4509-250G) was dissolved in 90ml RO/DI water and 

adjusted to 100ml final volume. SDS was stored at room temperature.  

 

0.5M Tris-HCL (pH6.8) 

6g of Tris-Base was dissolved in 60ml RO/DI water, adjusted to pH6.8 with HCL and the 

total volume adjusted to 100mil with RO/DI water. Tris-HCL was stored at room 

temperature.  
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0.5% (w/v) Bromophenol blue 

100µg of Bromophenol blue (sigma B0126-25G) was dissolved in 10ml RO/DI water and 

stored at room temperature.  

 

Sample buffer (SDS reducing buffer) 

2ml of 10% (w/v) SDS, 1.25ml 0.5M Tris-HCL (pH6.8), 2.5ml glycerol (Sigma G5516-

100ML), 0.2ml 0.5% (w/v) bromophenol blue and 3.55ml RO/DI water (total volume 9.5ml) 

were gently mixed and stored at room temperature. Before use add 1/20 volume β-

Mercaptoethanol (sigma M6250-100ML) i.e. 50ul per 950ul sample buffer. 

 

10x Electrode running buffer (pH8.3) 

10g SDS, 30.3g Tris base (sigma T1503-500G) and 144g Glycine (sigma G8898-500G) 

were dissolved in 900ml RO/DI water and adjusted to final volume 1000ml. 10x Electrode 

running buffer was diluted (100ml with 900ml RO/DI water) prior to use. Electrode running 

buffer was stored at 4oC, warmed to room temperature when needed.  

 

Transfer buffer 

500µl of 10% (w/v) SDS, 200ml Methanol (Fisher Scientific 10002070), 14.4g Glycine, 

3.03g Tris-Base were mixed and made up to 1000ml with RO/DI water. Transfer buffer was 

stored at 4oC, warmed to room temperature when needed. 
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TBST, Washing/Ab/blocking buffer pH7.5 

500µl Tween 20 (sigma P1379-100ML), 5.84g Sodium Chloride (sigma S7653-5KG), 1.21g 

Tris-Base were dissolved in 900ml RO/DI water, adjusted to pH 7.5 using HCL and made 

up to 1000ml final volume. TBST was stored at 4oC, warmed to room temperature when 

needed.  

 

Blocking buffer  

5% (w/v) milk blocking buffer 

5g of non-fat dried milk powder was dissolved in 100ml TBST buffer and filtered through 

general purpose filter paper to remove any undissolved milk. The blocking buffer was 

immediately or stored at 4oC for a maximum 24hours. 

 

0.5% (w/v) milk blocking buffer 

Dilute 5% (w/v) blocking buffer 1/10 with TBST  

 

2.2 Mammalian cell culture 

All cell culture work was performed inside a NuAire category II laminar flow cupboard using 

aseptic technique. 70% IMS spray was used to sterilise laminar flow cupboards upon 

initiation and completion of cell culture. This method of sterilisation was also used when 

switching between cell lines to avoid cross contamination. Laminar flow cupboards were 

also subjected to a minimum of 60 minutes of ultraviolet radiation after finishing cell culture, 

to insure all work surfaces are free from microbiological contaminants. All consumables 

used in cell culture were either purchased sterile or sterilised by autoclaving, prior to cell 

culture taking place. All other instruments were sterilised using 70% IMS spray where 
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necessary. A plastic discard container filled with diluted Distel (VWR 141-0933) was used to 

disinfect and hold any waste liquids, discarded pipette tips and small plastic containers 

used during cell culture. Cell culture flasks, automatic pipette tips and larger plastic 

containers were discarded in external biohazard bins. Lab coats and latex gloves were 

used throughout the cell culture procedure. Gloves were changed periodically, upon 

entering and exiting the laminar flow cupboard, and between cell lines to minimise the risk 

of contamination.  

2.2.1 Mammalian cell culture media  

HepG2 and HEK293T cell lines were maintained using Dulbecco’s Modified Eagle’s 

Medium supplemented with 1% L-Glutamate (LabTech LM-D1109/500), 1% penicillin and 

streptomycin (x100) (LabTech XC-A4122/100) and 10% foetal bovine serum (ThermoFisher 

10500064). 

Transfection procedures for claudin-1 siRNA silencing and lentiviral overexpression require 

antibiotic free media supplemented with L-Glutamate and FBS at 10%.  

Only enough antibiotic free media was produced for the procedure at any one time to avoid 

any possible contamination.  
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2.2.2 Mammalian cell lines 

Liver cancer cell line (HepG2) as well as human embryonic kidney cells (HEK293T) were 

used throughout this study.  

 
Cell Line Species Morphology Gender Age Disease Feature 

HepG2 Homo 
sapiens Epithelial Male 15 years’ 

adolescent 
Hepatocellular 

Carcinoma 

Adherent, 
polarising 

cells which 
form apical 

and 
basolateral 
cell surface 

domains 
along with 
structures 

that resemble 
the bile 

canaliculi and 
sinusoidal 
domains, 

derived from 
liver tissue 

HEK293T Homo 
sapiens Epithelial Unknown Foetus N/A 

Semi 
adherent, 

foetus 
derived cell 

line. They are 
easily 

cultured, and 
transfectable 
with episomal 

DNA so are 
primarily 

used for the 
production of 

various 
retroviral 
vectors. 

Table 2.3: Cell lines used in this study. The table outlines the cell lines used during this thesis with 
information regarding the key features of each one. 
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2.2.3 Mammalian cell line maintenance 

All cells were grown in 25cm2 (T-25) (ThermoScientific 163371) and 75cm2 (T-75) 

(ThermoScientific 153732) Nunc cell culture treated flasks with vent/close caps until 80-

90% confluent. Cells were always allowed to reach confluency before being removed for 

experimental procedures. All cells lines were incubated at 37oC, 5% carbon dioxide and 

95% humidification (containing copper sulfate) (NuAir AutoFlow NU-5500). 

2.2.4 Trypsinisation of cells 

As all cell lines used in this study were adherent therefore trypsinisation must occur to 

detach cells from the surface of the flask for either sub-culture or experimentation. The 

confluency was assessed by observing at the proportion of the flask surface that was 

occupied by cells using an invert light microscope (Nikon Eclipse TS100). Culture media 

was then removed aseptically and discarded. Cells were then washed in sterile, pre-

warmed (37oC) PBS to remove any dead cells and remaining media. Around 2-3ml of PBS 

was added to T-25 flask and 9-10ml for T-75 flasks. Flasks were tilted side-to-side several 

times in a gentle rocking motion to rinse cells. The PBS was then removed and discarded. 

An appropriate volume of x2 trypsin was then added to each flask. Around 1ml for T-25 and 

1.5-2ml for T-75 flasks. The flasks were incubated at 37oC for around 3-5 minutes to 

activate the trypsin. After 3-5 minutes, the cells should detach from the flask surface once 

agitated, this was checked using an invert light microscope. Growth media was then added 

to the flask to inhibit the trypsin: around 2-4ml for T-25 and 4-8ml for T75 flasks. The cell 

suspension was then pipetted up and down against the surface of the monolayer to disrupt 

any remaining cells and break up clumps. Flasks were tilted up-right and the cell 

suspension was pipetted from the bottom corner or edge and transferred to a 30ml sterile 

centrifuge tube. Cells were centrifuged at 1500rpm for 5 minutes to pellet the cells. The 
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supernatant was discarded, leaving a pellet of cells ready for counting for experimentation, 

subculture or freezing.  

2.2.5 Subculture of cells 

The pelleted cells were re-suspended in around 10ml of pre-warmed (37oC) growth media 

by pipetting up and down thoroughly to ensure cells are singular. Antibiotic free media was 

used here for silencing or overexpression experiments. Cells were divided into new culture 

flasks; the split ratio depended on cell type and growth behavior. HepG2 cells at 80-90% 

confluency were split 1:5 every 96 hours. HEK293T cells at 80-90% confluency were split 

1:8 every 96hours. Growth media was replaced every 48hours. Cells were incubated at 

37oC and 5% CO2. 

2.2.6 Cell counting 

The pelleted cells, post trypsinisation, were re-suspended in 8-10ml of pre-warmed (37oC) 

growth media by pipetting up and down thoroughly to ensure cells were singular. 20µl of the 

cell suspension was transferred into a sterile eppendorf tube. 20µl trypan blue dye was 

added to the cell suspension and mixed by pipetting. 20µl of the cell suspension/dye mix as 

loaded onto a hemocytometer counting chamber, viewed at 10x magnification under an 

invert light microscope and counted. 

The haemocytometer contains four 16 square areas in which cell were counted. The 

dimension of each 16 square is 1mm x 1mm x 0.2mm which allows the number of cells per 

millilitre to be determined by the following equation.  

 

Cell number/ml =  �Number of live cells in the four corner,16 square areas
4

× 2� x104 
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2.2.7 Cell freezing and storage 

Cells from an 80-90% confluent, 75cm3 flask were trypsinised and pelleted as previously 

described. Pelleted cells were re-suspended in a mixture of 750μl of FBS and 750μl growth 

media and transferred to a 1.8ml cryopreservation tube (Sarstedt 72.379) placed on ice. 

10% Dimethylsulphoxide (DMSO) (Sigma D8418-100ML) was added drop-wise to the 

FBS/Media/cell suspension to limit any cytotoxic effects. The cryopreservation tubes were 

transferred to the -80oC freezer overnight in a CoolCell LX Cell Freezing Container (Corning 

432001), before long term storage in a liquid nitrogen tank.  

2.2.8 Recovery of frozen cells 

Frozen cells stored in liquid nitrogen were carefully removed and incubated at room 

temperature for 30 seconds, this allowed any remaining liquid nitrogen to dissipate. Cells 

were transferred to a preheated 37oC water bath for three minutes to facilitate rapid 

thawing. Once thawed, cells were transferred to a 20ml centrifuge tube containing 10ml 

complete growth media, preheated to 37oC. Cells were centrifuged at 1500 rpm for five 

minutes to form a pellet. The supernatant was discarded and the cells were re-suspended 

in 15ml of fresh complete growth media and placed in a T75 cell culture flask. Cells were 

then incubated at 37oC, 5% carbon dioxide and 95% humidification overnight. The following 

day, growth media was replaced and cells rinsed in PBS to remove any dead cells and cell 

debris.  

2.2.9 Cellular migration assay protocol 

Migration assays were performed using ibidi 2 well culture inserts (ibidi 80209) in 

accordance with the ibidi protocol, that has been modified as a result of optimization. 

Inserts were sterilised in 100% ethanol for one minute before being washed in PBS and 
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placed on the 6 well plate. The plate was incubated at 37°C until dry, usually 15-20 

minutes. Inverting the plate identified any poorly stuck inserts. Inserts were attached in 

triplicate to allow for some failing to stick. HepG2 cells were counted at seeded into the 

inserts at 5x104 cells per side. Growth media was added so the total volume per side of the 

insert was 100μl.  The plate containing the inserts was incubated overnight in a humidified 

37oC + 5% CO2 incubator. The following morning inserts were checked for leaking 

compartments. The wells containing intact and sealed inserts were filled with 2ml/well cell 

culture media. The inserts were then carefully removed with sterile tweezers and retained. 

The 6 well plate was then imaged under an invert microscope to examine for the pattern 

made by the inserts. Two clear compartments of HepG2 cells divided by a 500μm gap 

should be present. Subsequent images and measurements were taken every 4 hours 

throughout the day. The experiment was terminated if the gap closed completely or if 96 

hours was reached.  

 

2.3 Lentiviral plasmid production 

2.3.1 Preparation of competent Stbl3 E. coli  

Stbl3 E. coli cells stored at -80oC were thawed in a 37oC water bath until completely 

defrosted. The E. coli were then plated on LB-agar plates and then incubated overnight in a 

37oC incubator. A single colony was selected from the streak plate and used to inoculate 

5ml of LB-broth, creating a liquid culture. The liquid culture was incubated overnight at 37oC 

until a thick bacterial culture is formed. 2.5 milliliters of the E. coli culture was transferred 

into a conical flask containing 50ml of LB-broth, and incubated for an estimated 3 hours, 

until a spectrophotometer reading at OD600 of 0.3 was achieved. The culture was then 

chilled on ice for 20 minutes before centrifuging at 4000rpm for 15 minutes at 4oC. The 
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supernatant was discarded leaving a pellet of Stbl3 E. coli cells. This pellet was re-

suspended in 500μl of sterile, ice-cold TSS buffer. At this point cells could be mixed with 

20% glycogen and stored at -80oC.  

2.3.2 DNA transformation protocol  

Competent E. coli Stbl3 cells were taken from the freezer and allowed to thaw on wet ice. 

Competent E. coli cells were divided into 100μl aliquots, allowing for both positive and 

negative controls for each DNA transformation. 100ng of plasmid DNA (CLDN-1 pLenti-C-

Myc-DDK-IRES-Puro and pLenti-C-Myc-DDK-IRES-Puro) was added to separate aliquots 

of competent E. coli. The same volume of sterile water was also added to the negative 

control. Both positive and negative controls were left on ice for 30 minutes. Competent E. 

coli were placed in a 42oC water bath for 45 seconds, then immediately back on ice for 2 

minutes to induce heat-shock.  500μl of LB-Broth containing no antibiotics was added to 

both positive and negative controls and allowed to incubate at 37oC for 60 minutes. 100 

microliters of the transformed E. coli and the negative control E. coli were spread on LB-

agar plates containing selective antibiotics, dependent on resistance gene, using aseptic 

technique. Plates were incubated overnight at 37oC. Positive control plates with bacterial 

colonies contained transformed E. coli producing the plasmid of interest. A single colony 

was selected and amplified in a liquid bacterial culture. Negative control plates should 

contain no colonies, as the E. coli do not possess the resistance gene to survive on the LB-

agar plates containing selective antibiotics. 
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2.3.3 Amplifying transformed E. coli in liquid bacterial culture 

Colonies selected from positive control plates were grown in liquid bacterial culture to 

amplify the amount of plasmid before extraction. A single colony from a positive control 

plate was selected and transferred into a sterile centrifuge tube or equivalent containing 5ml 

of LB-Broth with corresponding selective antibiotics, using aseptic technique. A second 

sterile centrifuge tube or equivalent containing 5ml of LB-Broth with the same selective 

antibiotics was used to represent a negative control. A flamed loop was placed into the 

negative control tube without touching any colonies. Once both tubes were treated, the lids 

were sealed and incubated in an orbital shaking incubator at 37oC overnight. The next day 

the tubes were inspected, positive cultures were cloudy, whereas negative tubes were 

clear.  

2.3.4 Extracting plasmid DNA from transformed E. coli  

Plasmid DNA was extracted from transformed E. coli using Qiagen QIAprep spin miniprep 

kit (Qiagen 27104) in accordance to the provided protocol. Positive E. coli cultures in LB 

broth, containing transformed plasmid DNA, were centrifuged at 4400 rpm for 10 minutes to 

pellet the cells. The supernatant was then discarded and the pelleted cells re-suspended in 

250μl lysis buffer containing RNase A. The re-suspended cells were transferred to a sterile 

1.5ml Eppendorf tube where 250μl of LyseBlue reagent was added. This aided in the 

alkaline lysis of E. coli, shown by the solution turning blue once mixed by inversion 4-6 

times with the lysed E. coli. Once blue, 350μl of neutralization buffer was added and mixed 

immediately and thoroughly by inversion 4-6 times. The cell lysate turned colourless 

indicating a neutralization of Ph. Microcentrifuge tubes containing the neutralized cell lysate 

were centrifuged at 13,000 rpm for 10 minutes, separating the cell debris from the plasmid 

DNA in solution. The supernatant was pipetted into the QIAprep spin column, insuring no 
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cell debris was transferred. The prepared column was centrifuged for 60 seconds at 13,000 

rpm. The flow-through was discarded and 750μl wash buffer was added to the QIAprep spin 

column. The column was then centrifuged for 60 seconds at 13,000 rpm. The flow-through 

was discarded and the spin column was further centrifuged for 60 seconds at 13,000 rpm. 

The spin column was transferred to a labelled, sterile, 1.5ml Eppendorf tube. The DNA was 

eluted by adding 50μl elution buffer directly to the center of the QIAprep spin column, 

leaving to stand for 1 minute then centrifuging for a 1 minute at 13,000 rpm. Eluted DNA 

was tested on a Nanodrop One spectrophotometer (ThermoFisher) and ran on a 1% T.B.E 

agarose gel to test plasmid concentration, purity and size. Plasmid DNA was either used 

immediately or stored at -20oC until needed.  

2.4 Claudin-1 overexpression protocol 

A custom expression vector was ordered from Origene technologies which incorporated a 

CLDN-1 cDNA clone taken from the TrueORF vector (CAT#: RC204466) and inserted into 

a pLenti-C-Myc-DDK-IRES-Puro plasmid backbone (CAT#: PS100069) creating the custom 

CLDN-1 pLenti-C-Myc-DDK-IRES-Puro plasmid (CAT#: CW301818). The CLDN-1 pLenti-

C-Myc-DDK-IRES-Puro plasmid was used to produce lentiviral particles which were 

transduced into HepG2 cells. Though selection and clonal expansion a HepG2 cell line with 

stable overexpression of the CLDN-1 gene was created. This process was repeated in a 

separate group of HepG2 cells using the original pLenti-C-Myc-DDK-IRES-Puro plasmid 

backbone which contains no ORF insert to create a HepG2 control cell line, HepG2pCMV-ve. 
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Figure 2.1: Plasmid map for pLenti-C-Myc-DDK-IRES-Puro. Plasmid map for pLenti-C-Myc-DDK-
IRES-Puro. Purchased from Origene technologies, this lentiviral plasmid vector contains a multiple 
cloning site which is expressed under the CMV promoter. Other features include a chloramphenicol 
bacterial resistance gene (CAMr), a mammalian puromycin resistance gene under a IRES promoter 
(Puro), a bacterial origin of replication (Ori) and 3’/5’ LTR regions necessary for lentiviral 
integration.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: CLDN-1 mRNA sequence including restriction sites. Red sequence is the cloning site for 
SgfI restriction enzyme, Blue sequence is the CLDN-1 mRNA (NCBI GenBank: EF564137.1) and the 
Green sequence is the cloning site for the MluI restriction enzyme. This sequence was inserted into 
the pLenti-C-Myc-DDK-IRES-Puro vector by Origene technologies to create the CLDN-1 pLenti-C-
Myc-DDK-IRES-Puro plasmid. 
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2.4.1 Lentiviral production 

The expression vector was transduced using the lentivirus method due to the resistant 

nature of HepG2 cells to conventional transfection.  

Prior to seeding cells, a 6 well plate (ThermoFisher 140675) was coated with 0.5ml 0.01% 

Poly-L-lysine solution (sigma P4707-50ML) per well and incubated at room temperature for 

5 minutes. The plate was rocked gently to insure an even coating of the culture surface. 

After 5 minutes the solution was removed by aspiration and washed twice with 2ml PBS per 

well. The plate was allowed to dry for 2 hours at room temperature before seeding cells. 

Once dry, HEK293T cells were seeded at 5x105 cells per well in 2ml growth media and 

incubated overnight at 37oC + 5% CO2. The following day a transfection mastermix was 

produced in two separate 1.5ml Eppendorf tubes.  

Tube 1 contained 1μg of either pLenti-CLDN-1 expression construct (CLDN-1 pLenti-C-

Myc-DDK-IRES-Puro ) or the pLenti-C-Myc-DDK-IRES-Puro vector, 1.2μg Lenti-vpak 

packaging mix (Origene TR30022) and 100μl Opti-MEM (ThermoFisher Scientific 

31985070) 

Tube 2 contained 100μl Opti-MEM and 10μl FuGENE HD Transfection Reagent (Promega 

E2311) 

(The above amounts were for one well of a 6 well plate, these needed to be scaled up 

accordingly depended on application)  

The contents of tubes 1 and 2 were allowed to incubate at room temperature for 5 minutes. 

The DNA solution from tube 1 was then transferred to tube 2, briefly vortexed and 

incubated for a further 15 minutes at room temperature. The culture media was changed on 

the HEK293T cells while transfection mixture was incubating. After 15 minutes, the 
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transfection mixture was added directly onto the cells containing fresh growth media. Cells 

were then incubated overnight at 37oC + 5% CO2.  

After 12-18 hours, the transfection mixture was removed and replaced with 2ml per well 

fresh growth media.  

The first batch of viral supernatant was harvested and stored at 4oC, 24 hours after the 

transfection mixture was removed. 

The second batch of viral supernatant was harvested 48 hours after the transfection mixture 

was removed and combined with the first batch of viral supernatant.  

The viral supernatant was centrifuged at 3000rpm for 5 minutes at 4oC and filtered through 

a 0.45-micron filter to remove cellular debris. The viral supernatant was used immediately if 

possible, stored at 4oC for maximum 48hours or stored at -80oC long term. However, 

freezing reduced titre by 30-50%. 

2.4.1.2 Lentiviral transduction 

HepG2 cells were seeded in a 6 well plate at 2.5x105 cells per well in 2 ml growth media 24 

hours prior to transduction. The following day the growth media was removed. In a separate 

tube viral supernatant and fresh growth media was mixed in a 2:1 ratio. The viral media was 

then supplemented with 8μg/ml Polybrene (santa cruz sc-134220). Around 2-4ml of viral 

media should be added to each well. Cells were incubated for 24 hours at 37oC + 5% CO2. 

The viral media was then replaced with 2ml per well fresh growth media.  

2.4.2 Stable cell line production 

After 72 hours post transduction, HepG2 cells containing the control pLenti vector 

(HepG2pCMV-ve) and HepG2 cells containing the claudin-1 pLenti overexpression vector 
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(HepG2CLDN-1+) were selected for using puromycin dihydrochloride (santa cruz sc-108071B). 

The transduced HepG2 cells (both HepG2CLDN-1+ and HepG2pCMV-ve) were trypsinised and 

transferred to two separate T25 flasks. Growth media containing puromycin 4μg/ml was 

added to each flask to select for transduced HepG2 cells. Only cells containing either the 

control pLenti vector (HepG2pCMV-ve) or the claudin-1 pLenti overexpression vector 

(HepG2CLDN-1+) were resistant. Puromycin (4μg/ml) containing media was changed every 24 

hours and cells were sub-cultured once 60-80% confluency was reached. Five single 

isolated colonies of resistant cells were obtained and transferred into individual wells of a 

24 well plate for clonal expansion, this was performed for both control pLenti vector 

containing cells (HepG2pCMV-ve) and CLDN-1 pLenti overexpression vector containing cells 

(HepG2CLDN-1+). All 5 colonies for both control (HepG2pCMV-ve) and claudin-1 overexpressing 

cells (HepG2CLDN-1+) were tested by RT-qPCR to determine increased expression of 

claudin-1. HepG2 cells containing the CLDN-1 pLenti overexpression vector (HepG2CLDN-1+) 

were compared against cells containing the control pLenti vector (HepG2pCMV-ve). A colony 

was chosen that displayed a statistically significant increase of expression of claudin-1 and 

was puromycin resistant. Only 1 of the 5 clones contained both properties. 

 

2.5 Claudin-1 siRNA transfection protocol  

2.5.1 HepG2 cell plating 

HepG2 cells were initially plated 24 hours in advance at the optimum cell densities listed in 

table 1. Cell plating densities are depended upon growth characteristics that are unique to 

each cell line. Cells were trypsinised and counted in complete antibiotic free DMEM, 10% 
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FBS. Once plated at optimum cell densities, cells were diluted with complete antibiotic free 

media and incubated overnight at 37oC with 5% CO2. 

2.5.2 siRNA transfection 

Transfection was performed using SMARTpool CLDN-1 siRNA (Dharmacon L-017369-00-

0005). SMARTpool siRNA consists of four siRNA duplexes all designed to target distinct 

sites within the specific gene of interest, in this case claudin-1. The siRNA sequences are 

selected using the Dharmacon SMARTselection design algorithm and then analysed for 

significant sequence identity with other non-targeted genes using a unique, modified 

BLAST analysis against a curated database for the appropriate species. 

Claudin-1 SMARTpool siRNA (Dharmacon L-017369-00-0005) was briefly centrifuged to 

ensure a pellet collected at the bottom of a 1.5ml Eppendorf tube. The pelleted siRNA was 

then resuspended in 250μl of 1x siRNA Buffer (Dharmacon B-002000-UB-100) to create a 

concentrated 20uM stock. A preparation of the recommended 5uM siRNA solution was 

created by diluting the 20uM stock in 1x siRNA buffer in a 1:4 ratio.  

A transfection mastermix was produced in two separate 1.5ml Eppendorf tubes, 24 hours 

after cell plating. The required reagents and volumes per well are outlined in table 2.4. If 

more than one well of transfected cell was needed the amounts were scaled up 

accordingly.  
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    Tube 1: Diluted siRNA Tube 2: Diluted DharmaFECT     

Plating 
Format 
(wells 

per 
plate) 

Surface 
Area 

(cm2 per 
well) 

Volume 
of 5uM 
siRNA 

(μl) 

Volume of 
Opti-Mem 

(μl) 

Volume of 
DharmaFECT                     

(μl) 

Volume of 
Opti-Mem 

(μl) 

Antibiotic-
free 

Media 
(μl/well) 

Total 
Transfection 

Volume 
(μl/well) 

96 0.3 0.5 9.5 0.25 9.75 80 100 

24 2.0 2.5 47.5 2.00 48.00 400 500 

12 4.0 5.0 95.0 3.50 96.50 800 1000 

6 10.0 10.0 190.0 5.00 195.00 1600 2000 

 
Table 2.4: Required reagents needed for siRNA transfection per well. The table outlines the 
volumes of required reagents to perform siRNA mediated silencing of claudin-1. Volumes outlined 
are per well of the indicated multi-well plate.  
 
Once prepared, the contents of tube 1 and 2 were incubated at room temperature for 5 

minutes. The siRNA solution from tube 1 was then transferred to tube 2, briefly vortexed 

and incubated for a further 15 minutes at room temperature. After 15 minutes, the culture 

media was removed on the HepG2 cells and replaced with a volume of fresh complete 

antibiotic-free media minus the volume of the transfection mixture as shown in Table (2.4). 

The transfection mixture was added dropwise, directly onto the cells. Cells were then 

incubated overnight at 37oC + 5% CO2. Cell culture media was removed and replaced with 

2ml fresh antibiotic-free media, 24 hours post transfection. The level of claudin-1 

expression was quantified via qPCR at 24hrs, 48hrs, 72hrs and 96hours to determine the 

optimum silencing incubation time. The maximum decrease in claudin-1 expression was 

achieved after 72hours incubation and this time point was therefore chosen for subsequent 

experiments. 
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2.6 RNA extraction  

RNA extraction from cells was performed in accordance with the TRIsure protocol (Bioline 

BIO-38033), which has been modified as a result of optimization, using sterile RNase-free 

plastic ware and tips. Cells intended for RNA extraction were plated as a monolayer in 6 

well plates at 5x105 cells per well. 1ml of TRIsure was used to lyse cells directly on the 

plate; it was divided equally between the occupied wells and incubated at room temperature 

for five minutes. The lysate was pipetted against the plate surface to insure complete cell 

detachment and lysis. The TRIsure/cell lysate mixture was pooled, transferred to a sterile 

1.5ml Eppendorf tube and 200μl chloroform (Fisher Scientific 10053213) was added. The 

caps of the centrifuge tubes were tightly closed and shaken vigorously for 15 seconds until 

a pale green emulsion was formed. Samples were incubated at room temperature for 2-3 

minutes and centrifuged at 12,000xg for 15 minutes in a refrigerated centrifuge at 2-4oC. 

The resulting sample contained three separate phases; a colorless upper aqueous phase 

containing RNA, an intermediate cell debris phase, and a lower pale green organic phase. 

The upper aqueous phase was then carefully transferred to a new sterile 1.5ml Eppendorf 

tube by pipetting, insuring no intermediate or organic phase is disturbed or transferred. The 

sample was mixed with 0.5ml ice-cold isopropyl alcohol, incubated for 10 minutes at room 

temperature and centrifuged at 12,000xg for 10 minutes at 2-4oC to precipitate the RNA. 

The supernatant was removed, and the pelleted RNA was by resuspended and washed in 

1ml of 75% ethanol. The sample was then vortexed and centrifuged at 7500xg for five 

minutes at 2-4oC. The ethanol was discarded and the pellet left to air-dry at room 

temperature for approximately 10 minutes. The pelleted RNA was resuspended in 50μl Milli 

Q water, quantified on a Nanodrop spectrophotometer and ran on a 1% T.A.E agarose gel 

to test RNA concentration, purity and size. RNA was either used immediately or stored at -

80oC.  
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2.7 Protein extraction 

After the upper aqueous phase was been removed and the RNA extracted, the remaining 

interphase and lower organic phase were processed to extract DNA and protein. DNA was 

first precipitated out of the sample by adding 0.3ml 100% ethanol. The sample was then 

mixed by inversion, incubated at RT for three minutes and then centrifuged at 2000 x g for 

five minutes at 4°C. The supernatant was retained and transferred to a new 2ml Eppendorf 

tube, leaving the pelleted precipitated DNA. DNA at this stage can be further purified or 

discarded if not needed. The retained supernatant was mixed with 1.5ml isopropyl alcohol 

and incubated for 10 minutes at room temperature on an orbital shaker (med/high speed). 

The sample was centrifuged at 12000 x g, for 10 minutes at 4°C to precipitate the protein. 

The supernatant was removed, and 2ml 0.3M guanidine hydrochloride in 95% ethanol was 

added to wash the protein pellet. The sample was incubated at room temperature for 20 

minutes on an orbital shaker (med/high speed) followed by centrifuging at 7500 x g for five 

minutes at 4°C. The guanidine hydrochloride/ethanol was discarded and the pellet wash 

was repeated at least once more to remove organic contaminants. Following the wash 

steps, 2ml of 100% ethanol was added to the pellet. The sample was vortexed and 

incubated at room temperature for 20 minutes on an orbital shaker (med/high speed) 

followed by centrifuging at 7500 x g for five minutes, at 4°C. The supernatant was removed 

and the pellet dried using either a vacuum or silica filled desiccator. Once completely dry, 

250µl 1% SDS was added and sample heated to 50°C to aid resuspension. Pipetting and 

freeze thaw cycling was used to aid resuspension if the protein pellet was large. Once re-

suspended, protein samples were stored at -20°C. 
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2.8 T.A.E/T.B.E Gel electrophoresis 

Gel electrophoresis was used to separate and analyse RNA and DNA molecules. RNA and 

DNA were separated on T.A.E and T.B.E gels respectively, to assess the purity and size of 

the nucleic molecules. Premade T.A.E/T.B.E gels were melted as required by steaming for 

45 minutes or microwaving for 1 minute 30 seconds in a 750-watt microwave. Once cooled 

but still molten, 2μl of Gel-Red (Biotium 41003-1) was added to the gel and gently agitated 

until fully dissolved. The gel was then poured into a Fisherbrand Midi Horizontal Gel System 

(FisherScientific 11853303) with two end plates to contain the gel, and a comb to create 

wells for loading the RNA/DNA. Once set, the end plates and comb were removed and 

either T.A.E/T.B.E buffer, to match gel type, was added until the max fill mark. Samples 

were then mixed with 5μl loading dye and carefully pipetted into the loading wells. Once 

loaded, the gel system was connected to an omniPAC MIDI Power Supply 

(Cleaverscientific CS-300v) and ran at 50v. When the sample had fully entered the gel the 

voltage was increase to 100v. The gel was run until the solvent front reached ¾ of the 

length of the gel, then imaged using a ChemiDoc MP System (Bio-Rad 1708280) 

 

2.9 cDNA synthesis Protocol 

Extracted RNA was converted to a cDNA template for use in real-time PCR amplification. 

cDNA synthesis was performed in accordance with the Tetro cDNA synthesis kit (Bio-line 

BIO-65043) using sterile RNase-free plastic ware and tips.  
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Reagent Volume 

Random Hexamer Primer 1μl 
10mM dNTP mix 1μl 

5x RT Buffer 4μl 
RiboSafe RNase Inhibitor 1μl 

Tetro Reverse Transcriptase 
(200u/μl) 1μl 

1500ng RNA nμl 
Milli Q water to 20μl 

 
Table 2.5: cDNA synthesis mastermix reagents. The table outlines the volumes of required 
reagents to perform cDNA synthesis reaction from mRNA template. Volumes outlined are enough 
for a single reaction.  
 

The cDNA master mix was prepared on ice, in an RNase free environment. Samples were 

gently mixed by pipetting, briefly centrifuged and incubated in a Mastercycler nexus 

gradient PCR machine (Eppendorf 6331000017) for: 

• 10 minutes at 25oC 

• 30 minutes at 45oC 

• 5 minutes at 85oC 

• Hold 4oC 

The samples were immediately placed on ice following the 85oC termination step. cDNA 

was diluted 1/5 before use by adding 80μl MilliQ water per sample. The cDNA template was 

then either used immediately or stored at -20oC. 
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2.10 Real-Time PCR 

Real-Time PCR was performed in accordance with the iTaq Universal SYBR Green 

supermix (Bio-Rad 1725124) protocol which has been modified as a result of optimization. 

Table 2.6 outlines the reagents required to make a master mix for each sample. Primer 

sequences used to amplify specific DNA targets are outlined in table 2.9.  

 
Reagent Volume  

iTaq Universal SYBR 
Green supermix 5μl 

Forward Primer 1μl* 

Reverse Primer 1μl* 

Milli Q Water 2μl 

cDNA (Diluted cDNA) 1μl 

 
*working concentration of primers = 300nM in a 10µl reaction 
Table 2.6: Real-Time PCR mastermix reagents per well. The table outlines the volumes of required 
reagents to perform a RT-PCR reaction using cDNA template. Volumes outlined are enough for a 
single reaction. 
 

Real-Time PCR mastermix was prepared on ice, in an RNase free environment using 

sterile, RNase-free plastic ware and tips. Triple replicates of each reaction were produced 

for each target gene and the housekeeping genes. An 10% extra mastermix was produced 

to allow for minor pipetting errors. The 10μl mastermix produced for each sample and 

housekeeping genes were pipetted into a Hard-Shell 96-Well PCR Plate (Bio-Rad 1845098) 

and covered using an adhesive Microseal (Bio-Rad MSB1001). A negative control 

containing Milli Q water in place of cDNA was used to monitor contamination. The PCR 

plate was then centrifuged at 1000rpm for 1 minute in an Eppendorf 5430R centrifuge with 

a swing bucket rotor A-2-MTP (Eppendorf 5428000414) before being placed into the CFX 
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Connect Real-Time PCR Detection System (Bio-Rad 1855196)  

All samples were ran using the following protocol: 

 
Stage Temp Time 
Initial 

denaturation 95°C 2 
minutes 

40 Cycles 95°C 15 secs 
60°C 1 min 

Melt Curve 60°C-
95°C Varies 

Hold 4°C 
 
Table 2.7: Real-Time PCR cycling conditions. The table outlines the RT-PCR cycling conditions 
required to amplify genes of interest.  
 

A melt curve, ranging from 60oC to 95oC in 0.5oC increments, was produced to identify if the 

amplified targets produced were single, specific products. This was also verified by running 

the product out on a 2% T.B.E gel  

The expression of each gene was assessed against β-actin and GAPDH as the 

endogenous controls. Each sample was amplified on a separate plate which contained a 

minimum of two repeats, no template and no reverse transcription controls. Each sample 

was ran twice on two separate occasions creating four amplification profiles for each gene. 

Any amplification in controls rendered results void. CFX manager software determined 

baseline threshold, PCR efficiency and CT valves for each gene. Relative expression was 

calculated by the software by normalising the target gene against the endogenous controls.  

2.10.1 PCR primers 

All PCR Primers were designed, tested and supplied by PrimerDesign Ltd. They are for 

Human targets only to be used with SYBR technology. Primers are delivered lyophilized in 

600 reaction aliquots. Primers were resuspended in 660μl RNase/DNase free water.  
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Gene of Interest Primer Sequence (5' to 3') 
Amplicon Size 
(Base Pairs) 

 

Β-Actin Forward Primer GCCAACACAGTGCTGTCTGG 202 

 Reverse Primer TACTCCTGCTTGCTGATCCA  

GAPDH Forward Primer GTGAAGGTCGGAGTCAACG 192 

 Reverse Primer GGTGAAGACGCCAGTGGACTC  

Claudin-1 Forward Primer CTGTCATTGGGGGTGCGATA 118 

 Reverse Primer CTGGCATTGACTGGGGTCAT  

E-cadherin Forward Primer GGTGCTCTTCCAGGAACCTC 
 

195 
 

 Reverse Primer GAAACTCTCTCGGTCCAGCC  

Vimentin Forward Primer CGGGAGAAATTGCAGGAGGA 105 
 

 Reverse Primer AAGGTCAAGACGTGCCAGAG  
Table 2.8: List of primer sequences used in Real-Time PCR.The table outlines the RT-PCR primers 
used during this study to determine mRNA levels of beta-actin, GAPDH, claudin-1, E-cadherin and 
vimentin. Primers were synthesised by Thermofisher Scientific.  

 

2.11 PrimePCR array protocol 

PrimePCR array plates consist of either a 96 or 384 well PCR plate that contain expertly 

designed and fully wet-lab validated primers which are used to determine gene expression. 

The plates are available as pathway panels, which contain primers to determine the gene 

expression profile assorted with certain diseases, pathways or conditions. Three different 

types of PrimePCR plates were used during the following experiment which are:  

• Cell adhesion - Tight junctions (Bio-Rad 10025728) 

• Epithelial to mesenchymal transition (EMT) (Bio-Rad 10034143) 
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• Tumor metastasis (Bio-Rad 10034254) 

PrimePCR plates were chosen for the following experiments as they are fully validated, 

meet all MIQE guidelines and enable quantification of multiple genes in a time efficient and 

cost-effective way.   

A Real-Time PCR mastermix was prepared on ice, in an RNase free environment. Table 

2.9 outlines the reagents required to produce a mastermix required for each 96well 

PrimePCR array plate (Bio-Rad).   

 
Reagent Volume*  

iTaq Universal SYBR 
Green supermix 550μl 

Milli Q Water 440μl 

cDNA (Diluted cDNA) 110μl 

 
Table 2.9: Real-Time PCR mastermix reagents per array. The table outlines the volumes of required 
reagents to run a PrimePCR array plate using cDNA template. Volumes outlined are enough for a 
single array. *Volumes have been adjusted by 10% to allow for minor pipetting errors. These 
volumes were x4 if a 384well plate was used.  
 
PrimePCR array plates are produced with lyophilized primers preloaded into each well. To 

each well, 10μl PCR mastermix was added using an Eppendorf multipette E3 electronic 

dispenser (Eppendorf 4987000010). Each plate contained wells free for experimental 

controls and negative controls. Experimental controls were supplied with the PrimePCR 

plates and added in accordance with the Bio-Rad PrimePCR protocol. Negative control 

wells contained 10μl PCR mastermix with no lyophilized primers present. Once complete, 

PrimePCR array plates were sealed using adhesive microseal. The arrays were centrifuged 

in an Eppendorf 5430R at 1000rpm for one minute.  
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PrimePCR arrays were available in either 96 or 384 well formats. The Bio-Rad CFX96 

Real-Time PCR detection system in conjunction with the CFX manger software was used to 

amplify and analyse 96 well array formats, whereas the Applied Biosystems 7900HT Fast 

Real-Time PCR system with 384-well block module (ThermoFisher 4351405), in 

conjunction with SDS2.4 and RQ manager was used to amplify and analyse 384 well array 

formats. Each PrimePCR array has a runfile, available from the Bio-Rad website, which 

allows target, reference and control information to be imported directly into the CFX or SDS 

PCR software.  

Once centrifuged the PrimePCR arrays are loaded into their respective PCR machine 

dependent on well format. The Runfile is imported and protocol ran, the analysis is then 

carried out using either CFX or RQ manager software.  

2.12 miRNA extraction 

miRNA extraction was performed using the mirVana™ miRNA Isolation Kit (ThermoFisher 

AM1560). Mammalian cells were cultured on a 6 well plate prior to miRNA extraction, cell 

density and incubation time was dependent on experiment. Three wells containing 

minimum 2.5x105 cells per well, usually provided sufficient yield of miRNA to progress to 

PCR. Preceding cell lysis, cell culture medium was aspirated and cells washed in 2ml PBS. 

The remaining PBS was removed, the plate placed on ice and 250μl lysis/binding solution 

was added to each well. No more than three wells were processed per column. Cells were 

incubated in the lysis/binding solution for 5 minutes on an orbital shaker (low/medium 

speed). Cell lysate was finally broken up using a p1000 pipette, pooled and transferred to a 

2ml Eppendorf tube. Cell lysate was then cooled on ice and 1/10 volume of miRNA 

homogenate additive was added to each sample. Samples were vortexed for 30-60 

seconds and returned to the ice for 10 minutes. A volume of Acid-Phenol: Chloroform 
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(ThermoFisher AM9720) equal to the volume of cell lysate prior to the addition of miRNA 

homogenate additive was added to each sample (E.g three wells produce 750μl cell lysate, 

therefore 750μl Acid-Phenol: Chloroform should be added at this stage.) Samples were 

vortexed for 30-60seconds and centrifuged 10,000xg for 5 minutes at room temperature. 

Samples at this stage should have distinct aqueous and organic phases separated by a 

compact interphase, if not repeat the centrifuge step. The aqueous (upper) phase was then 

removed without disturbing the lower phase and transferred to a fresh tube. It is important 

to note the volume of aqueous phase transferred. Per sample, 1.25 volumes of 100% 

ethanol were added to the aqueous phase (E.g 500μl aqueous phase, 625μl 100% ethanol 

should be added at this stage.) A filter cartridge was then placed into a collection tube and 

700μl ethanol/lysate mixture was added. The cartridge was briefly centrifuged at 10,000xg 

for ~15 sec to pass the mixture though the column and the flowthrough discarded. This 

process was repeated until all the ethanol/lysate mixture passed through the column. Once 

all the ethanol/lysate mixture has passed through, 700 μl miRNA Wash Solution 1 was 

added to the column and briefly centrifuged at 10,000xg for ~5-10 seconds. The 

flowthrough was discarded and 500μl Wash Solution 2/3 was added and briefly centrifuged 

at 10,000xg for ~5-10 seconds. The flowthrough was discarded and the process repeated. 

After two washes in Wash Solution 2/3 the column was centrifuged at 10,000xg for one 

minute to remove residual fluid from the filter. The filter cartridge was then transferred to a 

new collection tube insuring no fluid was present on the outside of the cartridge. The elution 

solution was heated to 95°C and 100μl pipetted onto the centre of the filter. The column 

was incubated at room temperature for two minutes followed by two minutes centrifuge at 

max speed. The filter cartridge was then discarded, and the sample quantified on the 

nanodrop spectrophotometer. 
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2.13 Megaplex miRNA reverse transcription protocol 

The following reverse transcription components were thawed on ice, Megaplex RT Primers 

A2.1 and B3.0 (ThermoFisher 4399966 and 4444281) and TaqMan MicroRNA Reverse 

Transcription Kit (ThermoFisher 4366596). The following master mix outlined in table (2.10) 

should be made separately for both A and B primer sets. To minimise pipetting errors, only 

ten sample reaction volumes were made, and any remaining reaction mix was frozen at -

20°C  

Reverse Transcription Reaction Mix 
Components 
 

Volume for 
One Sample 
(μl) 
 

Volume for 
Ten Samples 
(μl)‡ 
 

Megaplex™ RT Primers (10✕) 0.8 9.00 
dNTPs with dTTP (100mM) 0.2 2.25 
MultiScribe™ Reverse Transcriptase (50U/μl) 1.5 16.88 
10✕ RT Buffer 0.8 9.00 
MgCl2 (25mM)  0.9 10.12 
RNase Inhibitor (20U/μl) 0.1 1.12 
Nuclease-free water 0.2 2.25 
Total: 4.5 50.62 

 
‡ Includes 12.5% excess for volume loss from pipetting. 
Table 2.10: miRNA Reverse transcription reaction mix. The table outlines the volumes of required 
reagents to perform a miRNA reverse transcription reaction from miRNA template. Volumes 
outlined are for a single reaction (middle column) or for 10 reactions (right hand column)  
 

Each reverse transcription reaction was prepared in an 0.5ml Eppendorf tube and 

contained: 

4.5μL reverse transcription reaction mix + 3μL (1000ng) total RNA 

(This produced enough reverse transcribed miRNA for one TaqMan miRNA array plate) 

The reaction mixture was then vortexed, briefly centrifuged and placed in a PCR machine 

using the following conditions: 
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Stage Temp Time 

40 
Cycles 

16°C 2  
minutes 

42°C 1 min 
Hold 50°C 1 sec 

Hold 85°C 5 
minutes 

Hold 4°C 
 

Table 2.11: TaqMan MicroRNA cDNA cycling conditions. The table outlines the PCR cycling 
conditions required to synthesis cDNA from the miRNA template.  

The cDNA can be stored at -20°C for up to 6 months if not required immediately.  

2.14 TaqMan MicroRNA array protocol  

The following components were thawed on ice and combined in accordance with table 2.12 

Component Volume for One Array (μl)‡ 
TaqMan® Universal PCR Master Mix, 
No AmpErase® UNG, 2✕ 450 

Megaplex™ RT product 7.5 
Nuclease-free water 442.5 
Total 900 

 
‡ Includes 12.5% excess for volume loss from pipetting. 
Table 2.12: TaqMan miRNA array reaction mix components. The table outlines the volumes of 
required reagents to run a TaqMan miRNA array card. Volumes outlined are enough for a single 
array card.   
 

The reaction mix was vortexed and briefly centrifuged. The TaqMan miRNA array card was 

unpackaged and 100μl reaction mixture was pipetted into reservoirs 1-8 via the fill port.  

The TaqMan array card was then placed vertically in a Sorvall Legend RT centrifuge with a 

rotor for TaqMan Array Micro Fluidic Cards (Sorvall 100715). The card was then centrifuged 

at 1200rpm (331xg) for one minute and checked to see if the fluid had migrated into the 

card evenly. If so, the card was centrifuged again for one minute, if not, the card was 

discarded. Once centrifuged, the array was placed foil side down on the TaqMan array card 

sealer insuring the correct orientation and starting position of the carriage. The carriage was 
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then drawn across the array card sealing it. Using scissors, the fill strip was removed from 

the TaqMan array card and discarded.  

The TaqMan array card was then inserted into the Applied Biosystems 7900HT Fast Real-

Time PCR system with TLDA block (ThermoFisher 4329012) installed. The SDS setup file 

supplied with the TaqMan array cards was imported into the SDS software and the protocol 

ran, Table 2.13 outlines the cycling conditions for each array. The run file was then 

analysed using RQ manager.  

Stage Temp Time 
Initial 

denaturation 
(Step1) 

50°C 2 
minutes 

Initial 
denaturation 

(Step2) 
94.5°C 10 

minutes 

40 Cycles 97°C 30 secs 
59.7°C 1 min 

Melt Curve 60°C-
95°C Varies 

Hold 4°C 
 
Table 2.13: TaqMan miRNA array cycling conditions. The table outlines the RT-PCR cycling 
conditions required to amplify miRNA genes of interest. 

 

2.15 Western blot protocol 

2.15.1 Sample preparation 

Protein samples prepared using the TRIsure protocol were quantified using a Nanodrop 

spectrometer. Equal volumes of Protein sample and sample buffer (β-Mercaptoethanol 

added) were mixed in a 1.5ml Eppendorf tube. Samples were boiled at 95oC for 5 minutes 

using a dry bath to reduce and denature proteins. Protein sample can be aliquoted at this 

point and stored at -20oC.  



90 
 

2.15.2 SDS-PAGE 

The outer packaging, comb and foil tape were removed from an Any kD Mini-PROTEAN 

TGX Stain-Free Protein Gel (Bio-Rad 4568123). The gel was then loaded into the running 

module of a Mini-PROTEAN Tetra electrophoresis cell for precast gels (Bio-Rad 1658004). 

Electrode running buffer (x1) was added to the inner and outer chambers to the reference 

line. If only one gel was run, a blanking plate was added to the opposing site of the 

cassette. 20-30ug of prepared sample was loaded per well of the gel, up to 30μl of sample 

could be loaded per well. Samples should be run against wells containing 3ul Precision 

Plus Protein Dual Colour Standards (Bio-Rad 1610374) as a band size comparison.  Once 

loaded, the tetra electrophoresis cell was assembled and connected to a PowerPac power 

supply (Bio-Rad 1645052) and ran at 50v (per gel) until the sample had completely entered 

the gel, at which point the voltage could be increased 100v (per gel). Gels were ran for 

about 1 hour, or until the samples reach the bottom of the gel. Once run, the gel cassette 

was opened using a lever (Bio-Rad 456-0000) by levering the top side of the plastic 

cassette at the points marked by an arrow. The top plastic cover could then be removed 

and the gel either imaged or blotted.  

2.15.3 Stain-free imaging of Mini-PROTEAN TGX Stain-Free protein gel 

Once removed from the cassette the stain-free gel was activated and imaged using a 

ChemiDoc MP System (Bio-Rad 1708280) to assess the quality of the protein separation. 

The gel was placed directly on the transilluminator after protein separation and the auto 

exposure setting selected. The software automatically chose the most appropriate settings 

and activated trihalo compounds which bound to proteins present in the gel and caused 

them to fluoresce. The software then captured an image of the separated protein bands.  
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This was used later for normalising the protein amounts between samples to accurately 

compare protein levels.  

2.15.4 Blotting a protein gel 

After activation and imaging, the protein was transferred onto the blotting membrane of a 

Trans-Blot Turbo Midi PVDF Transfer Pack (Bio-Rad 1704157). Two mini gels could be 

blotted onto a midi transfer pack or the pack can be cut in half if only one gel was needed. 

A Trans-Blot Turbo Transfer System (Bio-Rad 1704155) was used to electrochemically 

transfer separated proteins from the gel to the membrane in a semi-dry manor. The transfer 

pack contains a PVDF membrane sandwiched between two ion reservoir stacks. The base 

reservoir stack and membrane were placed on the base of the turbo blot cassette. The gel 

was then placed on top of the PVDF membrane followed by the top reservoir stack. A roller 

(supplied with the turbo blot system) was used to gently remove any air bubbles within the 

stack. The top of the cassette was secured and placed into the turbo blot system.  The 

turbo blot system has pre-set settings based on the molecular weight of the protein of 

interest.  

2.15.5 Blocking the membrane 

The blot was then transferred into a 50ml falcon tube and 15ml of blocking buffer was 

added. The tube was placed on a tube roller in the fridge at 4oC over night to block against 

unspecific antibody binding. 

2.15.6 Incubation with primary antibody 

Primary antibody was diluted in 2ml of 0.5% (w/v) blocking buffer in accordance with Table 

2.14. The blocking solution was removed from the tube containing the blot. The blot was 
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then washed once for 5 minutes in 15ml TBST of the tube roller at 4oC. After the wash, the 

diluted primary antibody was added and incubated on the tube roller for 2 hours at 4oC. 

Less specific antibodies require a longer incubation.  

2.15.7 Incubation with secondary antibody 

The blot was washed 3 times for 5 minutes each in 15ml TBST on the tube roller at 4oC. 

Secondary HRP antibody was diluted 1:1000 in 2ml 0.5% (w/v) blocking buffer and added 

to the tube containing the blot. Blot was incubated on the tube roller for 1 hours at 4oC. 

2.15.8 Protein detection using West Femto Maximum Sensitivity Substrate 

Blot was washed 3 times for 5 minutes each in 15ml TBST on the tube roller at 4oC. The 

blot was then placed in a plastic tray containing 1ml equal parts stable peroxide solution 

and the luminol/enhancer solution (SuperSignal West Femto Maximum Sensitivity 

Substrate, ThermoFisher scientific 34095). The blot was imaged using the ChemiDoc 

system using auto-exposure settings. The ChemiDoc software also calculated protein 

normalisation in conjunction with the stain free gels.  

 

2.16 Immunocytochemistry and immunofluorescence protocol 

2.16.1 Preparation of 4% paraformaldehyde fixative 

For the preparation of 500ml 4% PFA fixative, 400ml 1x PBS was heated to 60oC in a fume 

cupboard. Twenty grams of paraformaldehyde powder (sigma P6148-500G) was weighted 

and added to the PBS, a magnetic stirrer was used to mix the solution. Whilst being mixed, 

2M Sodium Hydroxide was added dropwise until the solution cleared. Once dissolved the 

solution was cooled. The volume was then adjusted up to 500ml using 1x PBS and pH 
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adjusted to 7.4 using small amounts of dilute HCL. The solution was filtered using a 0.22-

micron Nalgene Disposable Filter (ThermoFisher scientific 450-0045) used immediately or 

stored at -20oC.  

2.16.2 Sample preparation 

Immunofluorescence staining of cells was performed on glass coverslips (ThermoFisher 

150067) in a 24 well plate (ThermoFisher 142485). Slides were coated in 0.1ml 0.01% 

Poly-L-lysine solution, incubated for 5 minutes, washed in PBS and allowed to dry for 2 

hours. Cells were counted and seeded between 3-5x104 cells per well dependent on the 

length of time before fixing, 72 hours is the average. 

2.16.3 Fixation 

After 72 hours, the growth media was removed and cells washed twice in PBS. Any 

remaining PBS was aspirated and 250µl 4% PFA fixative was added to each well. Cells 

were incubated for 10-15 minutes at room temperature. The PFA was then removed and 

cells washed three times for 5 minutes in PBS.  

2.16.4 Immunostaining  

Cells were blocked for 1 hour in 250µl blocking buffer. Primary antibody was added to 

antibody dilution buffer in accordance with Table 2.14. 250µl antibody/buffer was added per 

well. Cells were incubated in the primary antibody overnight 12-18hours at 4oC.   

The following day, the primary antibody was removed, and cells washed three times for 5 

minutes in PBS. 
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The secondary antibody was added to antibody dilution buffer in accordance with Table 

2.15. 250µl antibody/buffer was added per well. Typical concentration for secondary 

antibodies are 1:500-1:1000. Cells were incubated for 45 minutes-1hour at 37oC.  

After incubation, the secondary antibody was removed, and the cells washed three times 

for 5 minutes in PBS. 

Glass coverslips were mounted on glass slides using ProLong gold antifade mountant 

(ThermoFisher scientific P36930) and allowed to cure for 24hours. Storage was 4oC short 

term or -20oC long term. 

Primary Antibody Use Dilution 
Claudin-1 Rabbit 
monoclonal antibody (Cell 
Signalling #13255) 
 

Western Blotting 1:800 0.5% (w/v) milk 
blocking buffer 

Claudin-1 Rabbit polyclonal 
antibody (ThermoFisher # 
37-4900) 
 

Immunofluorescence 1:100 1% BSA/PBST 

β-catenin Rabbit 
monoclonal antibody (Cell 
Signalling #8480) 
 

Western Blotting 1:800 0.5% (w/v) milk 
blocking buffer 

 

Secondary Antibody Use Dilution  
Anti-rabbit IgG, HRP-linked 
Antibody (Cell Signalling 
#7074) 

Western Blotting 1:1000 0.5% (w/v) milk 
blocking buffer 

Goat anti-Rabbit IgG, Alexa 
Fluor 488 (ThermoFisher # 
A27034) 

Immunofluorescence 1:1000 1% BSA/PBST 

 

Table 2.14: List of antibodies used in western-blotting and immunofluorescence. The tables 
outline primary and secondary antibodies used in western blotting and immunofluorescent 
procedures. All antibodies were either purchased from Thermofisher Scientific or via New England 
Biolabs (UK Distributor of Cell Signalling).  
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2.17 Statistical analysis 

PCR data was analysed and normalized gene expression (2−∆∆CT) was generated, using 

CFX manager analysis software (Bio-Rad). Cell migration data was generated using 

ImageJ software. Mean, standard deviation and statistical significance, by paired t-test was 

calculated for each sample and controls using GraphPad Prism (Version 7.0) software for 

both PCR and migration experiments. In all cases 95% confidence intervals were used. 

Graphs were produced using GraphPad Prism (Version 7.0) software.  

P-values are indicated as below if required: 

 

 

 

 

 

ns P > 0.05 
* P ≤ 0.05 
** P ≤ 0.01 
*** P ≤ 0.001 
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Chapter 3 - Results  

3.1 HepG2 cells as a model of hepatocellular carcinoma.  

HepG2 cells were chosen as a model of HCC in the following experiments. Despite 

originating from a diseased liver, the HepG2 cell line was able to maintain a number of 

functions similar to normal liver. Individual cells are able to produce and maintain the 

majority of liver cell surface receptors. They also demonstrated the ability synthesise and 

secrete plasma proteins and lipoproteins (van IJzendoorn et al 1997). 

To investigate how the differential expression of claudin-1 impacts the initiation and 

progression of HCC, groups of HepG2 cells were created, one with significantly increased 

levels of the protein, and the other with significantly decreased levels of the protein. A cell 

line with overexpressed claudin-1 was achieved by lentiviral transduction of HepG2WT (wild 

type) cells with pLenti-CLDN1 plasmid, and subsequent antibiotic selection produced a 

stable cell line termed HepG2CLDN-1+. To investigate the decreased expression of claudin-1, 

HepG2 cells were transfected with CLDN-1 siRNA creating HepG2CLDN-1- (silenced) cells. 

HepG2CLDN-1+ and HepG2CLDN-1- cells were compared their respective 

transfection/transduction controls HepG2pCMV-ve and HepG2scambled-ve. HepG2pCMV-ve cells 

were created by lentiviral transduction of the empty vector plasmid (pLenti-C-Myc-DDK-

IRES-Puro) into HepG2WT and acted the control for comparative HepG2CLDN-1+ experiments. 

HepG2scambled-ve was produced by transfecting HepG2 cells with scrambled siRNA, creating 

a control for comparative HepG2CLDN-1- experiments. All cells were continuously maintained 

in DMEM supplemented with 10% FBS and 1% L-Glutamine.  
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3.2 Justification for the inclusion of results 

To ensure data of the highest quality was produced, all PCR experiments followed MIQE 

guidelines (Bustin et al 2009). These guidelines consist of a framework of standardised 

requirements that are needed to ensure that data produced is repeatable, consistent and 

reliable. Although the previous methods section detailed experimental design it is important 

to outline the criteria in which data produced meets these requirements.  

An important aspect outlined in the MIQE guidelines is the determination of the quality of 

the nucleic acids extracted. The integrity of RNA is critical to providing reliable, 

representative results as RNA that has been degraded will subsequently influence changes 

in gene expression during qPCR leading to inaccurate results. All RNA samples used in the 

following experiments were analysed using a RNA 6000 Nano chip on the Bioanalyzer 2100 

(Agilent). The Bioanalyzer can determine RNA integrity, yield, purity and outline traces of 

contamination. Only RNA samples with an integrity score of 9 or higher and purity ratios 

(18s/28s) of 1.8 or higher were used in subsequent experiments. Figure 3.1 shows an 

example assay produced by the Bioanalyzer 2100 providing a visual representation of RNA 

assessed. 
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Figure 3.1 Reconstructed digitised gel image of RNA samples on an RNA 6000 Nano chip. Samples 
consist of Ambion® RNA 6000 Ladder (ThermoFisher) lane L, 500ng HepG2pCMV-ve RNA lane 1, 500ng 
HepG2CLDN-1+ RNA lane 2, 500ng HepG2scambled-ve RNA lane 3, 500ng HepG2CLDN-1- lane 4. Lane 5 has 
been left intentionally blank. The data shown represents lane 1 (HepG2pCMV-ve) indicating an RNA 
Integrity number (RIN) of 9.7. 

The purity of a RNA sample was assessed using the Electropherogram produced by the 

Bioanalyzer 2100. Figure 3.2 represents the electropherogram of Lane 1 
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Figure 3.2: An electropherogram of HepG2pCMV-ve RNA. The above electropherogram shows a 
HepG2pCMV-ve RNA sample which has a purity ratio (18s/28s) of 1.9 indicating high purity. High 
18s/28s peaks with a small marker peak and regular fast region also indicates non-degraded intact 
RNA.  

Another important aspect outlined by the MIQE guidelines is the identification and exclusion 

of samples with poor qPCR product amplification.  

Samples that displayed the following criteria were excluded from data analysis   

- Negative control with a Cq less than 39 

- NTC with Cq less than 39 

- NRT with Cq less than 39  

- Positive control with Cq greater than 35 

- PCR efficiency greater than 110% 

- PCR efficiency less than 90% 

- Replicate group Cq Standard Deviation greater than 0.2 

- Replicate group with more than 1 Cq difference 

- Replicate group melt curves with more than 1°C difference  

- Any melt curve with more than one product amplified (twin peak) 

Marker  

5s 

28s 

18s 

Fast Region 
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Figures 3.3 and 3.4 are examples of efficient qPCR, none of the above exclusion criteria 

apply. Whereas figures 3.5 and 3.6 represent poor qPCR and provide an example of data 

that would be excluded.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 qPCR Amplification curve of GAPDH in HepG2pCMV-ve cells. The figure shows an 
amplification curve (relative fluorescence vs. cycle number) of an RT-PCR reaction to determine the 
expression of GAPDH in HepG2pCMV-ve cells. This is an example of an acceptable PCR, both technical 
replicates are only 0.04 Cq apart, are below 35 cycles and have a PCR efficiency of 100%. 
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Figure 3.4 Melt curve and melt peak of GAPDH in HepG2pCMV-ve cells. The figure shows a melt curve 
and peak (relative fluorescence vs. temperature, celsius) of an RT-PCR reaction to determine the 
melting temperature of the formed GAPDH PCR product generated from HepG2pCMV-ve cells. This is 
an example of an acceptable melt cure and peak, both replicates have the same melting 
temperature and melting peak, indicating only one product has been amplified. 
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Figure 3.5 qPCR Amplification curve of vimentin in HepG2pCMV-ve cells. The figure shows an 
amplification curve (relative fluorescence vs. cycle number) of an RT-PCR reaction to determine the 
expression of vimentin in HepG2pCMV-ve cells. This is an example of an unacceptable PCR run, the 
technical replicates are over 1 cycle apart. The efficiency is within acceptable range but is less than 
100% 
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Figure 3.6 Melt curve and melt peak of vimentin in HepG2pCMV-ve cells. The figure shows a melt 
curve and peak (relative fluorescence vs. temperature, celsius) of an RT-PCR reaction to determine 
the melting temperature of the formed vimentin PCR product generated from HepG2pCMV-vecells. 
This is an example of an unacceptable melt cure and peak. The melt peak shows two products 
formed, indicative of the formation of primer dimers. The problem here was poor primer design 
this was fixed in later experiments.   
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Only qPCR data that conforms to these exclusion criteria were analysed and included in the 

results section. All data was included regardless of fold change, however changes in 

expression were only considered to be increased/decreased if the change was statistically 

significant i.e the P value is less than 0.05.  

3.3 Determining the localisation of claudin-1 using immunofluorescence. 

The localisation of claudin-1 was determined using immunofluorescence and confocal 

microscopy. Cells were processed as per the immunofluorescence protocol outlined in the 

methods section. Cells grown on glass coverslips were mounted on glass slides using 

Profade mounting media, cured overnight at 4oC and imaged at x20 on the confocal 

microscope.  

  

 

 

 

 

 

 

 

Figure 3.7: Localisation of claudin-1 in HepG2wt and HepG2CLDN-1+. Localisation of claudin-1 in 
cultured HepG2 cells at x20 magnification. The image on the left represents wild-type HepG2 cells 
and the image on the right represents HepG2 cells that overexpress claudin-1. The white arrows on 
the left picture indicate the localisation of bile canaliculi. 
 

HepG2wt 

   
HepG2CLDN-1+ 
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The fluorescent micrograph showed claudin-1 localisation in non-polarized HepG2wt cells 

was evenly distributed at the cell membrane between basal/lateral surfaces, with a slight 

increase in concentration around the forming apical surface. When HepG2wt cells began to 

polarise and form bile canaliculi like structures (indicated by the white arrows above), 

claudin-1 redistributed to the apical bile canaliculi surface from the basal/laterals edges.  

The overexpression of claudin-1 in HepG2CLDN-1+ cells caused the protein to be more evenly 

distributed across the basal/lateral and apical surfaces with increased pools of intracellular 

claudin-1. Effective staining of claudin-1 in HepG2CLDN-1- cells could not be achieved due to 

the very low levels of the protein.  
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3.4 Determining the expression of claudin-1 by RT-PCR 

The mRNA expression of claudin-1 was determined in HepG2CLDN-1+, HepG2CLDN-1- and 

their respective controls HepG2pCMV-ve, HepG2scambled-ve via RT-PCR.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Normalized gene expression (2−∆∆CT) of claudin-1 in HepG2CLDN-1+ cells. HepG2CLDN-1+ and 
HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA extraction. Amplification of claudin-
1 was performed alongside GAPDH as a reference gene using RT-PCR. Relative normalised gene 
expression was calculated using the 2−∆∆CT method. Data presented is representative of mean fold 
change ±s.e.m from three biological replicates. Paired t-test was performed to determine statistical 
significance, *** P≤0.001. 

Claudin-1 levels were shown to be significantly increased in HepG2CLDN-1+ cells by 15.8 fold 

(p=0.0005) compared to HepG2pCMV-ve.  
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Figure 3.9: Normalized gene expression (2−∆∆CT) of claudin-1 in HepG2CLDN-1- cells. HepG2CLDN-1- and 
HepG2scambled-ve cells were cultured for 72 hours prior to total RNA extraction. Amplification of 
claudin-1 was performed alongside GAPDH as a reference gene using RT-PCR. Relative normalised 
gene expression was calculated using the 2−∆∆CT method. Data presented is representative of mean 
fold change ±s.e.m from three biological replicates. Paired t-test was performed to determine 
statistical significance, ** P≤0.01. 

claudin-1 levels were shown to be significantly decreased in HepG2CLDN-1- cells by -8.9 fold 

(p=0.0014) compared to HepG2scambled-ve . 
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3.5 Determining the expression of claudin-1 by western-blot 

The protein expression of claudin-1 was determined in HepG2CLDN-1+, HepG2CLDN-1- and 

their respective controls HepG2pCMV-ve, HepG2scambled-ve via western blotting.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: Claudin-1 protein expression in HepG2CLDN-1+, HepG2CLDN-1- and the respective controls 
HepG2pCMV-ve and HepG2scambled-ve cells. HepG2CLDN-1+, HepG2CLDN-1- and their respective controls 

HepG2pCMV-ve, HepG2scambled-ve were cultured for 72 hours prior to cell lysis and extraction using 
TRIsure. Protein concentration was determined using a nanodrop spectrophotometer. Cell lysates 
were denatured and subjected to SDS-PAGE and immunoblot to determine the protein expression 
of claudin-1. The first image (above) represents an immunoblot which has been probed using a 
Claudin-1 Rabbit monoclonal antibody (Cell Signalling #13255) on samples HepG2CLDN-1+, HepG2CLDN-

1- and HepG2pCMV-ve, HepG2scambled-ve. The second image (below) represents a stain-free gel used as a 
loading control. Normalised expression was calculated using Bio-Rad Stain Free Technology and Lab 
Manager software. Data presented is representative of mean fold change ±s.e.m from three 
biological replicates. Paired t-test was performed to determine statistical significance. 

 

Claudin-1 ~22kda ➤ 
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Normalisation using stain-free technology determined HepG2CLDN-1+ cells to contain a 6-fold 

increase in claudin-1 protein compared to HepG2pCMV-ve cells (P=0.009). HepG2CLDN-1- 

showed a -5 fold decrease compared to HepG2scambled-ve cells (P=0.03).  

3.6 Determining the expression of tight junctional and associated genes in claudin-1 

overexpressing and claudin-1 silenced HepG2 cells. 

Claudins are arguably the main constituents of the tight junction and have been shown to 

regulate other tight junctional components in a number of pathophysiological events 

including cancers. Claudin-1, and other tight junction constituents are responsible for the 

maintenance of cellular contact and cell-cell adhesion. During cancer progression, tight 

junctional and associated genes are differentially expressed. An important initiation step in 

the metastasis and invasion of certain cancers involves regulation of expression of these 

tight junctional and associated genes to favour a less adherent phenotype. Changes in tight 

junction composition are thus key aspects in cancer metastasis and therefore their profile 

may help predict tumour behaviour.  

To investigate this, the expression of tight junctional and associated genes in claudin-1 

overexpressing and claudin-1 silenced HepG2 cells were analysed using a PCR panel of 21 

target and housekeeping genes. 
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3.6.1 Expression of tight junctional and associated genes in claudin-1 

overexpressing HepG2 cells 

Target Sample Expression 
(2−∆∆CT) 

Expression 
(2−∆∆CT) 

Standard 
Deviation 

Compared to 
Regulation 
Threshold 

P-Value 

Exceeds P-
Value 

Threshold 
(0.05) 

Glyceraldehyde 3-
phosphate 

dehydrogenase 

HepG2              
CLDN-1+ 1.025 0.002 No change 0.856 Yes 

Beta-actin HepG2              
CLDN-1+ 1.033 0.366 No change 0.997 Yes 

Caveolin-1 HepG2              
CLDN-1+ 38.952 1.976 Up regulated 0.010 No 

Caveolin-2 HepG2              
CLDN-1+ 3.024 0.190 Up Regulated 0.010 No 

Claudin-1 HepG2              
CLDN-1+ 15.839 0.614 Up regulated 0.001 No 

Claudin-2 HepG2              
CLDN-1+ 2.995 0.096 Up regulated 0.003 No 

Claudin-3 HepG2              
CLDN-1+ 1.158 0.177 No Change 0.413 Yes 

Claudin-4 HepG2              
CLDN-1+ -2.246 0.193 Down regulated 0.004 No 

Claudin-5 HepG2              
CLDN-1+ -5.694 0.040 Down regulated 0.032 No 

Claudin-7 HepG2              
CLDN-1+ 5.468 0.236 Up regulated 0.002 No 

Claudin-8 HepG2              
CLDN-1+ -1.224 0.109 Down regulated 0.288 Yes 

Claudin-11 HepG2              
CLDN-1+ -23.084 0.004 Down regulated 0.002 No 

ZONAB HepG2              
CLDN-1+ 3.163 0.312 Up regulated 0.003 No 

Junctional 
adhesion 

molecule A 

HepG2              
CLDN-1+ -10.424 0.003 Down regulated 0.002 No 

Junctional 
adhesion 

molecule B 

HepG2              
CLDN-1+ 6.208 1.576 Up regulated 0.005 No 
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Junctional 
adhesion 

molecule C 

HepG2              
CLDN-1+ 1.277 2.647 No Change 0.544 Yes 

Occludin HepG2              
CLDN-1+ -1.761 0.044 Down regulated 0.007 No 

Zonula occludens-
1 (ZO-1) 

HepG2              
CLDN-1+ -1.902 0.082 Down regulated 0.045 No 

Zonula occludens-
2 (ZO-2) 

HepG2              
CLDN-1+ -14.775 0.014 Down regulated 0.006 No 

Zonula occludens-
3 (ZO-3) 

HepG2              
CLDN-1+ -6.294 0.183 Down regulated 0.009 No 

Serine/Threonine-
Protein Kinase 

WNK4 

HepG2              
CLDN-1+ -17.176 0.013 Down regulated 0.001 No 

 

Table 3.1: Normalised gene expression (2−∆∆CT) of tight junctional and associated genes in claudin-
1 overexpressing HepG2 cells. The table details the relative normalised gene expression of 21 tight 
junctional and associated genes in HepG2CLDN-1+ cells, HepG2pCMV-ve cells were used as the control. 
HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA extraction. 
Amplification of the genes outlined in Table 3.1 was performed alongside GAPDH and beta-actin as 
the reference genes using RT-PCR. Relative normalised gene expression was calculated using the 
2−∆∆CT method. Data presented is representative of mean fold change ±s.e.m from three biological 
replicates. Paired t-test was performed to determine statistical significance. Statistical significance 
is indicated if the P value is lower than the 0.05 threshold.  
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Figure 3.11 Heat map representing normalised gene expression (2−∆∆CT) of tight junctional and 
associated genes in claudin-1 overexpressing HepG2 cells. Normalised gene expression values 
taken from Table 3.1 have been converted into a colorimetric scale outlined above to provide a 
visual representation of large-scale changes. Genes indicated by a green bar represent an 
upregulation in expression, whereas genes indicated by a red bar represent a down regulation in 
expression.  
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Figure 3.12: Normalized gene expression (2−∆∆CT) of claudins-2, -3, -4, -5, -7, -8, -11 and -18 in 
HepG2CLDN-1+ cells. HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA 
extraction. Amplification of claudin-1, -2, -3, -4, -5, -7, -8, -11 was performed alongside GAPDH and 
beta-actin as reference genes using RT-PCR. Relative normalised gene expression was calculated 
using the 2−∆∆CT method. Data presented is representative of mean fold change ±s.e.m from three 
biological replicates. Paired t-test was performed to determine statistical significance, ns – no 
significant * P≤0.05 ** P≤0.01 . 

Expression of claudin family members was aberrant in response to claudin-1 

overexpression. Claudin-1 levels shown in figure 3.12 were significantly increased in 

HepG2CLDN-1+ cells by 15.7 fold (p=0.0005) compared to HepG2pCMV-ve. Claudins -2, -3 and 

7 were also upregulated (P=0.002, P=0.413 and P=0.0017 respectively), although claudin-3 

was not significant. Claudins -4, -5 -8 and 11 were decreased in HepG2CLDN-1+ cells 

(P=0.003, P=0.032, P=0.287 and P=0.002 respectively), although the decrease in claudin-8 

expression was not significant. No expression of claudin-18 could be detected in either 

HepG2CLDN-1+ or HepG2pCMV-ve cells.  
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Figure 3.13: Normalized gene expression (2−∆∆CT) of occludin, Zonula Occludens -1, -2 and -3 and 
ZONAB in HepG2CLDN-1+ cells. HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior to 
total RNA extraction. Amplification of occludin, Zonula Occludens -1, -2 and -3 and ZONAB was 
performed alongside GAPDH and beta-actin as reference genes using RT-PCR. Relative normalised 
gene expression was calculated using the 2−∆∆CT method. Data presented is representative of mean 
fold change ±s.e.m from three biological replicates. Paired t-test was performed to determine 
statistical significance, * P≤0.05 ** P≤0.01 . 

The expression of occludin in HepG2CLDN-1+ cells was decreased compared to HepG2pCMV-ve 

represented by a -1.76 fold change. Statistical analysis indicated the decrease was 

significant (P=0.006). The expression of ZO -1, -2 and -3 was shown to be significantly 

decreased in HepG2CLDN-1+ cells compared to HepG2pCMV-ve (P=0.04, P=0.006 and P=0.009 

respectively). Whereas the expression of transcription factor ZONAB was shown to be 

significantly increased compared to HepG2pCMV-ve (P=0.003).  
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Figure 3.14: Normalized gene expression (2−∆∆CT) of Junctional Adhesion Molecule A, B and C in 
HepG2CLDN-1+ cells. HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA 
extraction. Amplification of Junctional Adhesion Molecule A, B and C was performed alongside 
GAPDH and beta-actin as reference genes using RT-PCR. Relative normalised gene expression was 
calculated using the 2−∆∆CT method. Data presented is representative of mean fold change ±s.e.m 
from three biological replicates. Paired t-test was performed to determine statistical significance, ns 
– no significant change ** P≤0.01 . 

Gene expression of JAM A was -10.42 fold decreased compared to HepG2pCMV-ve cells 

P=0.002. However, JAM B showed a significant 6.2 -fold increase (P=0.005) in gene 

expression. The change in JAM C expression was not significant (P=0.543). 
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Figure 3.15: Normalized gene expression (2−∆∆CT) of caveolin-1 and -2 in HepG2CLDN-1+ cells. 
HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA extraction. 
Amplification of caveolin-1 and -2 was performed alongside GAPDH and beta-actin as reference 
genes using RT-PCR. Relative normalised gene expression was calculated using the 2−∆∆CT method. 
Data presented is representative of mean fold change ±s.e.m from three biological replicates. 
Paired t-test was performed to determine statistical significance, ** P≤0.01 *** P≤0.001 . 

Both caveolin-1 and -2 were shown to be significantly increased in HepG2CLDN-1+ cells 

compared to HepG2pCMV-ve (P<0.0001 and P=0.009). Caveolin-1 was increased by a 

massive 38.9 fold compared to control, whereas caveolin -2 was upregulated 3.0 fold. 
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Figure 3.16: Normalized gene expression (2−∆∆CT) of WNK4 in HepG2CLDN-1+ cells. HepG2CLDN-1+ and 
HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA extraction. Amplification of WNK4 
was performed alongside GAPDH and beta-actin as reference genes using RT-PCR. Relative 
normalised gene expression was calculated using the 2−∆∆CT method. Data presented is 
representative of mean fold change ±s.e.m from three biological replicates. Paired t-test was 
performed to determine statistical significance, ** P≤0.01. 

The expression of WNK4 was massively decreased in HepG2CLDN-1+ cells compared to 

HepG2pCMV-ve, this was represented by a -17.1 fold decrease(P=0.001). 
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3.6.2 Expression of tight junctional and associated genes in claudin-1 silenced 

HepG2 cells 

The overexpression of claudin-1 in HepG2 cells appears to produce a junctional profile 

similar to that observed in invasive HCC cases (Holczbauer et al 2013). The expression 

profile of these junctional genes was then investigated in the claudin-1 silenced HepG2 cell 

to determine if these cells also displayed this pattern linked to invasive characteristics.  

 

Target Sample Expression 
(2−∆∆CT) 

Expression 
(2−∆∆CT)  

Standard 
Deviation 

Compared 
to 

Regulation 
Threshold 

P-
Value 

Exceeds P-
Value 

Threshold 
(0.05) 

Glyceraldehyde 3-
phosphate 

dehydrogenase 

HepG2 
CLDN-1 
siRNA 

1.189 0.155 No change 0.312 Yes 

Beta-actin 
HepG2 
CLDN-1 
siRNA 

1.009 0.148 No change 0.887 Yes 

Caveolin-1 
HepG2 
CLDN-1 
siRNA 

2.656 0.066 Up 
Regulated 0.008 No 

Caveolin-2 
HepG2 
CLDN-1 
siRNA 

3.165 0.164 Up 
Regulated 0.010 No 

Claudin-1 
HepG2 
CLDN-1 
siRNA 

-8.937 0.010 Down 
Regulated 0.001 No 

Claudin-2 
HepG2 
CLDN-1 
siRNA 

2.906 0.074 Up 
Regulated 0.010 No 

Claudin-3 
HepG2 
CLDN-1 
siRNA 

1.514 0.090 Up 
Regulated 0.009 No 

Claudin-4 
HepG2 
CLDN-1 
siRNA 

-1.451 0.055 Down 
Regulated 0.008 No 

Claudin-5 
HepG2 
CLDN-1 
siRNA 

-1.719 0.024 Down 
Regulated 0.008 No 
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Claudin-7 
HepG2 
CLDN-1 
siRNA 

1.007 0.039 No change 0.499 Yes 

Claudin-8 
HepG2 
CLDN-1 
siRNA 

-1.693 0.014 Down 
Regulated 0.001 No 

Claudin-11 
HepG2 
CLDN-1 
siRNA 

4.779 0.039 Up 
Regulated 0.001 No 

ZONAB 
HepG2 
CLDN-1 
siRNA 

4.913 0.111 Up 
Regulated 0.002 No 

Junctional 
adhesion 

molecule A 

HepG2 
CLDN-1 
siRNA 

2.754 0.047 Up 
Regulated 0.014 No 

Junctional 
adhesion 

molecule B 

HepG2 
CLDN-1 
siRNA 

1.077 0.141 No change 0.112 Yes 

Junctional 
adhesion 

molecule C 

HepG2 
CLDN-1 
siRNA 

-1.358 0.035 Down 
Regulated 0.041 No 

Afadin (AF6) 
HepG2 
CLDN-1 
siRNA 

-2.174 0.016 Down 
Regulated 0.020 No 

Occludin 
HepG2 
CLDN-1 
siRNA 

-30.826 0.021 Down 
Regulated 0.002 No 

Nectin-1 
HepG2 
CLDN-1 
siRNA 

-2.120 0.026 Down 
Regulated 0.001 No 

Sp1 Transcription 
Factor 

HepG2 
CLDN-1 
siRNA 

3.567 0.117 Up 
Regulated 0.001 No 

Zonula occludens-1 
(ZO-1) 

HepG2 
CLDN-1 
siRNA 

-1.603 0.081 Down 
Regulated 0.003 No 

Zonula occludens-2 
(ZO-2) 

HepG2 
CLDN-1 
siRNA 

-2.979 0.012 Down 
Regulated 0.004 No 

Zonula occludens-3 
(ZO-3) 

HepG2 
CLDN-1 
siRNA 

-5.376 0.003 Down 
Regulated 0.036 No 
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Serine/Threonine-
Protein Kinase 

WNK4 

HepG2 
CLDN-1 
siRNA 

-1.516 0.005 Down 
Regulated 0.001 No 

 

Table 3.2: Normalised gene expression (2−∆∆CT) of tight junctional and associated genes in claudin-
1 silenced HepG2 cells. The table details the relative normalised gene expression of 24 tight 
junctional and associated genes in HepG2CLDN-1- cells. HepG2scambled-ve cells were used as the control. 
HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours prior to total RNA extraction. 
Amplification of the genes outlined in Table 3.2 was performed alongside GAPDH and Beta-actin as 
the reference genes using RT-PCR. Relative normalised gene expression was calculated using the 
2−∆∆CT method. Data presented is representative of mean fold change ±s.e.m from three biological 
replicates. Paired t-test was performed to determine statistical significance. Statistical significance 
is indicated if the P value is lower than the 0.05 threshold.  
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Figure 3.17: Heat map representing normalised gene expression (2−∆∆CT) of tight junctional and 
associated genes in claudin-1 silenced HepG2 cells. Normalised gene expression values taken from 
Table 3.2 have been converted into a colorimetric scale outlined above to provide a visual 
representation of gene expression changes. Genes indicated by a green bar represent an 
upregulation in expression, whereas genes indicated by a red bar represent a down regulation in 
expression.  
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Figure 3.18: Normalized gene expression (2−∆∆CT) of claudins-2, -3, -4, -5, -7, -8, and -11 in 
HepG2CLDN-1- cells. HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours prior to total 
RNA extraction. Amplification of claudins-2, -3, -4, -5, -7, -8, and -11 was performed alongside 
GAPDH and Beta-actin as reference genes using RT-PCR. Relative normalised gene expression was 
calculated using the 2−∆∆CT method. Data presented is representative of mean fold change ±s.e.m 
from three biological replicates. Paired t-test was performed to determine statistical significance, ns 
– no significant change ** P≤0.01 *** P≤0.001. 

In response to silencing of claudin-1 the expression prolife of other claudin family members 

has changed. Large increases in expression of claudin 2 and 11, and a slight increase in 

claudin 3, was observed in HepG2CLDN-1- cells compared to control (P=0.009, 0.0010 and 

0.008 respectively). Down regulation of claudin 4, 5 and 8 were also observed in 

HepG2CLDN-1- cells (P=0.007, P=0.007 and P<0.001 respectively). There was no significant 

Clau
din-2

Clau
din-3

Clau
din-4

Clau
din-5

Clau
din-7

Clau
din-8

Clau
din-11

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

4.0

5.0

**

****

ns

***

**

***

Target

Fo
ld

 C
ha

ng
e



123 
 

fold change in expression of claudin 7 (P=0.499). No expression of claudin-18 could be 

detected in either HepG2CLDN-1- or HepG2scambled-ve cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19: Normalized gene expression (2−∆∆CT) of occludin, Zonula Occludens -1, -2 and -3 in 
HepG2CLDN-1- cells. HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours prior to total 
RNA extraction. Amplification of occludin, zonula occludens -1, -2 and -3 was performed alongside 
GAPDH and Beta-actin as reference genes using RT-PCR. Relative normalised gene expression was 
calculated using the 2−∆∆CT method. Data presented is representative of mean fold change ±s.e.m 
from three biological replicates. Paired t-test was performed to determine statistical significance, 
** P≤0.01 *** P≤0.001. 
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The expression of occludin in HepG2CLDN-1- cells was decreased massively compared to 

HepG2scambled-ve represented by a -30.8 fold decrease. Statistical analysis indicated the 

decrease was significant (P=0.002). The expression of ZO -1, -2 and -3 was also shown to 

be significantly decreased in HepG2CLDN-1- cells compared to HepG2scambled-ve (P=0.003, 

P=0.004 and P<0.001 respectively).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19: Normalized gene expression (2−∆∆CT) of ZONAB in HepG2CLDN-1- cells. HepG2CLDN-1- and 
HepG2scambled-ve cells were cultured for 72 hours prior to total RNA extraction. Amplification of 
ZONAB was performed alongside GAPDH and Beta-actin as reference genes using RT-PCR. Relative 
normalised gene expression was calculated using the 2−∆∆CT method. Data presented is 
representative of mean fold change ±s.e.m from three biological replicates. Paired t-test was 
performed to determine statistical significance, ** P≤0.01 *** P≤0.001. 

The expression of transcription factor ZONAB was shown to be significantly increased by 

4.9 fold in HepG2CLDN-1- cells (P=0.0017).  
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Figure 3.20: Normalized gene expression (2−∆∆CT) of Junctional Adhesion Molecule A, B and C in 
HepG2CLDN-1- cells. HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours prior to total 
RNA extraction. Amplification of Junctional Adhesion Molecule A, B and C was performed alongside 
GAPDH and Beta-actin as reference genes using RT-PCR. Relative normalised gene expression was 
calculated using the 2−∆∆CT method. Data presented is representative of mean fold change ±s.e.m 
from three biological replicates. Paired t-test was performed to determine statistical significance, ns 
– no significant change * P≤0.05 ** P≤0.01 

 

A significant 2.7-fold increase in JAM A expression was seen in HepG2CLDN-1- cells 

compared to control (P=0.014). The change in JAM B expression was not significant 

(P=0.11). The expression of JAM C was only slightly decreased in HepG2CLDN-1- compared 

to HepG2scambled-ve, however it was significant (P=0.041). 

  

J A
M

 A

J A
M

 B

J A
M

 C

- 2 . 0

- 1 . 0

0 . 0

1 . 0

2 . 0

3 . 0

4 . 0

*

n s

* *

T a r g e t

F
o

ld
 C

h
a

n
g

e



126 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.21: Normalized gene expression (2−∆∆CT) of caveolin-1 and -2 in HepG2CLDN-1- cells. 
HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours prior to total RNA extraction. 
Amplification of caveolin-1 and -2 was performed alongside GAPDH and Beta-actin as reference 
genes using RT-PCR. Relative normalised gene expression was calculated using the 2−∆∆CT method. 
Data presented is representative of mean fold change ±s.e.m from three biological replicates. 
Paired t-test was performed to determine statistical significance, ** P≤0.01 

The expression of both caveolin 1 and 2 was significantly increased in HepG2CLDN-1- cells 

compared to HepG2scambled-ve. Statistical analysis indicated the increase in expression of 

both genes was significant (P=0.008, P=0.009).  
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Figure 3.22: Normalized gene expression (2−∆∆CT) of afadin and nectin-1 in HepG2CLDN-1- cells. 
HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours prior to total RNA extraction. 
Amplification of afadin and nectin-1 was performed alongside GAPDH and Beta-actin as reference 
genes using RT-PCR. Relative normalised gene expression was calculated using the 2−∆∆CT method. 
Data presented is representative of mean fold change ±s.e.m from three biological replicates. 
Paired t-test was performed to determine statistical significance, ** P≤0.01 

The expression of both afadin and nectin-1 was significantly decreased in HepG2CLDN-1- 

cells compared to HepG2scambled-ve. Statistical analysis indicated the decrease in expression 

of both genes was significant (P<0.001 and P<0.001).  
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Figure 3.23: Normalized gene expression (2−∆∆CT) of SP1 in HepG2CLDN-1- cells. HepG2CLDN-1- and 
HepG2scambled-ve cells were cultured for 72 hours prior to total RNA extraction. Amplification of SP1 
was performed alongside GAPDH and Beta-actin as reference genes using RT-PCR. Relative 
normalised gene expression was calculated using the 2−∆∆CT method. Data presented is 
representative of mean fold change ±s.e.m from three biological replicates. Paired t-test was 
performed to determine statistical significance, ** P≤0.01 

The expression of SP1 in HepG2CLDN-1- cells was increased compared to HepG2scambled-ve 

represented by a 3.5-fold change. Statistical analysis indicated the increase was significant 

(P=0.001).  
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Figure 3.24: Normalized gene expression (2−∆∆CT) of WNK4 in HepG2CLDN-1- cells. HepG2CLDN-1- and 
HepG2scambled-ve cells were cultured for 72 hours prior to total RNA extraction. Amplification of 
WNK4 was performed alongside GAPDH and Beta-actin as reference genes using RT-PCR. Relative 
normalised gene expression was calculated using the 2−∆∆CT method. Data presented is 
representative of mean fold change ±s.e.m from three biological replicates. Paired t-test was 
performed to determine statistical significance, ** P≤0.01 

The expression of WNK4 in HepG2CLDN-1- cells was decreased compared to HepG2scambled-ve 

represented by a -1.5 fold change. Statistical analysis indicated the decrease was 

significant (P=0.001).  

Although there are a number of differences, it appears that both the over and under 

expression of claudin-1 in HepG2 cells produce similar patterns of expression of tight 

junctional and associated genes. As this pattern of expression has been documented with 

patients with invasive HCC, it is important to see if the overexpression or silencing of 

claudin-1 in HepG2 cells also displays these phenotypic changes in vitro (Holczbauer et al 

2013).  
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3.7 Effect of claudin-1 on in vitro cell migration in HepG2 cells 

Cases of HCC with aberrant levels of claudin-1 have been observed to have an increased 

metastatic potential. Observations when culturing HepG2CLDN-1+ and HepG2CLDN-1- cells have 

suggested that these cell lines migrate at an increased rate compared to their respective 

controls. It was important to establish whether these cells migrated in a similar way to HCC 

cases reported in the literature. Migration assays were performed on HepG2CLDN-1+, 

HepG2CLDN-1-, HepG2pCMV-ve and HepG2scambled-ve cells to determine if an increase or 

decrease in claudin-1 changed the migratory capacity of HepG2 cells. Measurements of 

gap closure were taken every 12 hours or until complete closure. All migration assays were 

replicated a minimum of 6 times per cell line.  
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Figure 3.25: Sample migration assay images of HepG2CLDN-1+, HepG2CLDN-1- and HepG2WT cells over 
72hrs. The images in figure 3.26 are representative of HepG2CLDN-1+, HepG2CLDN-1- and HepG2WT 
migration assays at their respective time points. Images were taken using an inverted light 
microscope at x10 magnification using a Jenoptik Rigel camera and Gryphax image capture 
software. 
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Figure 3.26: Average cell migration of HepG2CLDN-1+, HepG2CLDN-1- and the respective controls 
HepG2pCMV-ve and HepG2scambled-ve cells over 72hrs. Measurements of gap closure were taken at 
hour 0 and every 12 hours after or until complete gap closure. Images were taken using a Jenoptik 
Rigel camera and Gryphax image capture software. Gap closure was analysed using Image J. Data 
presented is representative of mean fold change ±s.e.m from six biological replicates.  

The initial increase in migration over the first 12 hours was not statistically significant for 

either HepG2CLDN-1+ or HepG2CLDN-1- compared to the respective controls HepG2pCMV-ve and 

HepG2scambled-ve  (P=0.143 and P=0.211 respectively). However, over 72 hours both 

HepG2CLDN-1+and HepG2CLDN-1- displayed increased migration compared to HepG2pCMV-ve 

and HepG2scambled-ve (P=0.003 and P=0.012 respectively). HepG2CLDN-1+ also displayed 

increased migratory capacity compared to HepG2CLDN-1- over 72 hours (P= 0.017). 
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HepG2CLDN-1+ was the only sample to show complete gap closure over 72 hours, in every 

repeat experiment. HepG2CLDN-1- samples displayed complete gap closure in 50% of 

experiments after 72 hours. However, none of the controls HepG2pCMV-ve, HepG2scambled-ve 

and HepG2WT displayed complete gap closure.  

An increased migratory capacity, as seen in both claudin-1 overexpressing and silenced 

cells, is a hallmark of metastatic disease. Cancer cells that display this property often 

exploit genes associated with epithelial to mesenchymal transition which drive disease 

progression. Therefore, the expression of these genes was determined in an attempt to 

investigate and explain the increased migratory capacity observed. 

3.8 Determining the expression of epithelial to mesenchymal transition genes in 

claudin-1 overexpressing and claudin-1 silenced HepG2 cells 

The increased migratory capacity of claudin-1 overexpressing and claudin-1 silenced 

HepG2 cells, indicates possible involvement of epithelial to mesenchymal transition or 

related mechanisms. Changes in tight junction expression are needed to alter barrier 

function and enable subsequent metastasis of cancer cells. Apart from maintenance of 

mechanical barriers, tight junctions have been documented to be involved in signal 

transduction and activation of pathways involved in accusation of an invasive phenotype. It 

could therefore be possible for changes in tight junction expression to be linked to the 

activation or upregulation of genes associated with of epithelial to mesenchymal transition 

or related mechanisms. 

To explore this, claudin-1 overexpressing and claudin-1 silenced HepG2 cells were 

analysed to determine the expression of epithelial to mesenchymal transition genes using a 

PCR panel of 37 target and housekeeping genes. 
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3.8.1 Expression of epithelial to mesenchymal transition genes in claudin-1 

overexpressing HepG2 cells 

Target Sample Expression 
(2−∆∆CT) 

Expression 
(2−∆∆CT) 
Standard 
Deviation 

Compared 
to 

Regulation 
Threshold 

P-
Value 

Exceeds P-
Value 

Threshold 
(0.05) 

Glyceraldehyde 3-
phosphate 

dehydrogenase 

HepG2              
CLDN-

1+ 
1.055 0.319 No Change 0.165 Yes 

Beta-actin 
HepG2              
CLDN-

1+ 
0.9769 0.445 No Change 0.354 Yes 

Calcium/calmodulin-
dependent protein 
kinase II inhibitor 1 

HepG2              
CLDN-

1+ 
-20.704 0.021 Down 

Regulated 0.001 No 

E-cadherin 
HepG2              
CLDN-

1+ 
-6.112 0.004 Down 

Regulated 0.008 No 

N-cadherin 
HepG2              
CLDN-

1+ 
-6.169 0.105 Down 

Regulated 0.015 No 

Alpha-catenin 
HepG2              
CLDN-

1+ 
-3.307 0.193 Down 

Regulated 0.005 No 

β-catenin 
HepG2              
CLDN-

1+ 
3.484 0.522 Up 

Regulated 0.007 No 

Desmocollin-2 
HepG2              
CLDN-

1+ 
-3.281 0.154 Down 

Regulated 0.015 No 

Desmoplakin 
HepG2              
CLDN-

1+ 
-3.651 0.107 Down 

Regulated 0.027 No 

Receptor tyrosine-
protein kinase erbB-3 

HepG2              
CLDN-

1+ 
-23.585 0.028 Down 

Regulated 0.003 No 

Fibronectin 
HepG2              
CLDN-

1+ 
-4.053 0.071 Down 

Regulated 0.001 No 
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Forkhead box protein 
C2 

HepG2              
CLDN-

1+ 
2.641 0.294 Up 

Regulated 0.015 No 

Frizzled-7 
HepG2              
CLDN-

1+ 
2.908 0.641 Up 

Regulated 0.036 No 

Homeobox protein 
Goosecoid 

HepG2              
CLDN-

1+ 
1.938 0.205 Up 

Regulated 0.002 No 

Jagged-1 
HepG2              
CLDN-

1+ 
-19.305 0.045 Down 

Regulated 0.001 No 

Lymphoid enhancer-
binding factor-1 

HepG2              
CLDN-

1+ 
6.495 0.402 Up 

Regulated 0.002 No 

Metadherin 
HepG2              
CLDN-

1+ 
2.208 0.019 Up 

Regulated 0.004 No 

Notch-1 
HepG2              
CLDN-

1+ 
1.255 0.113 Up 

Regulated 0.049 No 

Nudix Hydrolase 13 
HepG2              
CLDN-

1+ 
-3.226 0.244 Down 

Regulated 0.013 No 

Beta-type platelet-
derived growth 
factor receptor 

HepG2              
CLDN-

1+ 
2.266 0.148 Up 

Regulated 0.003 No 

Ras-related C3 
botulinum toxin 

substrate 1 

HepG2              
CLDN-

1+ 
2.375 0.978 Up 

Regulated 0.016 No 

Zinc finger protein 
SNAI1 (SNAIL) 

HepG2              
CLDN-

1+ 
6.870 0.371 Up 

Regulated 0.026 No 

Zinc finger protein 
SNAI2 (SNAIL2) 

HepG2              
CLDN-

1+ 
20.626 1.251 Up 

Regulated 0.006 No 

Zinc finger protein 
SNAI3 (SNAIL3) 

HepG2              
CLDN-

1+ 
-1.364 0.483 Down 

Regulated 0.459 Yes 

Transcription Factor 
SOX-10 

HepG2              
CLDN-

1+ 
2.882 0.649 Up 

Regulated 0.012 No 
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Transcription Factor 
7 

HepG2              
CLDN-

1+ 
3.734 0.035 Up 

Regulated 0.021 No 

Transcription Factor 
7 Like 1 

HepG2              
CLDN-

1+ 
28.610 5.793 Up 

Regulated 0.005 No 

Transcription Factor 
7 Like 2 

HepG2              
CLDN-

1+ 
26.572 1.503 Up 

Regulated 0.003 No 

Tetraspanin-13 
HepG2              
CLDN-

1+ 
3.133 0.196 Up 

Regulated 0.005 No 

Twist Family BHLH 
Transcription Factor 

1  

HepG2              
CLDN-

1+ 
5.361 0.286 Up 

Regulated 0.003 No 

Versican 
HepG2              
CLDN-

1+ 
3.258 0.175 Up 

Regulated 0.008 No 

Vimentin 
HepG2              
CLDN-

1+ 
29.374 0.401 Up 

Regulated 0.007 No 

Wnt Family Member 
11 

HepG2              
CLDN-

1+ 
-5.003 0.122 Down 

Regulated 0.017 No 

Wnt Family Member 
5a 

HepG2              
CLDN-

1+ 
45.446 1.950 Up 

Regulated 0.001 No 

Wnt Family Member 
5b 

HepG2              
CLDN-

1+ 
47.012 6.958 Up 

Regulated 0.002 No 

Zinc Finger E-Box 
Binding Homeobox 1 

HepG2              
CLDN-

1+ 
3.745 0.661 Up 

Regulated 0.015 No 

Zinc Finger E-Box 
Binding Homeobox 2 

HepG2              
CLDN-

1+ 
2.598 0.735 Up 

Regulated 0.015 No 

 

Table 3.3: Normalised gene expression (2−∆∆CT) of epithelial to mesenchymal transition genes in 
claudin-1 overexpressing HepG2 cells. The table details the relative normalised gene expression of 
37 epithelial to mesenchymal transition and associated genes in HepG2CLDN-1+ cells, HepG2pCMV-ve 

cells were used as the control. HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior 
to total RNA extraction. Amplification of the genes outlined in Table 3.3 was performed alongside 
GAPDH and beta-actin as the reference genes using RT-PCR. Relative normalised gene expression 
was calculated using the 2−∆∆CT method. Data presented is representative of mean fold change 
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±s.e.m from three biological replicates. Paired t-test was performed to determine statistical 
significance. Statistical significance is indicated if the P value is lower than the 0.05 threshold.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.27: Heat map representing normalised gene expression (2−∆∆CT) of epithelial to 
mesenchymal transition genes in claudin-1 overexpressing HepG2 cells. Normalised gene 
expression values taken from Table 3.3 have been converted into a colorimetric scale outlined 
above to provide a visual representation of large-scale changes. Genes indicated by a green bar 
represent an upregulation in expression, whereas genes indicated by a red bar represent a down 
regulation in expression.  
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Figure 3.29: Normalized gene expression (2−∆∆CT) of E-cadherin, N-cadherin, fibronectin and 
vimentin in HepG2CLDN-1+ cells. HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior 
to total RNA extraction. Amplification of E-cadherin, N-cadherin, Fibronectin and vimentin was 
performed alongside GAPDH and Beta-actin as reference genes using RT-PCR. Relative normalised 
gene expression was calculated using the 2−∆∆CT method. Data presented is representative of mean 
fold change ±s.e.m from three biological replicates. Paired t-test was performed to determine 
statistical significance, * P≤0.05 ** P≤0.01 *** P≤0.001. 

Epithelial marker E-cadherin was significantly decreased in HepG2CLDN-1+ cells compared to 

control HepG2pCMV-ve, represented by a -6.1 fold decrease (P=0.007). Mesenchymal marker 

vimentin was massively increased by 29 fold in HepG2CLDN-1+ cells (P=0.006). Interestingly, 

other markers of mesenchymal cells, N-cadherin and fibronectin were found to be 

significantly decreased by -6.1 and -4.0 fold respectively (P=0.014 and P<0.001). 

E-cadherin and vimentin are classic markers of EMT initiation in cancer cell progression. 

The down regulation of the epithelial marker E-cadherin and the upregulation of the 
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mesenchymal marker vimentin are hallmarks of the transition.  The large fold changes in 

these markers seen as a result of claudin-1 overexpression provide strong evidence that 

EMT is occurring in these cells. 
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Figure 3.30: Normalized gene expression (2−∆∆CT) of EMT associated transcription factors in 
HepG2CLDN-1+ cells. HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA 
extraction. Amplification of Forkhead box C2, Goosecoid homeobox, SNAIL1, SNAIL2, SNAIL3, 
SOX10, TWIST1, ZEB1 and ZEB2 was performed alongside GAPDH and Beta-actin as reference genes 
using RT-PCR. Relative normalised gene expression was calculated using the 2−∆∆CT method. Data 
presented is representative of mean fold change ±s.e.m from three biological replicates. Paired t-
test was performed to determine statistical significance, ns – not significant * P≤0.05 ** P≤0.01 *** 
P≤0.001. 

Classic EMT inducing transcription factors TWIST1, ZEB1 and ZEB2 were all significantly 

increased by 5.3, 2.7 and 2.5 fold respectively (P=0.003, P=0.014 and P= 0.015). SNAIL2, 

otherwise known as SLUG, represented the largest increase in gene expression with a 20-
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fold change, followed by SNAIL1 with a 6.8-fold increase (P=0.005, P=0.025 respectively). 

However, there was no significant change in express of SNAIL 3 (P=0.458). Other EMT 

inducing transcription factors Forkhead Box C2, Goosecoid Homeobox, and SOX10 all 

displayed increased expression by 2.6, 1.9, and 2.8 fold respectively (P=0.014, P=0.002 

P=0.012) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.31: Normalized gene expression (2−∆∆CT) of NOTCH associated genes in HepG2CLDN-1+ cells. 
HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA extraction. 
Amplification of notch-1 and jagged-1 was performed alongside GAPDH and Beta-actin as reference 
genes using RT-PCR. Relative normalised gene expression was calculated using the 2−∆∆CT method. 
Data presented is representative of mean fold change ±s.e.m from three biological replicates. 
Paired t-test was performed to determine statistical significance, ns – not significant *** P≤0.001. 

The gene expression of notch-1 appeared to be increased 1.25 fold compared to control. 

However, the increase was not significant as the P value exceeded the threshold, 

represented by P=0.078. The expression of jagged-1 was massively decreased, 
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represented by a -19.3 fold change. Statistical analysis determined that the change in 

expression was significant (P<0.001). 

 

 

 

 

 

 

 

 

Figure 3.32: Normalized gene expression (2−∆∆CT) of WNT / β-catenin target genes in HepG2CLDN-1+ 
cells. HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA extraction. 
Amplification of β-catenin, LEF1, TCF1, TCF3 and TCF4 was performed alongside GAPDH and Beta-
actin as reference genes using RT-PCR. Relative normalised gene expression was calculated using 
the 2−∆∆CT method. Data presented is representative of mean fold change ±s.e.m from three 
biological replicates. Paired t-test was performed to determine statistical significance, * P≤0.05 ** 
P≤0.01  

The expression of β-catenin was significantly increased by 3.5 fold in HepG2CLDN-1+ 

compared to HepG2pCMV-ve (P=0.006). Associated WNT / β-catenin transcription factors 

LEF1 and TCF1 were also increased HepG2CLDN-1+ cells by 6.5 and 3.7 fold respectively 

(P=0.002 and P=0.022). The largest increase in expression of WNT / β-catenin target 

genes was transcription factors TCF3 and TCF4 which displayed 28 and 26 fold increases 

in expression (P=0.0051 and P=0.003). 
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Figure 3.33: Normalized gene expression (2−∆∆CT) of associated WNT/β-catenin target genes in 
HepG2CLDN-1+ cells. HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA 
extraction. Amplification of alpha-catenin, frizzled-7 and rac1 was performed alongside GAPDH and 
Beta-actin as reference genes using RT-PCR. Relative normalised gene expression was calculated 
using the 2−∆∆CT method. Data presented is representative of mean fold change ±s.e.m from three 
biological replicates. Paired t-test was performed to determine statistical significance, * P≤0.05 ** 
P≤0.01  

The expression of alpha-catenin was significant decreased by -3.3 fold in HepG2CLDN-1+ 

cells compared to control (P=0.004). Expression of frizzled-7 and rac1 was increased in 

HepG2CLDN-1+ cells by 2.9 and 2.3 fold respectively (P=0.035 and P=0.015) 
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Figure 3.34: Normalized gene expression (2−∆∆CT) of WNT5a and WNT5b in HepG2CLDN-1+ cells. 
HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA extraction. 
Amplification of WNT5a and WNT5b was performed alongside GAPDH and Beta-actin as reference 
genes using RT-PCR. Relative normalised gene expression was calculated using the 2−∆∆CT method. 
Data presented is representative of mean fold change ±s.e.m from three biological replicates. 
Paired t-test was performed to determine statistical significance, ** P≤0.01  

Both WNT5a and WNT5b displayed a large significant increase of 45 and 47 fold 

respectively in HepG2CLDN-1+ cells compared to control. Statistical analysis indicated the 

increase in expression of both genes was significant (P=0.001, P=0.002).  
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Figure 3.35: Normalized gene expression (2−∆∆CT) of WNT11a in HepG2CLDN-1+ cells. HepG2CLDN-1+ and 
HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA extraction. Amplification of 
WNT11a was performed alongside GAPDH and Beta-actin as reference genes using RT-PCR. Relative 
normalised gene expression was calculated using the 2−∆∆CT method. Data presented is 
representative of mean fold change ±s.e.m from three biological replicates. Paired t-test was 
performed to determine statistical significance, ** P≤0.01  

The expression of WNT11a in HepG2CLDN-1+ cells was decreased compared to control 

represented by a 0.65-fold change. Statistical analysis indicated the decrease was 

significant (P=0.001).  
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Figure 3.36: Normalized gene expression (2−∆∆CT) of other associated EMT target genes in 
HepG2CLDN-1+ cells . HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior to total 
RNA extraction. Amplification of CAMK2N1, desmoplakin, ERBB3, desmocollin-2, Nudix hydrolase 
13, PDGFRB and versican was performed alongside GAPDH and Beta-actin as reference genes using 
RT-PCR. Relative normalised gene expression was calculated using the 2−∆∆CT method. Data 
presented is representative of mean fold change ±s.e.m from three biological replicates. Paired t-
test was performed to determine statistical significance, * P≤0.05 ** P≤0.01 

CAMK2N1 and ERBB3 represented the largest decrease of associated EMT target genes, 

represented by a -20.7 and -23.5 fold change (P=0.001, P=0.002). Desmoplakin, 

Desmocollin-2, and Nudix Hydrolase 13 were also significantly decreased by -3.6, -3.2 and 

-3.2 fold change respectively (P=0.026, P=0.014, and P=0.012). The expression of 
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PDGFRB and Versican was significantly increased compared to control in HepG2CLDN-1+ 

cells by 2.26 and 3.35 fold respectively (P=0.0027 and P=0.0079). 

3.8.2 Expression of epithelial to mesenchymal transition genes in claudin-1 silenced 

HepG2 cells. 

Significant upregulation of EMT transcription factors and vimentin provide strong evidence 

of EMT initiation in claudin-1 overexpressing HepG2 cells. EMT initiation is often associated 

with an increase in migratory capacity (Karlsson et al 2017). It is therefore likely that the 

increase is EMT markers is linked to the increased migratory capacity observed in these 

cells. As the migratory capacity of claudin-1 silenced HepG2 cells was also significantly 

increased it is important to determine the expression of EMT genes in these cells to 

examine if the same link existed.  

 

Target Sample Expression 
(2−∆∆CT) 

Expression 
(2−∆∆CT) 

Standard 
Deviation 

Compared 
to 

Regulation 
Threshold 

P-Value 

Exceeds P-
Value 

Threshold 
(0.05) 

Glyceraldehyde 
3-phosphate 

dehydrogenase 

HepG2 
CLDN-1 
siRNA 

1.035 0.009 No Change 0.000 No 

Beta-actin 
HepG2 
CLDN-1 
siRNA 

-1.343 0.032 No Change 0.003 No 

α-Catenin 
HepG2 
CLDN-1 
siRNA 

1.376 0.077 Up 
Regulation 0.025 No 

E-cadherin 
HepG2 
CLDN-1 
siRNA 

-1.529 0.001 Down 
Regulated 0.017 No 

N-cadherin 
HepG2 
CLDN-1 
siRNA 

1.484 0.068 Up 
Regulated 0.022 No 
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β-catenin 
HepG2 
CLDN-1 
siRNA 

1.397 0.110 Up 
Regulated 0.022 No 

Desmocollin-2 
HepG2 
CLDN-1 
siRNA 

1.685 0.099 Up 
Regulated 0.015 No 

Desmoplakin 
HepG2 
CLDN-1 
siRNA 

1.922 0.041 Up 
Regulated 0.004 No 

Epidermal 
Growth Factor 

Receptor 

HepG2 
CLDN-1 
siRNA 

1.767 0.106 Up 
Regulated 0.009 No 

Fibronectin 
HepG2 
CLDN-1 
siRNA 

2.042 0.003 Up 
Regulated 0.013 No 

Forkhead box 
protein C2 

HepG2 
CLDN-1 
siRNA 

4.813 0.168 Up 
Regulated 0.002 No 

Frizzled-7 
HepG2 
CLDN-1 
siRNA 

2.508 0.041 Up 
Regulated 0.002 No 

Homeobox 
protein 

Goosecoid 

HepG2 
CLDN-1 
siRNA 

2.591 0.152 Up 
Regulated 0.007 No 

Jagged-1 
HepG2 
CLDN-1 
siRNA 

3.110 0.170 Up 
Regulated 0.003 No 

Lymphoid 
enhancer-

binding factor-1 

HepG2 
CLDN-1 
siRNA 

-1.138 0.012 Down 
Regulated 0.025 No 

Microtubule 
Associated 
Protein 1B 

HepG2 
CLDN-1 
siRNA 

1.846 0.087 Up 
Regulated 0.004 No 

Moesin 
HepG2 
CLDN-1 
siRNA 

8.302 0.664 Up 
Regulated 0.000 No 

Notch-1 
HepG2 
CLDN-1 
siRNA 

3.572 0.231 Up 
Regulated 0.002 No 

Nudix Hydrolase 
13 

HepG2 
CLDN-1 
siRNA 

-26.455 0.005 Down 
Regulated 0.003 No 

Ras-Related C3 
Botulinum Toxin 

Substrate 1 

HepG2 
CLDN-1 
siRNA 

-1.783 0.020 Down 
Regulated 0.014 No 
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Zinc finger 
protein SNAI1 

(SNAIL) 

HepG2 
CLDN-1 
siRNA 

1.511 0.014 Up 
Regulated 0.028 No 

Zinc finger 
protein SNAI2 

(SNAIL2) 

HepG2 
CLDN-1 
siRNA 

-7.138 0.005 Down 
Regulated 0.006 No 

Zinc finger 
protein SNAI3 

(SNAIL3) 

HepG2 
CLDN-1 
siRNA 

-8.929 0.005 Down 
Regulated 0.007 No 

Transcription 
Factor SOX-10 

HepG2 
CLDN-1 
siRNA 

-5.274 0.006 Down 
Regulated 0.004 No 

Transcription 
Factor 7 

HepG2 
CLDN-1 
siRNA 

3.112 0.126 Up 
Regulated 0.003 No 

Transcription 
Factor 7 Like 1 

HepG2 
CLDN-1 
siRNA 

1.848 0.014 Up 
Regulated 0.021 No 

Transcription 
Factor 7 Like 2 

HepG2 
CLDN-1 
siRNA 

1.304 0.022 Up 
Regulated 0.057 No 

Twist Family 
BHLH 

Transcription 
Factor 1  

HepG2 
CLDN-1 
siRNA 

2.418 0.134 Up 
Regulated 0.002 No 

Vimentin 
HepG2 
CLDN-1 
siRNA 

5.351 0.259 Up 
Regulated 0.002 No 

Wnt Family 
Member 5a 

HepG2 
CLDN-1 
siRNA 

-2.141 0.106 Down 
Regulated 0.013 No 

Wnt Family 
Member 5b 

HepG2 
CLDN-1 
siRNA 

-1.017 0.052 Down 
Regulated 0.213 Yes 

Wnt Family 
Member 11 

HepG2 
CLDN-1 
siRNA 

-1.072 0.047 Down 
Regulated 0.165 Yes 

Zinc Finger E-Box 
Binding 

Homeobox 1 

HepG2 
CLDN-1 
siRNA 

1.021 0.005 No Change 0.153 Yes 

Zinc Finger E-Box 
Binding 

Homeobox 2 

HepG2 
CLDN-1 
siRNA 

2.662 0.137 Up 
Regulated 0.011 No 
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Table 3.4: Normalised gene expression (2−∆∆CT) of epithelial to mesenchymal transition genes in 
claudin-1 silenced HepG2 cells. The table details the relative normalised gene expression of 24 
tight junctional and associated genes in HepG2CLDN-1- cells. HepG2scambled-ve cells were used as the 
control. HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours prior to total RNA 
extraction. Amplification of the genes outlined in Table 3.4 was performed alongside GAPDH and 
Beta-actin as the reference genes using RT-PCR. Relative normalised gene expression was 
calculated using the 2−∆∆CT method. Data presented is representative of mean fold change ±s.e.m 
from three biological replicates. Paired t-test was performed to determine statistical significance. 
Statistical significance is indicated if the P value is lower than the 0.05 threshold.  
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Figure 3.37: Heat map representing normalised gene expression (2−∆∆CT) of epithelial to 
mesenchymal transition genes in claudin-1 silenced HepG2 cells. Normalised gene expression 
values taken from Table 3.1 have been converted into a colorimetric scale outlined above to 
provide a visual representation of large scale changes. Genes indicated by a green bar represent an 
upregulation in expression, whereas genes indicated by a red bar represent a down regulation in 
expression.  
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Figure 3.38: Normalized gene expression (2−∆∆CT) of E-cadherin, N-cadherin, and fibronectin, and 
vimentin in HepG2CLDN-1- cells. HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours 
prior to total RNA extraction. Amplification of E-cadherin, N-cadherin, and fibronectin, and vimentin 
was performed alongside GAPDH and beta-actin as reference genes using RT-PCR. Relative 
normalised gene expression was calculated using the 2−∆∆CT method. Data presented is 
representative of mean fold change ±s.e.m from three biological replicates. Paired t-test was 
performed to determine statistical significance, * P≤0.05 ** P≤0.01  

Epithelial marker E-cadherin displayed a decrease in HepG2CLDN-1- cells compared to 

control HepG2scambled-ve, represented by a -1.5 fold change. Statistical analysis determined 

the fold change significant (P=0.017). The mesenchymal marker vimentin was increased by 

5.3 fold in HepG2CLDN-1+ cells (P=0.002). Other markers of mesenchymal cells, N-cadherin 

and Fibronectin were found to be significantly increased by 1.48 fold 2.04 fold (P=0.021 and 

P=0.0126). 
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E-cadherin and vimentin are classic markers of EMT initiation in cancer cell progression. 

The down regulation of the epithelial marker E-cadherin and the upregulation of the 

mesenchymal marker vimentin are hallmarks of the transition.  Interestingly in claudin-1 

silenced cells there is a large increase in vimentin expression, but only a small decrease in 

E-cadherin. This suggests these cells still express both epithelial and mesenchymal 

markers.   
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Figure 3.39: Normalized gene expression (2−∆∆CT) of EMT associated transcription factors in 
HepG2CLDN-1- cells. HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours prior to total 
RNA extraction. Amplification of Forkhead box C2, Goosecoid homeobox, SNAIL1, SNAIL2, SNAIL3, 
SOX10, TWIST1, ZEB1 and ZEB2 was performed alongside GAPDH and beta-actin as reference genes 
using RT-PCR. Relative normalised gene expression was calculated using the 2−∆∆CT method. Data 
presented is representative of mean fold change ±s.e.m from three biological replicates. Paired t-
test was performed to determine statistical significance, ns – not significant * P≤0.05 ** P≤0.01  

Classic EMT inducing transcription factors TWIST1 and ZEB2 were significantly increased 

by 2.42 and 2.66 fold respectively (P=0.002, P=0.010). Interestingly, ZEB1 was only very 

slightly increased but the change in expression was not significant (P=0.152). SNAIL1 was 

the only member of the SNAIL family transcription factors to show an increase in 

expression, represented by a 1.51-fold change (P=0.028). Other members, SNAIL2 and 3 
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both decrease significantly by -7.1 and -8.9-fold change (P=0.005, P=0.006 respectively). 

The expression of SOX10 also significantly decreased, represented by a -5.27 fold change 

(P=0.003). Other EMT inducing transcription factors Forkhead Box C2 and Goosecoid 

Homeobox displayed increased expression by 4.8 and 2.6 fold respectively (P=0.002 and 

P=0.006) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.40: Normalized gene expression (2−∆∆CT) of NOTCH associated genes in HepG2CLDN-1- cells. 
HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours prior to total RNA extraction. 
Amplification of notch-1 and jagged-1 was performed alongside GAPDH and beta-actin as reference 
genes using RT-PCR. Relative normalised gene expression was calculated using the 2−∆∆CT method. 
Data presented is representative of mean fold change ±s.e.m from three biological replicates. 
Paired t-test was performed to determine statistical significance, ** P≤0.01  
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Both NOTCH-1 and JAGGED-1 displayed significantly increased expression, 3.57 and 3.11 

fold respectively in HepG2CLDN-1- cells compared to control. Statistical analysis indicated the 

increase in expression of both genes was significant (P=0.002, P=0.003).  
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Figure 3.41: Normalized gene expression (2−∆∆CT) of WNT / β-catenin target genes in HepG2CLDN-1- 
cells. HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours prior to total RNA 
extraction. Amplification of β-catenin, LEF1, TCF1, TCF3 and TCF4 was performed alongside GAPDH 
and beta-actin as reference genes using RT-PCR. Relative normalised gene expression was 
calculated using the 2−∆∆CT method. Data presented is representative of mean fold change ±s.e.m 
from three biological replicates. Paired t-test was performed to determine statistical significance, * 
P≤0.05  ** P≤0.01  

The expression of β-catenin was slightly increased in HepG2CLDN-1- cells compared to 

control HepG2scambled-ve, represented by a 1.4-fold change. Statistical analysis determined 

the fold change significant (P=0.022). Expression of LEF1 was found to be slightly 
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decreased, however the change in expression was significant (P=0.02). The expression of 

TCF1, TCF3 and TCF4 were all found to have increased expression in in HepG2CLDN-1- cells 

compared to control HepG2scambled-ve by 3.11, 1.84 and 1.30-fold change respectively. The 

change in expression of TCF1 and 3 was found to be significant but the change in 

expression of TCF4 was not (P=0.003, P=0.021 and P=0.057 respectively)   

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.42: Normalized gene expression (2−∆∆CT) of associated WNT / β-catenin target genes in 
HepG2CLDN-1- cells. HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours prior to total 
RNA extraction. Amplification of alpha-catenin, frizzled-7 and rac1 was performed alongside GAPDH 
and beta-actin as reference genes using RT-PCR. Relative normalised gene expression was 
calculated using the 2−∆∆CT method. Data presented is representative of mean fold change ±s.e.m 
from three biological replicates. Paired t-test was performed to determine statistical significance, * 
P≤0.05  ** P≤0.01  

The expression of α-Catenin and frizzled-7 was significantly increased by 1.37 and 2.5 fold 

respectively in HepG2CLDN-1- cells compared to control (P=0.024 and P=0.002). Expression 

of Rac1 was significantly in HepG2CLDN-1- cells -1.78-fold change (P=0.013) 
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Figure 3.43: Normalized gene expression (2−∆∆CT) of WNT5a, WNT5b and WNT11a in HepG2CLDN-1- 
cells. HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours prior to total RNA 
extraction. Amplification of WNT5a, WNT5b and WNT11a was performed alongside GAPDH and 
beta-actin as reference genes using RT-PCR. Relative normalised gene expression was calculated 
using the 2−∆∆CT method. Data presented is representative of mean fold change ±s.e.m from three 
biological replicates. Paired t-test was performed to determine statistical significance, ns – not 
significant * P≤0.05   

The expression of WNT5a, WNT5b and WNT11a were all decreased in HepG2CLDN-1- cells 

compared to control by -2.14, -1.01- and -1.07-fold change respectively. Statistical analysis 

revealed only the change in expression of WNT5a was significant (P=0.013, P=0.912 and 

P=0.165)  
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Figure 3.44: Normalized gene expression (2−∆∆CT) of other associated EMT target genes in 
HepG2CLDN-1- cells. HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours prior to total 
RNA extraction. Amplification of desmoplakin, desmocollin-2, EGFR, MAP1B, moesin and nudix 
hydrolase 13 was performed alongside GAPDH and beta-actin as reference genes using RT-PCR. 
Relative normalised gene expression was calculated using the 2−∆∆CT method. Data presented is 
representative of mean fold change ±s.e.m from three biological replicates. Paired t-test was 
performed to determine statistical significance, * P≤0.05  ** P≤0.01  

 

The expression of Desmoplakin, Desmocollin-2, EGFR, MAP1b and Moesin were all 

increased in HepG2CLDN-1- cells compared to control. Statistical analysis of these genes 

revealed that the increased expression was significant (P=0.015, P=0.004, P=0.009, 
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P=0.004 and P<0.001).  The expression of Nudix Hydrolase 13 was significantly decreased 

in HepG2CLDN-1- cells compared to control by -26.45 fold (P=0.003). 

Although there are a number of differences, it appears that both over and under expression 

of claudin-1 in HepG2 cells produce similar patterns of expression of EMT genes. A number 

of these genes, particularly EMT transcription factors, are able to mediate groups of tumour 

metastasis genes capable of remodelling the tumour microenvironment and ultimately 

orchestrating an invasive and metastatic phenotype (Karlsson et al 2017). It is important to 

determine the expression of these genes in claudin-1 overexpressing and silenced cells as 

it could give an indication of the metastatic potential in these cells and how HCC tumours 

presenting with the same molecular profile might behave in vivo. 

3.9 Expression of β-catenin in claudin-1 overexpressed and claudin-1 silenced 

HepG2 cells 

The gene expression of β-catenin was shown to be significantly increased both HepG2CLDN-

1+ and HepG2CLDN-1- cells by 3.6 fold and 1.4 fold respectively. The role of β-catenin in the 

initiation of EMT is complex, but initiation relies on stabilisation of the protein. Unless 

stabilised, β-catenin is ubiquitinatised and targeted for proteosomal degradation by the β-

catenin destruction complex (MacDonald et al 2009). PCR data has revealed the that both 

claudin-1 overexpression and silencing influences the expression of β-catenin and several 

WNT/β-catenin target genes. However, the protein level of β-catenin needed to be 

quantified to determine if the increased levels of mRNA seen in PCR were translated to 

protein, and if that protein was stabilised or targeted for degradation.  

The protein expression of β-catenin was determined in HepG2CLDN-1+, HepG2CLDN-1- and 

their respective controls HepG2pCMV-ve, HepG2scambled-ve via western blotting.  
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Figure 3.45: β-catenin protein expression in HepG2CLDN-1+, HepG2CLDN-1- and the respective controls 
HepG2pCMV-ve and HepG2scambled-ve cells. HepG2CLDN-1+, HepG2CLDN-1- and their respective controls 

HepG2pCMV-ve, HepG2scambled-ve were cultured for 72 hours prior to cell lysis and extraction using 
TRIsure. Protein concentration was determined using a nanodrop spectrophotometer. Cell lysates 
were denatured and subjected to SDS-PAGE and immunoblot to determine the protein expression 
of β-catenin. The first image (above) represents an immunoblot which has been probed using a β-
catenin Rabbit monoclonal antibody (Cell Signalling #8480) on samples HepG2CLDN-1+, HepG2CLDN-1- 
and HepG2pCMV-ve, HepG2scambled-ve. The second image (below) represents a stain-free gel used as a 
loading control. Normalised expression was calculated using Bio-Rad Stain Free Technology and Lab 
Manager software. Data presented is representative of mean fold change ±s.e.m from three 
biological replicates. Paired t-test was performed to determine statistical significance. 
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Normalisation using stain-free technology determined that HepG2CLDN-1+ cells contained a 

4.5-fold increase in β-catenin protein compared to HepG2pCMV-ve cells. HepG2CLDN-1+showed 

a 2-fold increase compared to HepG2scambled-ve cells. This indicates that the β-catenin 

expression is increased in both HepG2CLDN-1+ and HepG2CLDN-1+ cells and is not being 

targeted for destruction. 

 

3.10 Determining the expression of tumour metastasis related genes in claudin-1 

overexpressing and claudin-1 silenced HepG2 cells 

Epithelial–mesenchymal transition (EMT) is an important initiation step for several cancers 

in the early stages of metastasis. Increased motility and reduced intercellular adhesion 

associated with EMT increase the metastatic capacity of cancer cells, but other processes 

that enable invasion and colonisation need to be activated for successful cancer migration. 

The expression of genes associated with tumour metastasis can be influenced by a number 

of mechanisms and mutations including those responsible for EMT. Screening of the 

expression of tumour metastasis and associated oncogenes provide valuable prognostic 

markers and predictions of the migratory capacity of those cells.  

Claudin-1 overexpressing and claudin-1 silenced HepG2 cells were analysed to determine 

the expression of genes associated with tumour metastasis using a PCR panel of 26 target 

and housekeeping genes (GAPDH/Beta-actin) 

3.10.1 Expression of tumour metastasis related genes in claudin-1 overexpressing 

HepG2 cells 

 



162 
 

Target Sample Expression 
(2−∆∆CT) 

Expression 
(2−∆∆CT) 

Standard 
Deviation 

Compared 
to 

Regulation 
Threshold 

P-Value 

Exceeds P-
Value 

Threshold 
(0.05) 

Glyceraldehyde 3-
phosphate 

dehydrogenase 

HepG2              
CLDN-1+ 1.033 0.135 No Change 0.256 Yes 

Beta-actin HepG2              
CLDN-1+ -1.004 0.306 No Change 0.732 Yes 

Cathepsin-K HepG2              
CLDN-1+ 2.556 0.158 Up 

Regulated 0.004 No 

Cathepsin-L HepG2              
CLDN-1+ 2.402 0.146 Up 

Regulated 0.003 No 

CD44 Molecule HepG2              
CLDN-1+ -6.452 0.102 Down 

Regulated 0.009 No 

C-X-C motif 
chemokine-12 

HepG2              
CLDN-1+ 36.603 5.729 Up 

Regulated 0.003 No 

C-X-C chemokine 
receptor type-4 

HepG2              
CLDN-1+ 2.577 0.565 Up 

Regulated 0.015 No 

Ephrin Type-B 
receptor-2 

HepG2              
CLDN-1+ 65.314 2.632 Up 

Regulated 0.003 No 

Dysadherin HepG2              
CLDN-1+ 39.297 1.560 Up 

Regulated 0.005 No 

Kisspeptin-1 HepG2              
CLDN-1+ -4.885 0.144 Down 

Regulated 0.002 No 

Kisspeptin Receptor HepG2              
CLDN-1+ -3.386 0.026 Down 

Regulated 0.002 No 

Cytokeratin-7 HepG2              
CLDN-1+ -1.894 0.112 Down 

Regulated 0.015 No 

Cytokeratin-14 HepG2              
CLDN-1+ -2.196 0.025 Down 

Regulated 0.041 No 

Cytokeratin-19 HepG2              
CLDN-1+ -24.331 0.910 Down 

Regulated 0.002 No 

Matrix 
Metalloproteinase-2 

HepG2              
CLDN-1+ 54.839 1.745 Up 

Regulated 0.003 No 

Matrix 
Metalloproteinase-3 

HepG2              
CLDN-1+ -57.657 0.012 Down 

Regulated 0.001 No 

Matrix 
Metalloproteinase-7 

HepG2              
CLDN-1+ -61.923 0.064 Down 

Regulated 0.019 No 
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Table 3.5: Normalised gene expression (2−∆∆CT) of tumour metastasis related genes in claudin-1 
overexpressing HepG2 cells. The table details the relative normalised gene expression of 26 
tumour metastasis related genes in HepG2CLDN-1+ cells, HepG2pCMV-ve cells were used as the control. 
HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA extraction. 
Amplification of the genes outlined in Table 3.5 was performed alongside GAPDH and beta-actin as 
the reference genes using RT-PCR. Relative normalised gene expression was calculated using the 
2−∆∆CT method. Data presented is representative of mean fold change ±s.e.m from three biological 
replicates. Paired t-test was performed to determine statistical significance. Statistical significance 
is indicated if the P value is lower than the 0.05 threshold.  

 

 

Matrix 
Metalloproteinase-9 

HepG2              
CLDN-1+ 2.865 0.261 Up 

Regulated 0.001 No 

Matrix 
Metalloproteinase-

10 

HepG2              
CLDN-1+ 2.811 0.307 Up 

Regulated 0.010 No 

Matrix 
Metalloproteinase-

11 

HepG2              
CLDN-1+ 1.210 0.491 No Change 0.455 Yes 

Matrix 
Metalloproteinase-

13 

HepG2              
CLDN-1+ 10.864 0.437 Up 

Regulated 0.003 No 

Tissue Inhibitor of 
Metalloproteinases-1 

HepG2              
CLDN-1+ -1.480 0.056 Down 

Regulated 0.002 No 

Tissue Inhibitor of 
Metalloproteinases-2 

HepG2              
CLDN-1+ -3.096 0.129 Down 

Regulated 0.002 No 

Tissue Inhibitor of 
Metalloproteinases-3 

HepG2              
CLDN-1+ -4.880 0.034 Down 

Regulated 0.005 No 

Tissue Inhibitor of 
Metalloproteinases-4 

HepG2              
CLDN-1+ -17.391 0.023 Down 

Regulated 0.003 No 

TRAIL (Tumor 
Necrosis Factor 

Superfamily Member 
10) 

HepG2              
CLDN-1+ -7.616 0.262 Down 

Regulated 0.004 No 
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Figure 3.46: Heat map representing normalised gene expression (2−∆∆CT) of tumour metastasis 
related genes in claudin-1 overexpressing HepG2 cells. Normalised gene expression values taken 
from Table 3.3 have been converted into a colorimetric scale outlined above to provide a visual 
representation of large scale changes. Genes indicated by a green bar represent an upregulation in 
expression, whereas genes indicated by a red bar represent a down regulation in expression.  

 

C L D N - 1  +

C a t h e p s i n - K

C a t h e p s i n - L

C D 4 4  M o l e c u l e

C - X - C  m o t i f  c h e m o k i n e - 1 2

C - X - C  c h e m o k i n e  r e c e p t o r  t y p e - 4

E p h r i n  T y p e - B  r e c e p t o r - 2

D y s a d h e r i n

K i s s p e p t i n - 1

K i s s p e p t i n  R e c e p t o r

C y t o k e r a t i n - 7

C y t o k e r a t i n - 1 4

C y t o k e r a t i n - 1 9

M a t r i x  M e t a l l o p r o t e i n a s e - 2

M a t r i x  M e t a l l o p r o t e i n a s e - 3

M a t r i x  M e t a l l o p r o t e i n a s e - 7

M a t r i x  M e t a l l o p r o t e i n a s e - 9

M a t r i x  M e t a l l o p r o t e i n a s e - 1 0

M a t r i x  M e t a l l o p r o t e i n a s e - 1 1

M a t r i x  M e t a l l o p r o t e i n a s e - 1 3

T i s s u e  I n h i b i t o r  o f  M e t a l l o p r o t e i n a s e s - 1

T i s s u e  I n h i b i t o r  o f  M e t a l l o p r o t e i n a s e s - 2

T i s s u e  I n h i b i t o r  o f  M e t a l l o p r o t e i n a s e s - 3

T i s s u e  I n h i b i t o r  o f  M e t a l l o p r o t e i n a s e s - 4

T R A I L  

- 5 0 0 5 0



165 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.47: Normalized gene expression (2−∆∆CT) of Matrix Metalloproteinases in HepG2CLDN-1+ 
cells. HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA extraction. 
Amplification of MMP2, MMP3, MMP7, MMP9, MMP10 and MMP13 was performed alongside 
GAPDH and beta-actin as reference genes using RT-PCR. Relative normalised gene expression was 
calculated using the 2−∆∆CT method. Data presented is representative of mean fold change ±s.e.m 
from three biological replicates. Paired t-test was performed to determine statistical significance, * 
P≤0.05 ** P≤0.01 *** P≤0.001 . 

The expression of MMP2 was massively increased in HepG2CLDN-1+ cells compared to 

HepG2pCMV-ve, represented by a significant 54.8-fold change (P=0.002). The second largest 

increase was MMP13 with a significant 10.8-fold increase (P=0.003). MMP’s 9, 10 and 11 

were also increased by 2.8, 2.8 and 1.2 fold respectively. Statistical analysis indicated 

MMP9 and 10 was significantly increased (P=0.001, P=0.009). MMP11 exceeded the P-

value threshold (P=0.45). MMP3 and 7 decreased in HepG2CLDN-1+ cells compared to 
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control, represented by a significant -57.6 and -61.9  fold change, respectively (P=0.0008 

and 0.019). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.48: Normalized gene expression (2−∆∆CT) of TIMP -1, -2, -3 and -4 in HepG2CLDN-1+ cells. 
HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA extraction. 
Amplification of TIMP -1, -2, -3 and -4 was performed alongside GAPDH and beta-actin as reference 
genes using RT-PCR. Relative normalised gene expression was calculated using the 2−∆∆CT method. 
Data presented is representative of mean fold change ±s.e.m from three biological replicates. 
Paired t-test was performed to determine statistical significance, * P≤0.05 ** P≤0.01 

 

Expression of TIMP family members 1-4 were decreased in HepG2CLDN-1+ cells compared to 

HepG2pCMV-ve represented by a -1.5, -3.1, -4.9- and -17.5 fold change, respectively. 

Statistical analysis indicated changes in expression of all TIMPS 1-4 was significant 

(P=0.002, P=0.002, P=0.010 and P=0.003) 

 

TIM
P1

TIM
P2

TIM
P3

TIM
P4

-20.0

-15.0

-10.0

-5.0

0.0

*
**

**

**

Target

Fo
ld

 C
ha

ng
e



167 
 

CD44

Cyto
ke

rat
in-7

Cyto
ke

rat
in-14

Cyto
ke

rat
in-19

-30.0

-20.0

-10.0

0.0

**

* *

**

Target

Fo
ld

 C
ha

ng
e

 

Figure 3.49: Normalized gene expression (2−∆∆CT) of cancer stem cell markers in HepG2CLDN-1+ cells. 
HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA extraction. 
Amplification of CD44, cytokeratin-7, cytokeratin-14 and cytokeratin-19 was performed alongside 
GAPDH and beta-actin as reference genes using RT-PCR. Relative normalised gene expression was 
calculated using the 2−∆∆CT method. Data presented is representative of mean fold change ±s.e.m 
from three biological replicates. Paired t-test was performed to determine statistical significance, * 
P≤0.05 ** P≤0.01 

The expression of cancer stem cell markers CD44 and cytokeratins -7, -14 and -19 were 

decreased in HepG2CLDN-1+ cells compared to HepG2pCMV-ve, represented by a -6.45,  -1.9,  

-1.2 and -24.3 fold change respectively. Statistical analysis indicated that the decrease in 

expression of CD44 and Cytokeratin members was significant (P= 0.009, P= 0.015, P= 

0.041 and P=0.002) 
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Figure 3.50: Normalized gene expression (2−∆∆CT) of cathepsin K and L in HepG2CLDN-1+ cells. 
HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA extraction. 
Amplification of cathepsin K and L was performed alongside GAPDH and beta-actin as reference 
genes using RT-PCR. Relative normalised gene expression was calculated using the 2−∆∆CT method. 
Data presented is representative of mean fold change ±s.e.m from three biological replicates. 
Paired t-test was performed to determine statistical significance, ** P≤0.01 

Both cathepsin K and L displayed significantly increased expression, 2.55 and 2.40 fold 

respectively in HepG2CLDN-1+ cells compared to control. Statistical analysis indicated the 

increase in expression of both genes was significant (P=0.004, P=0.003).  
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Figure 3.51: Normalized gene expression (2−∆∆CT) of CXCL12 and CXCR4 in HepG2CLDN-1+ cells. 
HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA extraction. 
Amplification of CXCL12 and CXCR4 was performed alongside GAPDH and beta-actin as reference 
genes using RT-PCR. Relative normalised gene expression was calculated using the 2−∆∆CT method. 
Data presented is representative of mean fold change ±s.e.m from three biological replicates. 
Paired t-test was performed to determine statistical significance, * P≤0.05 ** P≤0.01 

Both C-X-C motif chemokine-12 and C-X-C chemokine receptor type-4 displayed 

significantly increased expression, 36.6 and 2.6 fold respectively in HepG2CLDN-1+ cells 

compared to control. Statistical analysis indicated the increase in expression of both genes 

was significant (P=0.002, P=0.014).  
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Figure 3.52: Normalized gene expression (2−∆∆CT) of dysadherin in HepG2CLDN-1+ cells. HepG2CLDN-1+ 

and HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA extraction. Amplification of 
dysadherin was performed alongside GAPDH and beta-actin as reference genes using RT-PCR. 
Relative normalised gene expression was calculated using the 2−∆∆CT method. Data presented is 
representative of mean fold change ±s.e.m from three biological replicates. Paired t-test was 
performed to determine statistical significance, ** P≤0.01 

The expression of Dysadherin was increased considerably in HepG2CLDN-1+ cells compared 

to control represented by a 39.3-fold change. Statistical analysis indicated the increase in 

expression was significant (P=0.004).  
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Figure 3.53: Normalized gene expression (2−∆∆CT) of EphB2 in HepG2CLDN-1+ cells. HepG2CLDN-1+ and 
HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA extraction. Amplification of EphB2 
was performed alongside GAPDH and beta-actin as reference genes using RT-PCR. Relative 
normalised gene expression was calculated using the 2−∆∆CT method. Data presented is 
representative of mean fold change ±s.e.m from three biological replicates. Paired t-test was 
performed to determine statistical significance, ** P≤0.01 

The expression of EphB2 was increased considerably in HepG2CLDN-1+ cells compared to 

control represented by a 65.3-fold change. Statistical analysis indicated the increase in 

expression was significant (P=0.0027).  
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Figure 3.54: Normalized gene expression (2−∆∆CT) of KISS1, KISS1R and TRAIL in HepG2CLDN-1+ cells. 
HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior to total RNA extraction. 
Amplification of KISS1, KISS1R and TRAIL was performed alongside GAPDH and beta-actin as 
reference genes using RT-PCR. Relative normalised gene expression was calculated using the 2−∆∆CT 

method. Data presented is representative of mean fold change ±s.e.m from three biological 
replicates. Paired t-test was performed to determine statistical significance, ** P≤0.01 

Expression of KISS1 and KISS1R decreased in HepG2CLDN-1+ cells compared to control 

represented by a -4.9 and -3.4  fold change. Statistical analysis indicated changes in 

expression of KISS1 and KISS1R was significant (P=0.001 and P=0.002 respectively). The 

expression of TRAIL also significantly decreased in HepG2CLDN-1+ cells by -7.6 fold 

(P=0.004). 

Large increases in expression of several tumour metastasis related genes provides further 

evidence for the acquisition of and invasive phenotype during claudin-1 overexpression in 
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HepG2 cells. The expression of these genes was also determined in claudin-1 silenced 

HepG2 cells to examine they too are associated with the same phenotypic changes.  

3.10.2 Expression of tumour metastasis related genes in claudin-1 silenced HepG2 

cells 

Large increases in expression of several tumour metastasis related genes provides further 

evidence for the acquisition of and invasive phenotype during claudin-1 overexpression in 

HepG2 cells. The expression of these genes was also determined in claudin-1 silenced 

HepG2 cells to examine they too are associated with the same phenotypic changes.  

 

Target Sample Expression 
(2−∆∆CT) 

Expression 
(2−∆∆CT) 

Standard 
Deviation 

Expression 
in 

Comparison 
to Control  

P-Value 

Exceeds P-
Value 

Threshold 
(0.05) 

Glyceraldehyde 3-
phosphate 

dehydrogenase 

HepG2 
CLDN-1 
siRNA 

1.108 0.115 No Change 0.003 No 

Beta-actin 
HepG2 
CLDN-1 
siRNA 

-1.093 0.199 No Change 0.002 No 

CD44 Molecule 
HepG2 
CLDN-1 
siRNA 

3.514 0.278 Up 
Regulation 0.002 No 

Dysadherin 
HepG2 
CLDN-1 
siRNA 

-0.336 0.268 Up 
Regulation 0.001 No 

Kisspeptin-1 
HepG2 
CLDN-1 
siRNA 

-1.550 0.015 Down 
Regulation 0.010 No 

Kisspeptin Receptor 
HepG2 
CLDN-1 
siRNA 

-2.020 0.019 Down 
Regulation 0.002 No 
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Cytokeratin-7 
HepG2 
CLDN-1 
siRNA 

3.081 0.142 Up 
Regulated 0.003 No 

Cytokeratin-14 
HepG2 
CLDN-1 
siRNA 

3.649 0.136 Up 
Regulated 0.001 No 

Cytokeratin-19 
HepG2 
CLDN-1 
siRNA 

4.525 0.250 Up 
Regulated 0.007 No 

Matrix 
Metalloproteinase-2 

HepG2 
CLDN-1 
siRNA 

14.781 0.823 Up 
Regulation 0.000 No 

Matrix 
Metalloproteinase-3 

HepG2 
CLDN-1 
siRNA 

1.171 0.074 Up 
Regulation 0.388 Yes 

Matrix 
Metalloproteinase-7 

HepG2 
CLDN-1 
siRNA 

1.728 0.257 Up 
Regulation 0.025 No 

Matrix 
Metalloproteinase-9 

HepG2 
CLDN-1 
siRNA 

2.818 0.129 Up 
Regulation 0.003 No 

Matrix 
Metalloproteinase-

10 

HepG2 
CLDN-1 
siRNA 

1.020 0.082 Up 
Regulation 0.145 Yes 

Matrix 
Metalloproteinase-

11 

HepG2 
CLDN-1 
siRNA 

-1.117 0.042 Down 
Regulation 0.673 Yes 

Matrix 
Metalloproteinase-

13 

HepG2 
CLDN-1 
siRNA 

3.052 0.073 Up 
Regulation 0.004 No 

Metastasis 
suppressor-1 

HepG2 
CLDN-1 
siRNA 

-1.634 0.045 Down 
Regulation 0.015 No 

Plasminogen 
activator inhibitor-1 

HepG2 
CLDN-1 
siRNA 

7.357 0.162 Up 
Regulation 0.007 No 

Tissue Inhibitor of 
Metalloproteinases-

1 

HepG2 
CLDN-1 
siRNA 

-1.269 0.062 Down 
Regulation 0.018 No 

Tissue Inhibitor of 
Metalloproteinases-

2 

HepG2 
CLDN-1 
siRNA 

-1.905 0.128 Down 
Regulation 0.008 No 
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Tissue Inhibitor of 
Metalloproteinases-

3 

HepG2 
CLDN-1 
siRNA 

-1.285 0.057 Down 
Regulation 0.012 No 

Tissue Inhibitor of 
Metalloproteinases-

4 

HepG2 
CLDN-1 
siRNA 

-1.091 0.065 Down 
Regulation 0.180 Yes 

 

Table 3.6: Normalised gene expression (2−∆∆CT) of tumour metastasis related genes in claudin-1 
silenced HepG2 cells. The table details the relative normalised gene expression of 22 tumour 
metastasis related genes in HepG2CLDN-1- cells. HepG2scambled-ve cells were used as the control. 
HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours prior to total RNA extraction. 
Amplification of the genes outlined in Table 3.6 was performed alongside GAPDH and Beta-actin as 
the reference genes using RT-PCR. Relative normalised gene expression was calculated using the 
2−∆∆CT method. Data presented is representative of mean fold change ±s.e.m from three biological 
replicates. Paired t-test was performed to determine statistical significance. Statistical significance 
is indicated if the P value is lower than the 0.05 threshold.  
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Figure 3.55: Heat map representing normalised gene expression (2−∆∆CT) of tumour metastasis 
related genes in claudin-1 silenced HepG2 cells. Normalised gene expression values taken from 
Table 3.1 have been converted into a colorimetric scale outlined above to provide a visual 
representation of large-scale changes. Genes indicated by a green bar represent an upregulation in 
expression, whereas genes indicated by a red bar represent a down regulation in expression.  
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Figure 3.56: Normalized gene expression (2−∆∆CT) of Matrix Metalloproteinases in HepG2CLDN-1- 
cells. HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours prior to total RNA 
extraction. Amplification of MMP2, MMP3, MMP7, MMP9, MMP10, MMP11 and MMP13 was 
performed alongside GAPDH and Beta-actin as reference genes using RT-PCR. Relative normalised 
gene expression was calculated using the 2−∆∆CT method. Data presented is representative of mean 
fold change ±s.e.m from three biological replicates. Paired t-test was performed to determine 
statistical significance, ns – not significant * P≤0.05 ** P≤0.01 *** P≤0.001. 

The expression of MMP2 was massively increased in HepG2CLDN-1- cells compared to 

control, represented by a significant 14.8-fold change (P<0.001). MMP 7, 9, and 13 also 

presented with increased expression represented by 1.73, 2.82, and 3.05-fold change. 

Statistical analysis indicated MMP 7, 9, and 13 were significantly increased (P= 

P=0.025,0.003 and P=0.004 respectively). Statistical analysis of MMP 3, 10 and 11 was 

found not to be significant as the P-values exceeded the threshold (P=0.388, P=0.145, and 

P=0.673 respectively)  
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Figure 3.57: Normalized gene expression (2−∆∆CT) of TIMP -1, -2, -3 and -4 in HepG2CLDN-1- cells. 
HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours prior to total RNA extraction. 
Amplification of TIMP -1, -2, -3 and -4 was performed alongside GAPDH and Beta-actin as reference 
genes using RT-PCR. Relative normalised gene expression was calculated using the 2−∆∆CT method. 
Data presented is representative of mean fold change ±s.e.m from three biological replicates. 
Paired t-test was performed to determine statistical significance, ** P≤0.01 *** P≤0.001. 

Expression of TIMP family members 1-4 were decreased in HepG2CLDN-1- cells compared to 

control, represented by a -1.3,  -1.9,  -1.3 and  -1.1 fold change, respectively. Statistical 

analysis indicated changes in expression of TIMPS 1-3 was significant (P=0.018, P=0.008 

and P=0.011). The change in expression of TIMP4 in HepG2CLDN-1- cells was not significant 

as the P-value exceeded the threshold.  
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Figure 3.58: Normalized gene expression (2−∆∆CT) of cancer stem cell markers in HepG2CLDN-1- cells. 
HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours prior to total RNA extraction. 
Amplification of CD44, cytokeratin-7, cytokeratin-14 and cytokeratin-19  was performed alongside 
GAPDH and Beta-actin as reference genes using RT-PCR. Relative normalised gene expression was 
calculated using the 2−∆∆CT method. Data presented is representative of mean fold change ±s.e.m 
from three biological replicates. Paired t-test was performed to determine statistical significance, 
** P≤0.01 *** P≤0.001. 

The expression of cancer stem cell markers CD44 and Cytokeratins -7, -14, and -19 were 

increased HepG2CLDN-1- cells compared to HepG2scambled-ve, represented by a 3.51, 3.08, 

3.64, and 4.52-fold change respectively. Statistical analysis indicated that the increase in 

expression of CD44 and Cytokeratin members was significant (P=0.002, P=0.003, 

P=<0.001, and P=0.006) 
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Figure 3.59: Normalized gene expression (2−∆∆CT) of other associated tumour metastasis target 
genes in HepG2CLDN-1- cells. HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours prior 
to total RNA extraction. Amplification of CD44, cytokeratin-7, cytokeratin-14 and cytokeratin-19 
was performed alongside GAPDH and beta-actin as reference genes using RT-PCR. Relative 
normalised gene expression was calculated using the 2−∆∆CT method. Data presented is 
representative of mean fold change ±s.e.m from three biological replicates. Paired t-test was 
performed to determine statistical significance, ** P≤0.01 *** P≤0.001. 

Expression of KISS1 and KISS1R was decreased in HepG2CLDN-1- cells compared to 

control, represented by a -1.6- and -2.0 fold change. Statistical analysis indicated changes 

in expression of KISS1 and KISS1R was significant (P=0.009 and P=0.002 respectively). 

The expression of Metastasis suppressor-1 was also significantly decreased in HepG2CLDN-

1+ cells by -1.6 fold (P=0.014). Both Dysadherin and (Plasminogen activator inhibitor-1) 

presented with increased expression, 2.98 and 7.36 fold respectively in HepG2CLDN-1+ cells 
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compared to control. Statistical analysis indicated the increase in expression of both genes 

was significant (P=0.001, P=0.007).  

Both claudin-1 overexpressing and silenced HepG2 cells show similar expression patterns 

of tumour metastasis genes. Large increases in the expression of genes such as matrix 

metalloproteinases are often seen in invasive neoplasms, indicating that both groups of 

cells display hallmarks of increased metastatic potential (Deryugina & Quigley 2006). 

However, an important difference between these groups is claudin-1 silenced HepG2 cells 

show an increase in markers such as CD44, CK14 and CK19 usually seen on hepatic stem 

cells, whereas claudin-1 overexpressing cells do not. (Li et al 2013).  

 

3.11 Comparison of gene expression data from tight junctional, EMT and tumour 

metastasis genes in claudin-1 overexpressing and silenced HepG2 cells 

 

3.11.1 Comparison of tight junctional gene expression  

The comparison of the expression of claudin members would suggest there are similarities 

between claudin-1 overexpressing and silenced HepG2 cells. Both groups of cells 

expressed increased levels of claudin-2 and decreased levels of claudin-4 and -5. They 

also both displayed small increases of claudin-3 and claudin-8, however the change in 

expression of claudin-8 was found not to be significant in claudin-1 overexpressing cells.  

Differences between the two groups of cells include a significant increase in claudin-7 

during claudin-1 overexpression, which is absent in claudin-1 silenced cells, and a 

significant increase in claudin-11 in claudin-1 silenced cells, which is absent in claudin-1 

overexpressing cells.          

 Claudin-1 overexpressing and silenced cells also show a similar pattern of 
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expression of occludin, zona occludens and ZONAB. In both cell groups the gene 

expression of occludin and zona occludens was decreased and the expression of ZONAB 

was increased. However, in claudin-1 silenced cells the level of expression of occludin was 

significantly lower than in claudin-1 overexpressing cells. Whereas, the expression level of 

zona occludens, ZO-2 in particular, was significantly lower in in claudin-1 overexpressing 

cells. As there is a close association between occludin and zona occludin this inverse 

pattern could provide evidence of compensatory mechanisms.     

 The pattern of expression of junctional adhesion molecules displayed clear 

differences between claudin-1 overexpressing and silenced cells. JAM A was significantly 

decreased in claudin-1 overexpressing cells, but significantly increased in silenced cells.  

The expression of JAM B was significantly increased in claudin-1 overexpressing cells, 

however there was no significant change in silenced cells.     

 The expression of caveolin-1 and -2 were significantly increased in both claudin-1 

overexpressing and silenced cells. However, the increase observed in claudin-1 

overexpressing cells was significantly higher than silenced cells. Caveolin-1 represented 

one of the highest increases in expression of the genes tested, indicating its potential as a 

contributor to the phenotype observed.        

 The expression of WNK4 was down related in both claudin-1 overexpressing and 

silenced cells, however the decrease in expression was more significant in claudin-1 

silenced cells.  

 3.11.2 Comparison of epithelial to mesenchymal transition genes expression  

The expression of the classical epithelial marker e-cadherin was significantly decreased in 

claudin-1 overexpressing and silenced cells. However, the level of down regulation was 

significantly higher in claudin-1 overexpressing cells. The pattern of expression of N-

cadherin and fibronectin was inversed in the two cell groups, with a decrease in expression 
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observed in claudin-1 overexpressing cells and an increase in expression observed in 

claudin-1 silenced cells. The classical mesenchymal marker vimentin displayed increased 

expression in both claudin-1 overexpressing cells and silenced cells, although the 

increased expression was significantly higher in claudin-1 overexpressing cells.  EMT 

transcription factors are key regulators in orchestrating the transition, their expression often 

gives an indication of how EMT is initiated and sustained. Claudin-1 overexpressing cells 

displayed increased expression of SNAIL -1, -2, -3 and TWIST, with SNAIL 2 showing the 

largest increase. Claudin-1 silenced cells also displayed and increase in TWIST expression; 

however, the expression of SNAIL 1 was only slightly increased and the levels of SNAIL-2 

and -3 were significantly decreased. The largest increases in EMT-TFs in claudin-1 

silenced cells were forkhead box C2 and homeobox goosecoid suggesting any EMT 

involvement in these cells would be more likely be orchestrated by these transcription 

factors. While forkhead box C2 and homeobox goosecoid were slightly overexpressed in 

claudin-1 overexpressing cells, it is more likely SNAIL-1 and -2 are involved in EMT 

initiation in these cells. These differences could indicate the phenotypes observed in these 

cells are regulated by different mechanisms.       

 Notch and jagged-1 expression was significantly increased in claudin-1 silenced cells 

indicating the potentially involvement of notch-jagged signalling in these cells. Claudin-1 

overexpressing cells however, displayed a slight increase in notch expression and a 

significant decrease in jagged expression, making notch-jagged signalling unlikely in these 

cells.              

 The expression of β-catenin and associated genes TCF1, LEF1, TCF3 and TCF4 

was significantly increased in claudin-1 overexpressing cells TCF3 and TCF4 were 

particularly increased in these cells. The expression of these genes with the exception of 

LEF1 were slightly increased in claudin-1 silenced cells. However, the small increases 
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make it unlikely β-catenin is participating in the phenotypic changes observed in these cells.

 Other genes associated with β-catenin such as α-catenin, frizzled-7 and rac- 

1displayed different patterns of expression in both claudin-1 overexpressing and silenced 

cells. The expression of α-catenin was significantly increased in claudin-1 overexpressing 

cells, but slight increased during claudin-1 silencing. Frizzled-7 displayed increased 

expression in both cell groups. Whereas, rac-1 increased in claudin-1 overexpressing cells 

but decreased in silenced cells.         

 Claudin-1 overexpressing cells displayed large increases in WNT5a and WNT5b 

providing further evidence of the involvement of WNT/β-catenin involvement. Claudin-1 

silenced cells displayed decreased expression of WNT5a and no significant change in 

WNT5b expression, making the involvement unlikely involvement of WNT/β-catenin in 

these cells. WNT11a was decreased in claudin-1 overexpressing cells and displayed no 

significant change in expression in claudin-1 silenced cells.  

3.11.3 Comparison of tumour metastasis gene expression  

Claudin-1 overexpressing and silenced cells displayed a similar pattern of expression of 

matrix metalloproteases with significant increases in expression of MMP-2, -9 and -13. 

Differences include an increase in expression of MMP-10 in claudin-1 overexpressing cells 

and a slight increase in MMP-7 in claudin-1 silenced cells. Claudin-1 overexpressing cells 

also displayed decreased expression of MMP-3 and MMP-7.    

 The expression of TIMPS 1-4 in both claudin-1 overexpressing and silenced cells 

was significantly decreased. The exception to this was the slight decrease in expression of 

TIMP-4 in claudin-1 silenced cells which was found not to be significant. The decrease in 

expression in TIMPS 1-4 was significantly larger in claudin-1 overexpressing compared with 

claudin-1 silenced cells.          

 The expression of CD44, and cytokeratins -7, -14 -19 were all significantly 
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decreased in claudin-1 overexpressing cells, but significantly increased in claudin-1 

silenced cells. Cytokeratins are markers of an epithelial phenotype, interestingly claudin-1 

silenced cells display co-express both epithelial and mesenchymal markers.   

 

3.11 Determining the miRNA expression profile of claudin-1 overexpressing and 

claudin-1 silenced HepG2 cells 

MicroRNAs are highly conserved, small non-coding RNA molecules that function as post-

transcriptional regulators of gene expression. MicroRNAs have been documented to be 

dysregulated in human cancers. MicroRNAs are known to act as both oncogenes activators 

and tumour suppressors. Their influence on gene expression has been shown to directly 

modulate cellular mechanisms such as proliferation, invasion and metastasis. The 

MicroRNA expression profile in some cancers can define tumour types and predict 

progression, prognosis and response to treatment (Hayes et al 2014).  Profiling the 

expression of miRNAs in claudin-1 overexpressing and claudin-1 silenced HepG2 cells will 

aid in the understanding of the gene regulation in these cells. A number of tight junctional, 

EMT and tumour metastasis genes are directly regulated by miRNAs. The expression of 

which can give us further understanding of signalling pathways and outline possible 

biomarkers associated with the invasive phenotype (Ma & Weinberg 2008). 

Claudin-1 overexpressing and claudin-1 silenced HepG2 cells were analysed to determine 

the expression mature MicroRNAs using a PCR array of 69 target and housekeeping genes 

(U6, RNU44 and RNU48)  
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3.11.1 miRNA expression profile of claudin-1 overexpressing HepG2 cells 

Target Sample Expression 
(2−∆∆CT) 

Expression 
(2−∆∆CT) 

Standard 
Deviation 

Expression 
in 

Comparison 
to Control  

P-Value 

Exceeds P-
Value 

Threshold 
(0.05) 

U6 snRNA HepG2              
CLDN-1+ 1.001 0.250 No Change 0.002 No 

RNU44 HepG2              
CLDN-1+ 1.063 0.030 No Change 0.001 No 

RNU48 HepG2              
CLDN-1+ -1.011 0.050 No Change 0.005 No 

 miR-10a HepG2              
CLDN-1+ 119.235 5.635 Up 

Regulated 0.013 No 

 miR-9 HepG2              
CLDN-1+ 75.362 4.173 Up 

Regulated 0.018 No 

 miR-147 HepG2              
CLDN-1+ 46.643 2.125 Up 

Regulated 0.008 No 

 miR-10b HepG2              
CLDN-1+ 44.758 2.512 Up 

Regulated 0.007 No 

 miR-95 HepG2              
CLDN-1+ 44.306 1.502 Up 

Regulated 0.003 No 

 miR-423-5p HepG2              
CLDN-1+ 43.776 2.113 Up 

Regulated 0.001 No 

 miR-433 HepG2              
CLDN-1+ 42.992 1.087 Up 

Regulated 0.001 No 

 miR-15a HepG2              
CLDN-1+ 41.534 2.124 Up 

Regulated 0.002 No 

 miR-598 HepG2              
CLDN-1+ 21.962 1.880 Up 

Regulated 0.001 No 

 miR-489 HepG2              
CLDN-1+ 21.925 0.980 Up 

Regulated 0.002 No 

 miR-328 HepG2              
CLDN-1+ 21.026 0.058 Up 

Regulated 0.001 No 

 miR-542-5p HepG2              
CLDN-1+ 11.169 0.333 Up 

Regulated 0.085 No 

 miR-542-3p HepG2              
CLDN-1+ 5.538 0.516 Up 

Regulated 0.003 No 

 miR-181a HepG2              
CLDN-1+ 2.771 0.242 Up 

Regulated 0.002 No 

 miR-181c HepG2              
CLDN-1+ 2.746 0.080 Up 

Regulated 0.000 No 
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 miR-545 HepG2              
CLDN-1+ 2.695 0.751 Up 

Regulated 0.003 No 

 miR-324-5p HepG2              
CLDN-1+ 2.462 0.192 Up 

Regulated 0.003 No 

 miR-221 HepG2              
CLDN-1+ 2.385 0.355 Up 

Regulated 0.005 No 

 miR-494 HepG2              
CLDN-1+ 2.290 0.278 Up 

Regulated 0.015 No 

 miR-18b HepG2              
CLDN-1+ 2.283 0.133 Up 

Regulated 0.007 No 

 miR-18a HepG2              
CLDN-1+ 2.009 0.323 Up 

Regulated 0.002 No 

 miR-339-5p HepG2              
CLDN-1+ -1.402 0.022 Down 

Regulated 0.020 No 

 miR-532 HepG2              
CLDN-1+ -1.404 0.055 Down 

Regulated 0.001 No 

 miR-345 HepG2              
CLDN-1+ -1.409 0.144 Down 

Regulated 0.022 No 

 miR-532-3p HepG2              
CLDN-1+ -1.438 0.170 Down 

Regulated 0.040 No 

 miR-140-3p HepG2              
CLDN-1+ -1.549 0.033 Down 

Regulated 0.014 No 

 miR-223 HepG2              
CLDN-1+ -1.710 0.012 Down 

Regulated 0.004 No 

 miR-320 HepG2              
CLDN-1+ -1.785 0.018 Down 

Regulated 0.022 No 

 miR-30b HepG2              
CLDN-1+ -1.812 0.031 Down 

Regulated 0.005 No 

 miR-26a HepG2              
CLDN-1+ -2.400 0.127 Down 

Regulated 0.008 No 

 miR-365 HepG2              
CLDN-1+ -2.523 0.038 Down 

Regulated 0.008 No 

miR-491 HepG2              
CLDN-1+ -2.815 0.040 Down 

Regulated 0.011 No 

 miR-425-5p HepG2              
CLDN-1+ -3.481 0.037 Down 

Regulated 0.003 No 

 miR-636 HepG2              
CLDN-1+ -3.639 0.017 Down 

Regulated 0.005 No 

 miR-185 HepG2              
CLDN-1+ -3.759 0.027 Down 

Regulated 0.030 No 

 miR-29c HepG2              
CLDN-1+ -3.798 0.057 Down 

Regulated 0.015 No 

 miR-148a HepG2              
CLDN-1+ -3.821 0.046 Down 

Regulated 0.001 No 
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 miR-518b HepG2              
CLDN-1+ -3.865 0.192 Down 

Regulated 0.004 No 

 miR-26b HepG2              
CLDN-1+ -4.177 0.042 Down 

Regulated 0.030 No 

 miR-28-3p HepG2              
CLDN-1+ -4.936 0.068 Down 

Regulated 0.001 No 

 miR-193b HepG2              
CLDN-1+ -5.787 0.112 Down 

Regulated 0.004 No 

 miR-138 HepG2              
CLDN-1+ -6.028 0.042 Down 

Regulated 0.002 No 

 miR-29a HepG2              
CLDN-1+ -10.753 0.070 Down 

Regulated 0.001 No 

 miR-202 HepG2              
CLDN-1+ -12.121 0.199 Down 

Regulated 0.001 No 

 miR-200c HepG2              
CLDN-1+ -12.953 0.032 Down 

Regulated 0.001 No 

 miR-361 HepG2              
CLDN-1+ -24.038 0.014 Down 

Regulated 0.008 No 

 miR-122 HepG2              
CLDN-1+ -24.096 0.016 Down 

Regulated 0.003 No 

 miR-548b HepG2              
CLDN-1+ -24.155 0.013 Down 

Regulated 0.004 No 

 miR-376c HepG2              
CLDN-1+ -24.631 0.020 Down 

Regulated 0.003 No 

 miR-152 HepG2              
CLDN-1+ -24.814 0.181 Down 

Regulated 0.008 No 

 miR-431 HepG2              
CLDN-1+ -25.126 0.176 Down 

Regulated 0.004 No 

 miR-192 HepG2              
CLDN-1+ -33.898 0.618 Down 

Regulated 0.001 No 

 miR-486-3p HepG2              
CLDN-1+ -47.393 0.132 Down 

Regulated 0.033 No 

 miR-455-3p HepG2              
CLDN-1+ -97.087 0.035 Down 

Regulated 0.020 No 

 miR-28 HepG2              
CLDN-1+ -98.039 0.696 Down 

Regulated 0.003 No 

 miR-381 HepG2              
CLDN-1+ -100.000 0.474 Down 

Regulated 0.002 No 

 miR-194 HepG2              
CLDN-1+ -103.093 0.723 Down 

Regulated 0.001 No 

 miR-130a HepG2              
CLDN-1+ -113.636 1.100 Down 

Regulated 0.008 No 

 miR-150 HepG2              
CLDN-1+ -123.457 0.092 Down 

Regulated 0.002 No 
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 miR-486 HepG2              
CLDN-1+ -192.308 3.850 Down 

Regulated 0.003 No 

 miR-200a HepG2              
CLDN-1+ -192.308 1.120 Down 

Regulated 0.009 No 

 miR-145 HepG2              
CLDN-1+ -192.308 4.450 Down 

Regulated 0.001 No 

 miR-34a HepG2              
CLDN-1+ -192.308 3.740 Down 

Regulated 0.004 No 

 miR-372 HepG2              
CLDN-1+ -384.615 0.046 Down 

Regulated 0.001 No 

 miR-200b HepG2              
CLDN-1+ -769.231 4.520 Down 

Regulated 0.002 No 

 miR-146a HepG2              
CLDN-1+ -1666.667 0.007 Down 

Regulated 0.004 No 

 

Table 3.7: Normalised gene expression (2−∆∆CT) profile of miRNAs in claudin-1 overexpressing 
HepG2 cells. The table details the relative normalised gene expression of 69 miRNAs in HepG2CLDN-1+ 
cells, HepG2pCMV-ve cells were used as the control. HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured 
for 72 hours prior to total RNA extraction. Amplification of the genes outlined in Table 3.7 was 
performed alongside U6, RNU44 and RNU48 as the reference genes using RT-PCR. Relative 
normalised gene expression was calculated using the 2−∆∆CT method. Data presented is 
representative of mean fold change ±s.e.m from three biological replicates. Paired t-test was 
performed to determine statistical significance. Statistical significance is indicated if the P value is 
lower than the 0.05 threshold.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



190 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.60: Heat map representing normalised gene expression profile (2−∆∆CT) of miRNAs in 
claudin-1 overexpressing HepG2 cells. Normalised gene expression values taken from Table 3.7 
have been converted into a colorimetric scale outlined above to provide a visual representation of 
large-scale changes. Genes indicated by a green bar represent an upregulation in expression, 
whereas genes indicated by a red bar represent a down regulation in expression.  
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Figure 3.61: Normalised gene expression profile (2−∆∆CT) of miRNAs in HepG2CLDN-1+ cells which are 
associated with a poor prognosis in HCC. HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 
hours prior to total RNA extraction. Amplification of miR-9, -10a, -10b, -18b, -95, -221, -328 and -
494 was performed alongside U6, RNU44 and RNU48 as reference genes using RT-PCR. Relative 
normalised gene expression was calculated using the 2−∆∆CT method. Data presented is 
representative of mean fold change ±s.e.m from three biological replicates. Paired t-test was 
performed to determine statistical significance, * P≤0.05 ** P≤0.01  

The expression of miRNAs -9, -10a, -10b, -18b, -95, -221, -328 and 493 were all increased 

HepG2CLDN-1+ cells compared to HepG2pCMV-ve, represented by a 75.4, 119.2, 44.8, 2.3, 

44.3, 2.34, 21.0 and 2.3 fold change respectively. Statistical analysis indicated that the 

increase in expression of these miRNA members was significant (P=0.001, P=0.001, 

P=0.007, P=0.006, P=0.003, P=0.045, P=0.001, P=0.015) 
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Figure 3.62: Normalised gene expression profile (2−∆∆CT) of miRNAs in HepG2CLDN-1+ cells which are 
known tumour suppressors in HCC. HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours 
prior to total RNA extraction. Amplification of miR-29, -30b, -140, -185, -202, -320, -339, -365 and -
636 was performed alongside U6, RNU44 and RNU48 as reference genes using RT-PCR. Relative 
normalised gene expression was calculated using the 2−∆∆CT method. Data presented is 
representative of mean fold change ±s.e.m from three biological replicates. Paired t-test was 
performed to determine statistical significance, * P≤0.05 ** P≤0.01 *** P≤0.01 

The expression of miRNAs -29, -30b, -140, -185, -202, -320, -339, -365 and -636 were all 

decreased HepG2CLDN-1+ cells compared to HepG2pCMV-ve, represented by a -10.8, -1.8, -

1.5, -3.8, -12.1, -1.8, -1.4, -2.5 and -3.6 change respectively. Statistical analysis indicated 

that the increase in expression of these miRNA members was significant (P=0.001, 

P=0.005, P=0.014, P=0.03, P=0.001, P=0.022, P=0.02 P=0.0077 P=0.0049) 
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Figure 3.63: Normalised gene expression profile (2−∆∆CT) of miRNAs in HepG2CLDN-1+ cells which 
supress EMT in HCC. HepG2CLDN-1+ and HepG2pCMV-ve cells were cultured for 72 hours prior to total 
RNA extraction. Amplification of miR-34, -138, -200a, -200b and -200c was performed alongside U6, 
RNU44 and RNU48 as reference genes using RT-PCR. Relative normalised gene expression was 
calculated using the 2−∆∆CT method. Data presented is representative of mean fold change ±s.e.m 
from three biological replicates. Paired t-test was performed to determine statistical significance, * 
P≤0.05 ** P≤0.01  

The expression of miRNAs -34, -138, -200a, -200b and -200c were all decreased 

HepG2CLDN-1+ cells compared to HepG2pCMV-ve, represented by a -192.3, -6.0, -192.3, -769.2 

and -12.9 change respectively. Statistical analysis indicated that the increase in expression 

of these miRNA members was significant (P=0.004, P=0.002, P=0.009, P=0.002, P=0.001) 
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miRNAs are critical for transcriptional repression of genes involved initiating an invasive 

phenotype, as such they represent a vital milestone cancer must overcome to gain the 

characteristics needed to metastasise (Israel et al 2009). Since miRNAs target gene 

transcripts for destruction, it is common to see a decrease in expression of a number of 

regulatory miRNAs as cancer cells obtain an invasive phenotype. The genes in which 

miRNAs repress are then able to be expressed in their absence (Chu et al 2014). Several 

miRNAs in claudin-1 overexpressing HepG2 cells have been associated with tumour 

suppression and EMT suppression in hepatocellular carcinoma. Their decreased 

expression in these cells would suggest that claudin-1 overexpression removes the miRNA 

suppressive capacity allowing these cells to upregulated genes associated with tumour 

progression and EMT initiation. The miRNA expression profile of claudin-1 silenced HepG2 

cells was also performed to determine if these cells are regulated by the same 

mechanisms.  

 

3.11.2 miRNA expression profile of claudin-1 silenced HepG2 cells 

Target Sample Expression 
(2−∆∆CT) 

Expression 
(2−∆∆CT) 

Standard 
Deviation 

Expression in 
Comparison to 

Control  
P-Value 

Exceeds P-
Value 

Threshold 
(0.05) 

U6 snRNA 
HepG2 
CLDN-1 
siRNA 

1.033 0.250 No Change 0.0018 No 

RNU44 
HepG2 
CLDN-1 
siRNA 

1.029 0.030 No Change 0.0001 No 

RNU48 
HepG2 
CLDN-1 
siRNA 

1.100 0.050 No Change 0.0046 No 
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 miR-27a 
HepG2 
CLDN-1 
siRNA 

82.455 1.774 Up Regulated 0.0082 No 

 miR-142-3p 
HepG2 
CLDN-1 
siRNA 

35.274 1.530 Up Regulated 0.0065 No 

 miR-139-5p 
HepG2 
CLDN-1 
siRNA 

34.781 2.535 Up Regulated 0.0053 No 

 miR-331-5p 
HepG2 
CLDN-1 
siRNA 

34.549 2.331 Up Regulated 0.0053 No 

 miR-532 
HepG2 
CLDN-1 
siRNA 

34.101 0.527 Up Regulated 0.0050 No 

 miR-429 
HepG2 
CLDN-1 
siRNA 

9.091 0.686 Up Regulated 0.0038 No 

 miR-362 
HepG2 
CLDN-1 
siRNA 

7.143 0.419 Up Regulated 0.0027 No 

 miR-660 
HepG2 
CLDN-1 
siRNA 

6.916 0.301 Up Regulated 0.0004 No 

 miR-135a 
HepG2 
CLDN-1 
siRNA 

6.904 0.387 Up Regulated 0.0040 No 

 miR-18b 
HepG2 
CLDN-1 
siRNA 

6.654 0.447 Up Regulated 0.0075 No 

 miR-150 
HepG2 
CLDN-1 
siRNA 

6.537 0.472 Up Regulated 0.0077 No 

 miR-501 
HepG2 
CLDN-1 
siRNA 

5.262 0.035 Up Regulated 0.0009 No 

 miR-210 
HepG2 
CLDN-1 
siRNA 

3.351 0.025 Up Regulated 0.0012 No 

 miR-182 
HepG2 
CLDN-1 
siRNA 

2.478 0.052 Up Regulated 0.0053 No 
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 miR-20b 
HepG2 
CLDN-1 
siRNA 

1.997 0.863 Up Regulated 0.0010 No 

mmu-miR-
374-5p 

HepG2 
CLDN-1 
siRNA 

1.975 0.019 Up Regulated 0.0002 No 

 miR-365 
HepG2 
CLDN-1 
siRNA 

1.971 0.049 Up Regulated 0.0001 No 

 miR-99b 
HepG2 
CLDN-1 
siRNA 

1.956 0.027 Up Regulated 0.0028 No 

 miR-331 
HepG2 
CLDN-1 
siRNA 

1.942 0.066 Up Regulated 0.0082 No 

 let-7e 
HepG2 
CLDN-1 
siRNA 

1.923 0.047 Up Regulated 0.0011 No 

 miR-29a 
HepG2 
CLDN-1 
siRNA 

1.918 0.093 Up Regulated 0.0011 No 

 miR-146b 
HepG2 
CLDN-1 
siRNA 

1.910 0.787 Up Regulated 0.0023 No 

 miR-885-5p 
HepG2 
CLDN-1 
siRNA 

1.892 0.059 Up Regulated 0.0022 No 

 miR-222 
HepG2 
CLDN-1 
siRNA 

1.879 0.011 Up Regulated 0.0130 No 

 miR-532-3p 
HepG2 
CLDN-1 
siRNA 

1.800 0.053 Up Regulated 0.0033 No 

 miR-135b 
HepG2 
CLDN-1 
siRNA 

1.799 0.076 Up Regulated 0.0020 No 

 let-7g 
HepG2 
CLDN-1 
siRNA 

1.769 0.018 Up Regulated 0.0009 No 

 miR-146a 
HepG2 
CLDN-1 
siRNA 

1.765 0.072 Up Regulated 0.0039 No 
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 miR-200c 
HepG2 
CLDN-1 
siRNA 

-1.342 0.038 Down 
Regulated 0.0039 No 

 miR-29c 
HepG2 
CLDN-1 
siRNA 

-1.346 0.065 Down 
Regulated 0.0000 No 

 miR-186 
HepG2 
CLDN-1 
siRNA 

-1.364 0.013 Down 
Regulated 0.0060 No 

 miR-452 
HepG2 
CLDN-1 
siRNA 

-1.369 0.070 Down 
Regulated 0.0006 No 

 miR-140-3p 
HepG2 
CLDN-1 
siRNA 

-1.431 0.030 Down 
Regulated 0.0011 No 

 miR-455 
HepG2 
CLDN-1 
siRNA 

-1.536 0.067 Down 
Regulated 0.0016 No 

 miR-335 
HepG2 
CLDN-1 
siRNA 

-1.629 0.023 Down 
Regulated 0.0125 No 

 miR-484 
HepG2 
CLDN-1 
siRNA 

-1.661 0.088 Down 
Regulated 0.0020 No 

 miR-28 
HepG2 
CLDN-1 
siRNA 

-1.689 0.046 Down 
Regulated 0.0200 No 

 miR-374 
HepG2 
CLDN-1 
siRNA 

-1.692 0.011 Down 
Regulated 0.0320 No 

 miR-342-3p 
HepG2 
CLDN-1 
siRNA 

-1.792 0.043 Down 
Regulated 0.0070 No 

 miR-28-3p 
HepG2 
CLDN-1 
siRNA 

-1.918 0.066 Down 
Regulated 0.0013 No 

 miR-200b 
HepG2 
CLDN-1 
siRNA 

-2.006 0.048 Down 
Regulated 0.0019 No 

 miR-26a 
HepG2 
CLDN-1 
siRNA 

-2.078 0.066 Down 
Regulated 0.0012 No 
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 miR-192 
HepG2 
CLDN-1 
siRNA 

-2.110 0.078 Down 
Regulated 0.0054 No 

 miR-30b 
HepG2 
CLDN-1 
siRNA 

-2.130 0.076 Down 
Regulated 0.0011 No 

 miR-183 
HepG2 
CLDN-1 
siRNA 

-2.167 0.016 Down 
Regulated 0.0097 No 

 miR-744 
HepG2 
CLDN-1 
siRNA 

-2.180 0.093 Down 
Regulated 0.0018 No 

 miR-200a 
HepG2 
CLDN-1 
siRNA 

-2.793 0.077 Down 
Regulated 0.0014 No 

 miR-138 
HepG2 
CLDN-1 
siRNA 

-2.795 0.084 Down 
Regulated 0.0059 No 

 miR-339-5p 
HepG2 
CLDN-1 
siRNA 

-2.918 0.013 Down 
Regulated 0.0089 No 

 miR-132 
HepG2 
CLDN-1 
siRNA 

-3.249 0.015 Down 
Regulated 0.0034 No 

 miR-628-5p 
HepG2 
CLDN-1 
siRNA 

-3.412 0.011 Down 
Regulated 0.0019 No 

 miR-145 
HepG2 
CLDN-1 
siRNA 

-3.720 0.027 Down 
Regulated 0.0013 No 

 miR-190 
HepG2 
CLDN-1 
siRNA 

-3.747 0.019 Down 
Regulated 0.0027 No 

 miR-324-5p 
HepG2 
CLDN-1 
siRNA 

-3.817 0.047 Down 
Regulated 0.0020 No 

 miR-340 
HepG2 
CLDN-1 
siRNA 

-3.870 0.061 Down 
Regulated 0.0001 No 

 miR-376c 
HepG2 
CLDN-1 
siRNA 

-3.870 0.031 Down 
Regulated 0.0001 No 
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 miR-148a 
HepG2 
CLDN-1 
siRNA 

-3.880 0.016 Down 
Regulated 0.0084 No 

 miR-212 
HepG2 
CLDN-1 
siRNA 

-3.883 0.024 Down 
Regulated 0.0001 No 

 miR-130a 
HepG2 
CLDN-1 
siRNA 

-3.956 0.076 Down 
Regulated 0.0018 No 

 miR-9 
HepG2 
CLDN-1 
siRNA 

-6.588 0.022 Down 
Regulated 0.0001 No 

 miR-101 
HepG2 
CLDN-1 
siRNA 

-7.479 0.066 Down 
Regulated 0.0002 No 

 miR-193a-
5p 

HepG2 
CLDN-1 
siRNA 

-7.599 0.012 Down 
Regulated 0.0003 No 

 miR-636 
HepG2 
CLDN-1 
siRNA 

-7.610 0.045 Down 
Regulated 0.0016 No 

 miR-128a 
HepG2 
CLDN-1 
siRNA 

-7.675 0.065 Down 
Regulated 0.0021 No 

 miR-181a 
HepG2 
CLDN-1 
siRNA 

-7.855 0.056 Down 
Regulated 0.0029 No 

 miR-34a 
HepG2 
CLDN-1 
siRNA 

-8.019 0.014 Down 
Regulated 0.0042 No 

 let-7a 
HepG2 
CLDN-1 
siRNA 

-8.130 0.029 Down 
Regulated 0.0061 No 

 miR-486 
HepG2 
CLDN-1 
siRNA 

-8.818 0.015 Down 
Regulated 0.0021 No 

 miR-149 
HepG2 
CLDN-1 
siRNA 

-14.793 0.034 Down 
Regulated 0.0008 No 

 miR-455-3p 
HepG2 
CLDN-1 
siRNA 

-15.106 0.042 Down 
Regulated 0.0043 No 
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 miR-99a 
HepG2 
CLDN-1 
siRNA 

-15.291 0.092 Down 
Regulated 0.0010 No 

 miR-100 
HepG2 
CLDN-1 
siRNA 

-181.818 0.048 Down 
Regulated 0.0004 No 

 miR-215 
HepG2 
CLDN-1 
siRNA 

-769.231 0.043 Down 
Regulated 0.0008 No 

 

 

Table 3.8: Normalised gene expression profile (2−∆∆CT) of miRNAs in claudin-1 silenced HepG2 
cells.  The table details the relative normalised gene expression of 76 miRNAs in HepG2CLDN-1- cells, 
HepG2scambled-ve cells were used as the control. HepG2CLDN-1- and HepG2scambled-ve cells were cultured 
for 72 hours prior to total RNA extraction. Amplification of the genes outlined in Table 3.7 was 
performed alongside U6, RNU44 and RNU48 as the reference genes using RT-PCR. Relative 
normalised gene expression was calculated using the 2−∆∆CT method. Data presented is 
representative of mean fold change ±s.e.m from three biological replicates. Paired t-test was 
performed to determine statistical significance. Statistical significance is indicated if the P value is 
lower than the 0.05 threshold.  
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Figure 3.64: Heat map representing normalised gene expression profile (2−∆∆CT) of miRNAs in 
claudin-1 silenced HepG2 cells. Normalised gene expression values taken from Table 3.8 have been 
converted into a colorimetric scale outlined above to provide a visual representation of large-scale 
changes. Genes indicated by a green bar represent an upregulation in expression, whereas genes 
indicated by a red bar represent a down regulation in expression.  
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Figure 3.65: Normalised gene expression profile (2−∆∆CT) of miRNAs in HepG2CLDN-1- cells which are 
associated with a poor prognosis in HCC. HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 
72 hours prior to total RNA extraction. Amplification of miR-27, -18, -135, -222, -331, -362, -487 and 
-501 was performed alongside U6, RNU44 and RNU48 as reference genes using RT-PCR. Relative 
normalised gene expression was calculated using the 2−∆∆CT method. Data presented is 
representative of mean fold change ±s.e.m from three biological replicates. Paired t-test was 
performed to determine statistical significance, * P≤0.05 ** P≤0.01  

The expression of miRNAs -27, -18, -135, -222, -331, -362, -487 and -501 were all 

increased HepG2CLDN-1- cells compared to HepG2scambled-ve, represented by a 82.5, 1.8, 6.9, 

6.9, 34.5, 7.1, 21.0 and 5.3 fold change respectively. Statistical analysis indicated that the 

increase in expression of these miRNA members was significant (P=0.008, P=0.004, 

P=0.004, P=0.013, P=0.005, P=0.003, P=0.011 , P=0.001) 
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Figure 3.66: Normalised gene expression profile (2−∆∆CT) of miRNAs in HepG2CLDN-1- cells which are known 
tumour suppressors in HCC. HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours prior to 
total RNA extraction. Amplification of miR-9, -34a, -128a, -130a, -132, -145, -148a, -181a, -324-5p, -
335, -342-3p, -339-5p, -374, -455-3p and 744 was performed alongside U6, RNU44 and RNU48 as 
reference genes using RT-PCR. Relative normalised gene expression was calculated using the 2−∆∆CT 

method. Data presented is representative of mean fold change ±s.e.m from three biological 
replicates. Paired t-test was performed to determine statistical significance, * P≤0.05 ** P≤0.01 *** 
P≤0.001 

The expression of miRNAs -9, -34a, -128a, -130a, -132, -145, -148a, -181a, -324-5p, -335, 

-342-3p, -339-5p, -374, -455-3p and 744were all decreased HepG2CLDN-1- cells compared to 

HepG2scambled-ve, represented by a -6.6, -8.0, -7.7, -4.0, -3.2, -3.7, -3.9, -7.9, -3.8, -1.6, -1.8, 

-2.9, -1.7, -15.1 and -2.2 fold change respectively. Statistical analysis indicated that the 

increase in expression of these miRNA members was significant (P≤0.001, P=0.004, 

P≤0.001, P=0.002, P=0.003, P=0.001, P=0.008, P=0.003, P=0.002, P=0.01, P=0.007, 

P=0.009, P=0.032, P=0.004 P=0.002) 
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Figure 3.67: Normalised gene expression profile (2−∆∆CT) of miRNAs in HepG2CLDN-1- cells which 
supress EMT in HCC. HepG2CLDN-1- and HepG2scambled-ve cells were cultured for 72 hours prior to total 
RNA extraction. Amplification of miR-9, -30, -34, -200a, -200b and -200c was performed alongside 
U6, RNU44 and RNU48 as reference genes using RT-PCR. Relative normalised gene expression was 
calculated using the 2−∆∆CT method. Data presented is representative of mean fold change ±s.e.m 
from three biological replicates. Paired t-test was performed to determine statistical significance, * 
P≤0.05 ** P≤0.01 *** P≤0.001 

The expression of miRNAs -9, -30, -34, -200a, -200b and -200c were all decreased in 

HepG2CLDN-1- cells compared to HepG2scambled-ve, represented by an -6.6, -2.1, -8.0, -2.8, -

2.0 and -1.3 fold change respectively. Statistical analysis indicated that the increase in 

expression of these miRNA members was significant (P≤0.001, P=0.001, P=0.004, 

P=0.001, P=0.001, P=0.0039) 
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By profiling the miRNA expression of both claudin-1 overexpressing and silenced HepG2 

cells, it can be seen that generally the expression of many miRNAs decrease compared to 

control. The silencing of these miRNAs is expected as many of the genes in which they 

target are observed to be overexpressed in our qPCR studies. An important example of this 

is the miR200 family, which all members were significantly downregulated in both claudin-1 

overexpressing and silenced cells. This family of miRNAs are master regulators of EMT that 

act by strongly repressing mesenchymal genes and inhibit the initiating steps of metastasis 

(Korpal & Kang 2008). The decrease in the miR200 family seen in these cells suggests an 

increase in metastasis potential and further provides evidence of the initiation of EMT. 
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Chapter 4: Discussion 

4.1 General discussion 

Investigating of the role of claudin-1 in the initiation and progression of HCC has direct clinical 

implications, especially as the characterisation of the molecular mechanisms involved may 

predict tumour precession and outline avenues of potential therapeutic intervention. The 

altered migratory capacity of cancer cells, driven by changes in molecular mechanisms, is 

what determines a cancers metastatic potential and ultimately the progression and prognosis 

of the disease. An important aim of this thesis was to investigate if the overexpressing and 

the silenced claudin-1 HepG2 cells would display the same documented increase in migratory 

capacity as in the literature. The results from the migration assay indicated that both claudin-

1 overexpressing and silenced HepG2 cells displayed increased migration over 72 hours. 

These results therefore correspond with the increased migratory capacity observed in cases 

of HCC with aberrant levels of claudin-1 documented in the literature (Holczbauer et al 2013). 

As a result of the increased migratory capacity of these cells, further investigation took place 

to determine the molecular mechanisms in which contribute to this major tumour progressive 

property.    

4.1.1 The expression of tight junctional and associated genes in claudin-1 

overexpressing and silenced HepG2 cells 

Tight junctional proteins such as claudins have a complex and tissue specific role across a 

range of human cancer types (Singh et al 2010). Aberrant cellular expression of claudins has 

been continually implicated in the initiation and subsequent progression of the disease and 

has a significant effect on the expression of many other cellular components. The expression 

pattern of claudin-1, -3, -4 and -5 in particular have been implicated as the key members 
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responsible for the acquisition of an invasive phenotype in HCC (Kwon 2013).   

 The expression of tight junction family members was determined in claudin-1 

overexpressing and claudin-1 silenced HepG2 cells, to investigate if the change in gene 

expression had any effect on tight junction composition. Modulation of the tight junction is 

crucial for cancer cells to overcome cell-cell contact in the first steps of metastasis. 

Furthermore, it is well documented that HCCs often present with differential expression 

patterns of tight junction family members (Martin & Jiang 2009).   

 Overexpression of claudin-1 in HepG2 cells resulted in increased expression of 

claudin family members -2 and -7. claudins -4, -5 and -11 were significantly decreased, while 

the expression of claudins -3 and -8 remained unchanged. Silencing of claudin-1 in HepG2 

cells resulted in increased expression of claudins -2, -3 and 11. Claudins -4, -5 and 8 were 

significantly decreased, while expression of claudin- 7 remained unchanged.   

 There is little supporting data linking claudin-2 in the progression of HCC, although it 

usually downregulated (Holczbauer et al 2013). It is therefore interesting to see that claudin-

2 was increased in both overexpressing and silenced HepG2 cells. Claudin-2 is commonly 

overexpressed in colorectal cancer and correlates with poor prognosis. In vivo experiments 

overexpressing claudin-2 resulted in increased cell proliferation and anchorage-independent 

growth (Dhawan et al 2011). It is therefore possible for claudin-2 to be linked to the increased 

cell proliferation and migration of both claudin-1 overexpressing and silenced HepG2 cells. 

Experiments using fibroblasts lacking tight junctions, show that only claudin-1 and -2 are able 

to initiate the formation of tight junctional strands (Landy et al 2016). It is therefore possible 

that the upregulation of claudin-2 could be in response to junctional dysregulation in an 

attempt to restore tight junction integrity.       

 The expression of claudin-3 is commonly downregulated in HCC (Holczbauer et al 

2013). Experiments involving forced expression of claudin-3 in HepG2 cells resulted in 
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decreased metastatic potential via downregulation of the WNT/β-catenin pathways (Jiang et 

al 2014). The increased expression of claudin-3 in claudin-1 silenced HepG2 cells may 

explain in part why β-catenin levels where higher in claudin-1 overexpressed, which would 

give these cells a proliferative and migratory advantage.      

 Claudin -4 and -5 are frequently decreased in HCC, with some reports indicating no 

detectable claudin-4 positivity (Holczbauer et al 2013). Claudin -4 and -5 have also been 

described as prognostic markers with higher expressions correlating with an increased 

prognosis (Bouchagier et al 2014). The decreased expression of claudin-4 and -5, combined 

with the increase in migratory capacity in both claudin-1 overexpressed and claudin-1 

silenced cells correlates with findings in the literature.  Claudin-7 presented with the largest 

increase in expression of all claudin family members during claudin-1 overexpression. 

However, no change in expression was detected in claudin-1 silenced cells. Claudin-7 is 

frequently overexpressed in HCC, although reports suggest that there is no significant 

correlation between the expression of claudin-7, tumour grade, or patient demographic data 

(Brokalaki et al 2012). Despite this, claudin-7 is considered as a possible stem cell marker 

due to the significantly increased levels during liver regeneration. It has been suggested that 

cells with and increased expression of claudin-7 may display increased stemness associated 

properties (Bouchagier et al 2014).       

 The expression of claudin-8 was decreased in both claudin-1 overexpressed and 

claudin-1 silenced HepG2 cells, although the change in expression in claudin-1 

overexpressed HepG2 cells was not significant. Very little data exists regarding the 

expression of claudin-8 in HCC or its significance in progression of the disease. However, 

one study reported that the expression of claudin-8 was found to be downregulated (Ding & 

Chen 2013).           

 Claudin-11 was almost completely silenced in claudin-1 overexpressing HepG2 cells 
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but almost 5 fold increased in claudin-1 silenced cells.  While little data exists on the levels 

or role of claudin-11 in HCC, one study describes the inverse link between miR-99 and 

claudin-11 levels in HCC, implying that a decrease in claudin-11 caused by miR-99 

overexpression resulting in increased migration (Yang et al 2015). The decrease in claudin-

11 combined with the increase in miR-99a may contribute to the increased migratory capacity 

of claudin-1 overexpressed cells. The increased expression of claudin-11 in claudin-1 

silenced cells may contribute towards the difference in migratory capacity compared to 

claudin-1 overexpressed cells.         

 Occludin is another vital tight junction constituent that that is often dysregulated in a 

number of human cancers. Occludin is a potential tumour suppressor in cancer, with its 

expression inversely correlating with level of tumorigenicity in a number of malignancies 

(Osanai et al 2006). Studies have shown that occludin is frequently downregulated in HCC 

(Bouchagier et al 2014). Although no correlation was found between occludin expression and 

overall survival. Occludin was downregulated most frequently in poorly differentiated tumours 

and correlated with the decreased polarity of the cells (Orbán et al 2008). The decrease in 

expression seen in our experiments correlate with the literature. Occludin is downregulated 

in both claudin-1 overexpressed and claudin-1 silenced cells potentially aiding the increased 

migratory capacity.           

 The expression of Junctional Adhesion Molecule A (JAM A) was dysregulated in both 

claudin-1 overexpressed and claudin-1 silenced cells. Claudin-1 overexpression in HepG2 

cells almost completely silenced JAM A. Little data is available regarding a role of JAM A, B 

or C in HCC, with no documented link to prognosis or survival. However, experiments 

silencing JAM A in HepG2 cells caused tight junction mislocalisation and prevented 

pseudocanaliculi formation, despite no alterations to the levels of claudin-1, occludin, and 

ZO-1. Our findings in response to claudin-1 overexpression produced similar changes in cell 
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morphology, i.e. decreased JAM A expression, reduction in cellular polarity, and absent 

pseudocanaliculi formation (Konoka et al 2007). The combination of our results with existing 

literature suggests that JAM A is important for hepatic cell polarity and its absence may 

contribute to cell dysregulation which might ultimately translate to a worse prognosis in HCC. 

 The expression of JAM A increased in claudin-1 silenced cells, and although there is 

no data indicating the clinicopathological significance of JAM A in HCC, reports of JAM A 

overexpression in other human cancers suggest its role in EMT induction via the PI3K/AKT 

pathway (Tian et al 2015).          

 Very little is known about the function of JAM B and C in any cancers, but it was 

interesting to observe a large increase in JAM B expression in claudin-1 overexpressing 

HepG2 cells. It is possible that JAM B is increased as a compensatory mechanism in an 

attempt to restore polarity, in a similar way claudin composition can be altered to maintain 

barrier function (Bojarski et al 2004).      

 Adherence junctions composed of afadin and nectin subunits form Ca2+ dependent, 

cadherin based cell-cell structures by dimerization. Afadin (AF6) is a structural intermediate 

between the actin cytoskeleton and transmembrane adhesion molecule nectin. Similar to tight 

junctions, adherence junctions function to maintain epithelial barrier function and to a varying 

degree polarity (Niessen 2007). The expression and localisation of adherence junctions are 

commonly dysregulated in human cancers. In breast cancer afadin is phosphorylated via the 

PI3K-AKT signalling pathway resulting in increased migration and outlining the 

pathophysiological significance of adherence junctions in cancer (Elloul et al 2014). Although 

there is little data regarding afadin and nectin in HCC, reduced expression is associated with 

a poor prognosis in breast, colon, pancreatic, and endometrial cancers. A recent study by Ma 

et al (2016) found that a decrease in expression of adherence junction molecules could 

activate AKT signalling increasing cell survival and apoptosis resistance in HCC. The 
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decreased expression of afadin and nectin observed in claudin-1 silenced HepG2 cells might 

indicate increased tumour progressive capacity and possible AKT signalling involvement.  

 SP1 is a highly conserved transcription factor that regulates the expression of a 

number of genes involved in proliferation, apoptosis, differentiation, and epigenetic silencing 

and promotion. Although the function of SP1 is often cancer and pathway specific, its 

upregulation is associated with increased invasiveness, greater metastatic potential, and 

overall poorer prognosis in gastric, pancreatic, and breast carcinomas (Beishline & Azizkhan‐

Clifford 2015). The expression of SP1 in HCC was reported to be increased, and its 

expression inversely correlating with prognosis (Huang et al 2015). The increase in SP1 

expression in claudin-1 silenced HepG2 cells might indicate an increase in tumorigenicity 

with a reduction in claudin-1 expression.        

 WNK4 is a Serine/threonine-protein kinase involved in regulating SPAK/OSR1 and ion 

cotransporters. Little data exists about the role of WNK4 in cancer, but it is known to be 

involved in developmental and cellular processes and is often mutated or downregulated 

(Shimizu et al 2013). Experiments involving siRNA targeting of WNK4 has increased 

SMAD2/3-dependent transcriptional regulation and subsequently inhibiting SMAD2 and TGF-

β signalling (Moniz & Jordan 2010). WNK4 is found almost exclusively in polarized epithelia 

and therefore its expression can indicate cellular polarity (Kahle et al 2004). Therefore, the 

decrease in expression of WNK4 in claudin-1 silenced and claudin-1 overexpressed HepG2 

cells might be an indicator of reduced cellular polarity compared to control cells. 

 Scaffold proteins such as Zonula Occludens -1, -2 and -3 provide a linkage between 

membrane bound junctional proteins, such as claudins and occludin and the actin 

cytoskeleton (Lee & Luk 2010). Zonula Occludens not only provide the structural architecture 

necessary for the formation of tight junctions and cell polarity but participate in cellular 

signalling cascades responsible for regulating proliferation and differentiation (Matter & Balda 
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2003). A number of human cancers including HCC display dysregulated expression, and 

often decreased levels of Zonula Occludens (Martin & Jiang 2009). Low expression of ZO-1 

has been linked to a poor prognosis in HCC cases and there is some suggestion of its use 

as a biomarker in the predicted progression of the disease (Nagai et al 2016). Little evidence 

exists regarding the role of ZO-2 and ZO-3 in the disease, but the trend in other cancers such 

as breast and lung suggest their levels correlate with the clinicopathological significance of 

ZO-1 (Lee & Luk 2010). Our data suggests that ZO-1, -2 and -3 are decreased significantly 

in both claudin-1 overexpressed and claudin-1 silenced cells. The dysregulation of claudin-1 

in HCC likely causes the breakdown of tight junction complexes causing the dissociation of 

Zonula Occludens. Loss or dissociation of ZO-1 has been shown to increase proliferation and 

decrease cell polarity in a number of cancers (Yasen et al 2005). Therefore, the decreased 

expression of Zonula Occludens in these cells is likely to contribute to the reduction in cellular 

polarity and increased migratory phenotype observed in our experiments.    

 ZONAB is a Y-Box binding transcription factor strongly associated with tight junction 

complexes, especially ZO-1, via specific binding to the SH3 domain of Zonula Occludens 

(Balda & Garrett 2003). ZONAB typically shuttles between the tight junction and the nucleus, 

interacting with a number of proliferation related genes such as cyclin D1 and ERB receptors. 

Evidence suggests that ZO-1 regulates the expression and localisation of ZONAB in MDCK 

cells (Pozzi & Zent 2010). Decreased expression of ZO-1 causes an increase in expression 

of ZONAB and shifts its localisation from the tight junction to the nucleus. The result is an 

increase of direct transcription of proliferative genes such as cyclin D1 (Pozzi & Zent 2010). 

ZONAB overexpression potentially prevents polarization and differentiation while increasing 

proliferation in proximal tubule epithelial cells (Lima et al 2010). Increased ZONAB expression 

is associated with advanced stages of HCC, with an increased expression correlating with a 

poor prognosis (Yasen et al 2005). The overexpression of ZONAB combined with the 
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decreased expression of ZO-1, in both claudin-1 overexpressed and claudin-1 silenced cells, 

may in part account for the increases in proliferation observed. As there is little data regarding 

ZONAB in HCC, further investigation is needed. However, ZONAB provides a promising link 

between the dysregulation of claudin-1 and the increase in tumour progression outlined in 

this study and in the literature.         

 A comparison of tight junctional and associated genes between the claudin-1 

overexpressing and silenced cells shows that while both groups may not present with 

identical patterns of expression there are many similarities. Increased expression of claudin-

2 and decreased expression of claudins -4 and -5 along with occludin, and Zonula Occludens 

not only characterise the junctional profile of claudin-1 overexpressing and silenced cells but 

have been described as the pattern associated with a poor prognosis in the literature (Lee & 

Luk 2010). The correlation of the same pattern of dysregulated junctional constituents in both 

claudin-1 overexpressing and silenced cells and the literature gave the first indication that the 

aberrant expression of claudin-1 could be responsible for the poor prognosis associated with 

HCC cases with the same profile. While it is almost impossible to make conclusions about 

the underlying molecular mechanisms just off the junctional profile alone, it acts as an 

indicator of dysregulated cellular adherence and barrier function associated with EMT and 

tumour metastasis (Ikenouchi et al 2003) 

4.1.2 The expression of epithelial to mesenchymal transition genes in claudin-1 

overexpressing and silenced HepG2 cells. 

Increasing evidence outlines epithelial-mesenchymal transition as the molecular switch in 

cancer progression, by which cancer cells gain the capacity to migrate away from the primary 

tumour and metastasise. The switch to a mesenchymal phenotype is characterised by a 

number of molecular mechanisms, most classically the downregulation of E-cadherin and the 
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upregulation of vimentin. The expression of vimentin was increased in both claudin-1 

overexpressed and claudin-1 silenced HepG2 cells, although significantly more during 

claudin-1 overexpression. The epithelial marker E-cadherin was downregulated in both 

claudin-1 overexpressed and claudin-1 silenced HepG2 cells, again significantly more during 

claudin-1 overexpression. The low E-cadherin, high vimentin expression profile observed in 

both our claudin-1 overexpressing and silenced cells mimics that of invasive, poorly 

differentiated HCC (Van Zijl et al 2009). Studies correlate low E-cadherin (Cho et al 2008), 

and high vimentin (Hu et al 2004) expression in HCC with an increased metastatic potential, 

poor prognosis, and an increased rate of recurrence after surgical resection.  

 Cadherin switching, usually E- to N- cadherin is another hallmark of epithelial-

mesenchymal transition (De Craene & Berx 2013). E-cadherin is typically only expressed in 

epithelial cells, whereas N-cadherin, R-cadherin, and cadherin-11 are expressed in 

mesenchymal cells. Therefore, the up-regulation of N-cadherin is classically seen as a 

hallmark of mesenchymal transition and is shown to promote invasion of surrounding tissues 

and metastasis in cancer (Wheelock et al 2008). The expression of N-cadherin was 

significantly decreased in claudin-1 overexpressing HepG2 cells, which is unexpected due to 

the assumption of EMT induction caused by the changes in E-cadherin and vimentin. 

However, N-cadherin is commonly downregulated in HCC, and interestingly this correlates 

with poor tumour differentiation, vascular invasion, and shorter postoperative disease-free 

survival (Zhan et al 2012). This suggests that N-cadherin expression and resultant prognosis 

in cancer is cell specific, and that in HCC, a reduced N-cadherin expression indicates an 

increase in tumorigenicity. The expression of N-cadherin was significantly increased in 

claudin-1 silenced HepG2 cells and therefore indicates classic cadherin switching seen in 

EMT initiation. However, due to fact N-cadherin is frequently decreased in HCC, the increase 

seen is unlikely to indicate a more tumour progressive phenotype. In fact, it may in part 



215 
 

explain why claudin-1 overexpression induces a more migratory phenotype in comparison to 

claudin-1 silencing in HepG2 cells.         

 In a similar pattern to N-cadherin, the expression of fibronectin was significantly 

decreased during claudin-1 overexpression and significantly increased during claudin-1 

silencing. Fibronectin participates in the formation of a fibrotic extra cellular matrix which is 

modulated by inflammation, tissue fibrosis, and desmoplastic stroma in tumours. 

Conventionally fibronectin is seen as a bio-maker for EMT in the same way up-regulation of 

N-cadherin and vimentin are (Zeisberg & Neilson 2009). The increase of fibronectin in 

claudin-1 silenced HepG2 cells would further indicate EMT involvement due to its role in ECM 

remodelling and tumour progression. However, research suggests that fibronectin is 

abnormally localised and downregulated during HCC, which coincides with the decreased 

expression of fibronectin seen in claudin-1 overexpressing cells. Conventionally, both N-

cadherin and fibronectin participate in the initiation of epithelial-mesenchymal transition, but 

in HCC their absence does not negatively regulate the process and may even be associated 

with a poorer prognosis in vivo.         

 The process of epithelial-mesenchymal transition is orchestrated by EMT related 

transcription factors in both normal development and in cancer. SNAIL, TWIST, and ZEB 

families represent the major groups of transcription factors regulating the process, although 

many other transcription factors are involved. The SNAIL family transcription factors showed 

dysregulated expression in both claudin-1 silenced and overexpressed HepG2 cells. SNAIL1 

was significantly overexpressed during claudin-1 overexpression but only slightly 

overexpressed during claudin-1 silencing. SNAIL1 is classically known for decreasing E-

cadherin expression and initiating the shift away from an epithelial phenotype. The increase 

in expression of SNAIL in both claudin-1 overexpressing and silenced cells inversely 

correlated, proportionally to the decrease in E-cadherin expression. SNAIL expression in 
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HCC is associated with decreased expression of E-cadherin and poor differentiation. The 

increased expression of SNAIL coupled with the decreased expression E-cadherin presents 

with a strong association with postoperative recurrence (Woo et al 2011). SNAIL2 (SLUG) 

was massively overexpressed during claudin-1 overexpression and almost silenced 

completely during claudin-1 silencing. SLUG is frequently overexpressed in HCC (Yang et al 

2009). Experiments involving the overexpression of SLUG in HepG2 cells reported the 

induction of EMT with increased clonogenicity and presentation of stem cell markers (Sun et 

al 2014). The role of SNAIL3 in cancer is poorly understood, although it shares the same 

zinc-finger binding domains as SNAIL1 and 2 and is thought to bind to similar targets. No 

data is available about its expression in HCC, however its expression is increased in lung 

cancer and melanoma (Sánchez-Tilló et al 2012). There was no change in expression of 

SNAIL3 in claudin-1 overexpressing cells, but a significant decrease in claudin-1 silenced 

cells. Despite this, no data is available in the literature to draw conclusions from.  

 The large increases in expression of SNAIL 1 and 2 in claudin-1 overexpressing 

HepG2 cells indicate the activation of EMT. Evidence from the literature indicates HepG2 

cells overexpressing these transcription factors present with increased proliferation and 

migration (Yang et al 2009). This suggests that SNAIL1 and 2 are likely involved in increasing 

the migratory capacity of claudin-1 overexpressing HepG2 and modulating gene expression 

of other EMT and tumour metastasis genes. The increase in SNAIL1 in claudin-1 silenced 

cells is relatively small. This may account for the slight decrease in E-cadherin observed, but 

in combination with the large decreases in SNAIL2 and 3, it is unlikely the SNAIL family 

transcription factors are responsible for the expression of EMT markers expressed in claudin-

1 silenced cells.            

 TWIST1 is a transcriptional promotor of EMT, which was significantly increased in both 

claudin-1 silenced and claudin-1 overexpressed HepG2 cells. TWIST1 expression is 
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commonly increased in human cancers and correlates with poor prognosis in breast, 

prostate, lung, uterine, and several other tumour cell lines. TWIST1 is well defined as a E-

cadherin repressor, and is involved in regulation of gene expression corresponding to the 

upregulation of mesenchymal markers, reduction of cell-cell adhesion, and increasing cell 

motility. Experiments involving the forced expression of TWIST1 in HepG2 cells, reported the 

induction of EMT, increased cell migration, and production of stem cell markers (Matsuo et 

al 2009). Given previous experimental evidence, the increase in TWIST1 expression in 

claudin-1 silenced and claudin-1 overexpressed HepG2 cells will certainly contribute to the 

increased migratory capacity observed. As the expression of TWIST1 is undetectable in wild 

type HepG2 cells, the induction of TWIST1 is modulated during claudin-1 silencing and 

claudin-1 overexpression.         

 ZEB1 and 2 were increased in both claudin-1 silenced and claudin-1 overexpressed 

HepG2 cells, however the increased expression of ZEB1 in claudin-1 silenced cells was not 

significant. Just like the SNAIL and TWIST family of transcription factors, ZEB1 and 2 

downregulate the expression of E-cadherin via interactions with the E-box element of the E-

cadherin promoter. ZEB1 and 2 are described as crucial promoters of metastasis in 

pancreatic and colon cancer by inducing EMT-activation, stem cell markers and associated 

characteristics (Hashiguchi et al 2013). ZEB1 is commonly upregulated in HCC, its increased 

expression is associated with a decrease in E-cadherin, an increase in metastasis, and a 

poor prognosis (Zhang et al 2013). The increased ZEB1 expression in claudin-1 

overexpressing HepG2 cells further suggest the induction of EMT and explains the increased 

migratory capacity observed. The upregulation of ZEB1 and 2 in HCC is known to induce 

EMT and associated vasculogenic mimicry and metastasis (Liu et al 2016). Overexpression 

of ZEB2 in HepG2 cells increased cell migration, invasiveness, and vasculogenic mimicry, in 

vitro (Yang et al 2015). The increase of ZEB2 in claudin-1 overexpressing and silenced 
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HepG2 cells further strengthens the association with EMT induction and increased migratory 

capacity of the two groups.         

 The expression of EMT regulators TWIST1 and ZEB2, but not ZEB1, are upregulated 

in oral squamous cell Carcinoma. TWIST1 and ZEB2 in combination, cause an upregulation 

of EMT genes which correlate to a poor prognosis in oral squamous cell Carcinoma (Kong et 

al 2015). This upregulation of TWIST and ZEB2, but not ZEB1, mimics the profile observed 

in our claudin-1 silenced HepG2 cells, indicating that EMT can be induced without ZEB1, and 

the migratory phenotype observed may be modulated by a combination of TWIST and ZEB2.

 Forkhead box C2 (FoxC2) is a member of the winged Helix/Forkhead family of 

transcription factors. The DNA binding domain of FoxC2 allows transcription of genes 

involved in various developmental and embryonic processes as well as cancer. High FoxC2 

expression is linked with metastatic potential and a poor prognosis in serval human cancers 

such as breast, oesophageal, ovarian and colon (li et al 2015). FoxC2 is documented to be 

overexpressed in HCC and thought to activate MAPK and AKT/GSK-3β signalling pathways 

and induce EMT. FoxC2 was also reported to increase β1-integrin mediated cell 

migration in the HCC cell line, Huh-7 (Bai et al 2014).  The expression of FoxC2 was 

increased in both claudin-1 silenced and overexpressed HepG2 cells. As FoxC2 induces 

EMT and increases cell migration in vivo and vitro, it is likely contributing to the increase 

in EMT markers and cell migration in both claudin-1 overexpressing and silenced HepG2 

cells. The increase in FoxC2 expression was almost double in claudin-1 silenced cells 

compared to overexpressed. The upregulation of EMT markers seen in claudin-1 silenced 

cells may be regulated more by FoxC2 due to its significantly higher expression 

compared to core EMT transcription factors SNAIL, TWIST and ZEB1/2. 

 The homeobox goosecoid is a transcription factor involved in initiating EMT and 

cell migration in embryonic development. The expression has been correlated with 
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increased metastasis and a poor prognosis in breast (Hartwell et al 2006) and ovarian 

cancer (Kang et al 2014). Homeobox goosecoid is frequently upregulated in HCC and its 

expression is associated with a poor prognosis. The most invasive lung metastasis of 

HCC contains the highest expression of GSC, usually far higher than the primary tumour. 

The upregulation of GSC in metastatic tumours provides in vivo evidence of its 

participation in upregulating the invasive phenotype of HCC. Overexpression of homeobox 

goosecoid in the Hep3B HCC cell line induced EMT and significantly increased cell 

migration (Xue et al 2014). It is therefore possible for the increased expression of homeobox 

goosecoid, in both our claudin-1 overexpressing and silenced cells, to be responsible for 

the upregulation of EMT markers and increased migratory capacity observed.  

 Sox10 is part of the SRY-related HMG-box family of transcription factors most 

commonly known for its involvement in embryonic development. Its involvement in cancer is 

complex with tumour promoting and suppressive properties described in the literature (Zhou 

et al 2014). However, several studies reported upregulation of Sox10 and linked this 

phenotype with poor prognosis in breast cancer (Dravis et al 2015), HCC (Zhou et al 2014) 

and malignant Melanoma (Mohamed et al 2013). In vitro experiments overexpressing Sox10 

in breast cancer cells, induced EMT and stem cell markers, increasing proliferation and 

invasive capacity (Dravis et al 2015). Forced expression of Sox10 in the HCC cell line Huh7 

caused an increase in β-catenin expression and associated transcription factors TCF4 by 

facilitating the binding between them. Cell proliferation was subsequently increased by 

upregulated cyclin-D1 expression (Zhou et al 2014). Silenced Sox10 expression prevented 

binding of β-catenin and TCF4, reducing proliferation. The increased expression of Sox10 

caused by claudin-1 overexpression could be responsible for the increased proliferation 

observed, by upregulating β-catenin and facilitating the binding of β-catenin to TCF, which 

are also upregulated. The decreased expression of Sox10 in claudin-1 silenced cells 
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correlates with the lower expression of β-catenin and associated target genes compared to 

claudin-1 overexpression.       

 Ca2+/calmodulin-dependent protein kinase II (CAMK2N1) is a serine/threonine kinase 

originally discovered for its role in neuron function, memory, and learning. CAMK2N1 has 

become a protein of interest in cancer due to its ability to activate signalling pathways and 

transcription factors. In HCC, CAMK2N1 induces TRAIL mediated apoptosis and inhibits 

MEK mediated cell proliferation (Wang et al 2015). CAMK2N1 is significantly downregulated 

during claudin-1 overexpression in HepG2 cell, reducing any inhibitory effects the kinase may 

have on tumour progression and apoptosis.      

 Desmoplakin is an essential part of the desmosomal plaque, forming adherence 

junctions between adjacent cells. Little is known about the role of desmoplakin in human 

cancers, although it is usually reported as downregulated. Increased desmoplakin is linked 

to β-catenin inhibition via upregulation of plakoglobin, although this is thought to be tissue 

specific. Downregulation was found to induce MAPK signalling, resulting in increased cell 

proliferation (Yang et al 2012). The role of desmoplakin in HCC is poorly documented, but 

the decreased expression observed during claudin-1 overexpression could indicate the 

involvement of MAPK signalling, a pathway commonly implicated in EMT induction. 

 Expression of EGFR is commonly upregulated in HCC, with its increased expression 

inducing proliferation and migration. EGFR is known to interact with C-X-C motif chemokine 

receptors and the MAPK pathway, promoting tumour progression (Huang et al 2014). The 

increase in expression of EGFR in claudin-1 silenced HepG2 cells could explain the increase 

in cell proliferation, and even possibly indicate the upregulation of EMT markers via the MAPK 

pathway (Wojciechowski et al 2017).        

 Nudix Hydrolase 13 (NUDT13) is a mitochondrial enzyme and microtubule-associated 

protein 1B (MAP1b) belonging to the microtubule-associated protein family. Both NUDT13 
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and MAP1b are aberrantly expressed in EMT, although their function in the process is 

unknown (Kanda et al 2016). An increase in MAP1b and a decrease in NUDT13 are 

associated with EMT induction and are described as novel EMT markers (Gröger et al 2012). 

The increased expression of both of these EMT markers in both claudin-1 overexpression 

and claudin-1 silenced HepG2 cells provides further evidence of the induction of EMT in these 

cells.             

 Moesin is a member of the EMR (Ezrin/Radixin/Moesin) family, which act as 

intermediate proteins between the plasma membrane and actin cytoskeleton. Moesin is 

localised and thus implicated in the filopodia in the leading edge of lamellipodia in migrating 

cells in normal pathology and cancer (Solinet et al 2013). In breast cancer, moesin expression 

correlates with invasive capacity and is directly targeted and repressed via miR-200b, an anti-

EMT marker of epithelial cells (Li et al 2014). Moesin is documented to be highly expressed 

in HCC, with high levels of the protein correlating with poor relapse-free survival (Song et al 

2016). The large increase in expression suggests a role of moesin in the increased migratory 

capacity seen during claudin-1 silencing in HepG2 cells.     

 Platelet-derived growth factor receptor B (PDGFRB) is a cell membrane embedded, 

tyrosine kinase receptor for platelet-derived growth factors. Binding to platelet-derived growth 

factors to their corresponding receptors induces cell proliferation. This mechanism is often 

exploited by cancer cells.  PDGFRB is usually upregulated in mesenchymal stromal cells 

during wound healing and type 2 EMT but is also upregulated during type 3 EMT associated 

with cancer (Steller et al 2013). Platelet-derived growth factors as well as their receptors 

PDGF-R α and β are frequently upregulated in HCC as well as the autocrine secretion of 

PDGF. Autocrine and inflammation induced PDGF signalling upregulates non-canonical β-

catenin signalling via the STAT3 pathway in HCC (Van Zijl et al 2009). The upregulation of 

platelet-derived growth factor receptor B in during claudin-1 overexpression in HepG2 cells 
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provides further evidence for EMT induction via non-canonical β-catenin signalling.  

 Versican is a large extracellular matrix proteoglycan that belongs to the lectican protein 

family. The increased expression of versican has been documented in a number of malignant 

human cancers such has breast, brain, prostate, ovary, and lung. In HCC, increased versican 

is regulated by EMT transcription factor FoxQ1 and the β-catenin/TCF4 complex (Xia et al 

2014). Versican is involved in regulation of cell proliferation, metastasis, apoptosis, 

angiogenesis, and increasing the resistance to chemotherapy drugs. Versican contains a G3 

domain that has two motifs similar to EGF and a G1 domain, both of which stimulate these 

cancer hallmarks via upregulation of the MAPK, and AKT signalling pathways (Du et al 2013). 

The upregulation of versican in claudin-1 overexpressing HepG2 cells correlates with the 

increase in cell migration and proliferation, implicating the proteoglycan in the process. The 

expression of versican also strengthens the argument that β-catenin regulates the process 

due to the association between Versican and the β-catenin/TCF4 complex. 

4.1.3 The expression of caveolin-1 in claudin-1 overexpressing and silenced HepG2 

cells. 

Caveolin-1 (Cav-1) is the main structural component of caveolae and is known to be involved 

in vesicle transport, signal regulation and transduction. The expression of caveolin-1 is often 

dysregulated in a number of cancers with both increases, decreases, and mutations of the 

protein reported. However, the relationship between caveolin-1, tumour progression, and 

inhibition is multifaceted and appears to be cancer specific (Boscher & Nabi 2012).  

  Caveolin-1 is decreased in ovarian, lung, and mammary Carcinomas, whereas in 

bladder, oesophagus, thyroid, prostate, and pancreatic carcinomas it found to be is increased 

(Williams & Lisanti 2005). Caveolin-1 both positively and negatively regulates MAPK-ERK1/2, 

PTEN-AKT, and β-catenin-TCF/LEF signal transduction pathways, thereby initiating and 
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inhibiting EMT, and Rac1 mediated cell migration (Boscher, Nabi 2012).  

 The expression of caveolin-1 is commonly increased in HCC with its expression 

correlating with metastasis and a poor prognosis (Zhang et al 2009). Caveolin-1 expression 

was increased in both claudin-1 overexpressing and silenced HepG2 cells, especially during 

claudin-1 overexpression. The extent of the increase (40-fold) in claudin-1 overexpressing 

HepG2 cells indicates a significant involvement of the gene. A study by Yu et al (2014) 

demonstrated that overexpressing caveolin-1 in HepG2 cells increased β-catenin and 

ERK1/2 activation which presented with increased tumour size, migration, and proliferation 

via upregulation of EMT genes. It is therefore of interest that overexpression of claudin-1 

caused a massive increase in caveolin-1 in our experiments, with an accompanying increase 

in associated EMT and tumour metastases genes.      

  A study comparing caveolin-1 expression in HCC cell lines has reported an increase 

in caveolin-1 expression inversely correlating with the differentiation and invasive nature of 

the cell line. HepG2 cells with a normally low caveolin-1 expression were described as well 

differentiated, whereas SNU-449 with a high caveolin-1 expression was very poorly 

differentiated (Cokakli et al 2009). What is also interesting is that SNU-449 cells have a 

significantly higher claudin-1 level than HepG2 cells, and express high levels of EMT markers 

such as vimentin, activated ERK1/2 and β-catenin (Suh et al 2013). Disruption of caveolin-1 

containing caveolae using a cholesterol-depleting agent methyl-β-cyclodextrin (MBCD), 

significantly decreased mobility in SNU-449 cells by up to 10-fold (Cokakli et al 2009). 

  Claudin-1 demonstrates inclination to co-localise and co-precipitate, with caveolin-1 

outlining the binding capacity of the two proteins (Itallie & Anderson 2012). Other studies 

have shown caveolin-1 to be involved in caveolae-mediated internalization of claudins and 

occludins in tight junction remodelling and during routine tight junction maintenance via 

continuous endocytic recycling of tight junction proteins (Stamatovic et al 2009) (Chalmers & 
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Whitley 2012). It is clear from our images that claudin-1 is internalised during overexpression, 

possibly by caveolin-1 containing caveolae. Internalisation of membrane bound proteins such 

as EGFR, by caveolin-1 containing caveolae, also results in the simultaneous co-

internalisation of β-catenin/E-cadherin, this process activates the β-catenin-TCF/LEF signal 

transduction pathways resulting in EMT (Croager 2004). Caveolin-1 and a number of β-

catenin-TCF/LEF and EMT associated genes were significantly up regulated during claudin-

1 overexpression in HepG2 cells. Although further research is needed, it could be possible 

that internalisation and endocytic recycling of claudin-1 by caveolin-1 containing caveolae 

could participate in WNT/β-catenin and MAPK signalling, resulting in the EMT phenotype that 

was observed.  

4.1.4 The expression of β-catenin and associated genes in claudin-1 overexpressing 

and silenced HepG2 cells. 

The WNT/β-catenin pathway is involved in a number of normal and pathophysiological 

cellular processes. β-catenin maintains and stabilises junctional complexes and coordinates 

gene transcription when stabilised by canonical WNT signalling. β-catenin is implicated in the 

causation and progression of a number of human cancers such as breast, colon, ovarian, 

and melanoma (Rosenbluh et al 2014). Dysregulated canonical WNT/ β-catenin signalling is 

common in HCC, with reports of aberrant expression in up to 90% of cases. It is interesting 

that only approximately 40% of cases present with β-catenin or AXIN1/AXIN2 mutation, 

meaning in the remainder of the cases canonical WNT signalling is modulated by other 

pathways or external signals (Waisberg et al 2015). Stable β-catenin expression in HepG2 

cells is present, but at relatively low levels. Both claudin-1 overexpression and silencing 

increases β-catenin mRNA and protein levels in HepG2 cells. Stable β-catenin is known to 

induce EMT and proliferation in HCC via the regulation of β-catenin associated transcription 
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factors. Once stabilised, cytosolic β-catenin is translocated to the nucleus, facilitated by Rac1, 

where it binds to TCF (T-cell factor)/LEF (lymphoid enhancer factor). The binding of β-catenin 

to TCF/LEF transcription factors displaces transcriptional repressors and recruits co 

activators to WNT gene target regions. The TCF/LEF family of transcription factors in humans 

consists of TCF1, LEF1 (TCF2), TCF3, and TCF4 (Kim et al 2013).    

 TCF1 was upregulated in both claudin-1 overexpressing and silenced HepG2 cells. 

Historically, TCF1, in association with β-catenin, has generally been linked with increased 

cell proliferation and differentiation via upregulation of WNT target genes (Giles et al 2003) 

However, TCF1 also has a tumour suppressing function in some cancers. Upregulation of 

TCF1 in leukaemia and colon cancer has correlated with an increased survival rate (Staal, 

Clevers 2012). With little data of regarding the role of TCF1 in HCC, it is difficult to speculate 

whether the increased expression of TCF1 is promoting tumour progression or inhibiting it.

 LEF1 expression was upregulated during claudin-1 overexpression and slightly 

downregulated during claudin-1 silencing, although the change in expression in silenced cells 

was not significant. Like TCF1, LEF1 is another classic inducer of WNT target genes. It is 

commonly upregulated in HCC and shown to increase proliferation via upregulation of 

cyclinD1 (Liu et al 2016). Overexpression of LEF1 in MDCK cells induced epithelial to 

mesenchymal transition via SLUG, ZEB1, and ZEB2 (Kobayashi, Ozawa 2013) with the same 

process described in prostate cancer (Liang et al 2015). This evidence suggests that the 

increased expression of LEF1 during claudin-1 overexpression participates in the 

upregulation of EMT markers and associated transcription factors SLUG, ZEB1, and ZEB2. 

As no significant change in LEF1 was reported in claudin-1 was reported, it is unlikely LEF1 

is responsible for the increase in EMT markers observed in these cells.   

 TCF3, otherwise known as TCF7L1, E47, or E2A, was previously reported to be 

dysregulated in a number of human cancers such as breast, colon, and HCC, correlating to 
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a poor prognosis (Berx et al 2007). TCF3 has the same basic helix-loop-helix structure as 

TWIST1 and demonstrates involvement in EMT activation and downregulation of E-cadherin 

through binding to E-boxes of the promoter E-pal and E3 (Voutsadakis 2016). Univariate Cox 

analysis of 128 HCC samples revealed that TCF3 was commonly upregulated in the disease 

and correlates with other EMT markers and a poor prognosis (Kim et al 2010). The increased 

expression of TCF3 in both claudin-1 overexpressing and silenced HepG2 cells indicates its 

likely participation in the upregulation of EMT target genes and the decreased expression of 

E-cadherin.           

 TCF4 otherwise known as TCF7L2 or E2-2, is commonly dysregulated in colon and 

breast cancers with its levels showing association with invasiveness in both diseases 

(Ravindranath et al 2011). Just like TCF3, TCF4 is a well-known inducer of EMT by directly 

binding to the ZEB1 promoter and activating its transcription (Sanchez-Tillo et al 2011). TCF4 

also shows inclination for binding TWIST1, thereby upregulating EMT genes (Chang et al 

2015). Upregulation of TCF4 in HCC results in increased expression of HIF-2α, EGFR, c-

MYC and cyclinD1, thereby promoting cellular proliferation, angiogenesis, and increasing the 

resistance to anti-cancer drugs (Liu et al 2016). TCF4 was significantly upregulated in 

claudin-1 overexpressing HepG2 cells, increasing the likelihood of its participation in EMT 

induction. The increase in expression of TCF4 in claudin-1 silenced HepG2 cells was found 

not to be significant, thereby reducing the probability of its involvement in the upregulation of 

EMT makers observed.         

 Associated β-catenin target genes α-catenin, Frizzled-7 and RAC1 participate in the 

facilitation and modulation of the response to WNT/β-catenin signalling in HCC. Their 

expression appears to determine the outcome of β-catenin signalling in the disease. With its 

ability to bind to the E-cadherin/β-catenin complex at the membrane, α-catenin though F-

actin binding, provides a scaffold between extracellular cadherins and intracellular 
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cytoskeleton (Drees et al 2005). Intracellular pools of α-catenin which are not associated with 

the E-cadherin/β-catenin complex at the membrane limit the actin polymerisation function of 

Arp2/3 and therefore decrease lamellipodial dynamics. α-catenin overexpression was found 

to inhibit the β-catenin/TCF response, indicating its role as a negative regulator in the WNT/β-

catenin pathway (Daugherty et al 2014). In cancer, loss of α-catenin corresponds with 

increased cell proliferation and TCF-dependent transcription (Giannini et al 2000). Kaplan-

Meier examination of patient survival suggested cases of HCC with decreased α-catenin and 

E-cadherin, and increased levels of β-catenin, had poor survival rates (Endo et al 2000). The 

decreased expression of α-catenin in claudin-1 overexpressing HepG2 cells correlates with 

the increased β-catenin/TCF associated gene expression and likely aids in the tumour 

progression of these cells. Low α-catenin levels would allow increased actin polymerisation 

associated with increased migration, and upregulation of TCF dependent transcription of 

EMT associated genes observed. The increased expression of α-catenin in claudin-1 

silenced HepG2 cells correlates with the decreased β-catenin/TCF associated gene 

expression and may act as an inhibitor in this regard. It would also inhibit actin polymerisation, 

possibly explaining the difference in migratory capacity between claudin-1 overexpressed 

and claudin-1 silenced HepG2 cells.         

 Frizzled-7 is a transmembrane receptor involved in the canonical WNT signalling 

pathway. Binding of WNT signalling molecules to frizzled stabilises β-catenin by preventing 

its phosphorylation and targeted degradation. Frizzled-7 is commonly upregulated in colon, 

oesophageal, lung, and gastric cancer, as well as melanoma and lymphoblastic leukaemia 

(Ueno et al 2008). Frizzled-7 is also frequently upregulated in HCC, with functional studies 

providing evidence that increased Frizzled-7 mRNA increases cell migration via β-catenin 

mediated mechanism (Merle et al 2004). The increased expression of Frizzled-7 in claudin-

1 overexpressing cells likely modulates and increases the stability of β-catenin promoting the 
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upregulation of TCF/LEF mediated transcription of EMT and cell proliferative genes.  Claudin-

1 silenced HepG2 cells also presented with increased Frizzled-7 providing a possible 

explanation for the increased β-catenin, although the complex interplay between α-Catenin, 

Rac1, and other β-catenin associated genes may mean that the stabilised β-catenin may not 

participate in tumour progression in these cells.      

 Rac1 is part of the RhoGTPase family that regulates the cellular machinery 

responsible for cytoskeleton formation and disassembly. Rac1 is involved in numerus 

processes regulating growth, cell migration, and apoptosis (Bid et al 2013). In cancer, 

evidence suggests Rac1 participates in the transformation necessary for invasion and 

metastasis. Reports suggest that levels of Rac1 are increased in high clinical stage HCC and 

have a strong association with vascular invasion (Yang et al 2010).  Rac1 is a critical 

component of the WNT/β-catenin signalling pathway, especially as Rac1, in association with 

JNK kinase, phosphorylates β-catenin on critical residues. This promotes nuclear import and 

subsequent binding to TCF/LEF1 transcription factors (Wu et al 2008) and suggests that the 

upregulation of Rac1 seen in claudin-1 overexpressing HepG2 cells would promote 

mesenchymal-like migration though actin polymerisation, as well as supporting the nuclear 

transport of β-catenin. The decrease in Rac1 expression observed during claudin-1 silencing 

would suggest a decrease in nuclear transport of β-catenin, providing further evidence of the 

lack of β-catenin involvement in claudin-1 silenced cells.      

 In humans, there are 19 secreted WNT glycoproteins involved in canonical and non-

canonical WNT signalling. They bind to several receptors, including frizzled family receptors, 

activating numerus downstream signal transduction pathways (Asem et al 2016). The role of 

non-canonical ligands, WNT5a and WNT5b, is complex in cancer and often circumstantial 

and tissue specific. Furthermore, the conditions for which WNT5a and 5b become oncogenic 

or tumour suppressive are poorly understood. Conflicting evidence exists about the specific 
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role of WNT5a and b in HCC. WNT5a acts in a tumour suppressive role in some thyroid and 

colorectal cancers, however, appears to promote cancer progression in pancreatic and 

gastric cancers, as well as melanoma (Asem et al 2016). In vitro experimental evidence 

suggests that overexpression of WNT5a in huh7 cells decreases cellular migration and 

proliferation by targeting non-canonical β-catenin signalling (Bi et al 2014). Further evidence 

of WNT5a as a tumour suppressor was documented by Geng et al (2012), suggesting that 

WNT5a was frequently decreased in HCC and led to an improved prognosis. In conflict to 

this, Yuzugullu et al (2009) reported that WNT5a and WNT5b were overexpressed in the 

majority of poorly differentiated HCC cell lines but were under expressed in well-differentiated 

cell lines. This gives more weight to other reports that WNT5a and b, along with their cognate 

receptor Fzd2, are frequently upregulated in late stage HCC as well as breast, lung, and 

colon cancers. The same report linked the expression of WNT5a and b with mesenchymal 

markers and inverse correlation of epithelia markers in breast, colon, liver, and lung cancer 

samples (Gujral et al 2014). It appears that WNT5a associates with EMT in poorly 

differentiated cancers promoting tumour progression but is inhibitory to well-differentiated 

cancers. The high expression of WNT5a and b in claudin-1 overexpressing cells, does not 

seem to inhibit its migratory capacity. Therefore, it likely that WNT5a and b further the 

initiation of the EMT phenotype observed in these cells, suggesting that claudin-1 

overexpression mimics gene expression profile of poorly differentiated HCCs. The decreased 

expression of WNT5a in claudin-1 silenced cells suggests that the EMT markers produced 

as a result of claudin-1 silencing are likely not a result of canonical WNT signalling. It is 

interesting to note that the literature speculates that WNT5a and b decrease non-canonical 

β-catenin signalling in HCC, although the expression of β-catenin and associated 

transcription factors are increased in claudin-1 overexpressing HepG2 cells. It is possible that 

the induction of EMT may change the inhibitory/tumour suppressive response of WNT5a/b, 
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protecting non-canonical β-catenin signalling.      

 WNT11 is a secreted WNT glycoprotein involved in the canonical WNT signalling 

pathway. Just like WNT5a and b, its role in cancer progression is complex and cell specific. 

Reports indicate WNT11 is commonly upregulated in late stage colorectal cancer, its 

increased expression is associated with recurrence and a poor prognosis in the disease. In 

vitro experiments on colorectal cancer cell lines have shown the forced expression of WNT11 

increases proliferation and migration via JNK signalling (Nishioka et al 2013). However, 

WNT11 mRNA and protein is significantly lower in HCC in comparison with normal liver 

tissue. An increase in WNT11 expression in HCC inhibits tumour progression via the 

induction of PKC signalling, that targets β-catenin for degradation, and reducing TCF/LEF1 

mediated transcriptional activity. WNT11 was reported to upregulate ROCK activation in 

HCC, reducing migration and nuclear β-catenin translocation by suppressing Rac1 (Toyama 

et al 2010). The large decrease of WNT11 in claudin-1 overexpressing HepG2 cells concurs 

with these findings. β-catenin and associated TCF activity, along with Rac1 and associated 

cell migration, were all increased in these cells indicating no inhibition by WNT11. The 

decrease in WNT11 in claudin-1 silenced HepG2 cells was found not to be significant. 

Although, it is difficult to make firm conclusions without the protein expression, stable WNT11 

levels may explain the lower levels of Rac1, β-catenin, and associated TCF activity in these 

cells.  

4.1.5 The expression of tumour metastasis genes in claudin-1 overexpressing and 

silenced HepG2 cells. 

Cancer progression and metastasis is reliant on tumour microenvironment modification 

orchestrated by matrix metalloproteinases (MMPs). In HCC, MMPs 2 and 9 in particular 

correlate with recurrence after resection and ultimately a poor prognosis. They are also 
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upregulated in breast, ovarian, and prostate cancers, as well as melanoma (Zhang et al 

2006).  MMPs -2 and -9 are both type IV collagenases with respective gelatinase A and B 

activity.  MMPs -2 and -9 are vital for invasion and metastasis during tumour progression, as 

type IV collagen and gelatine are the two main components of the ECM and basement 

membrane (Roomi et al 2009). MMPs -2 and -9 in conjunction with CD44 have also shown 

the ability to activate latent TGF-β, inducting EMT and further upregulating MMPs -2 and -9 

in a positive feedback mechanism, promoting tumour progression and angiogenesis (Yu, 

Stamenkovic 2000).  Membrane bound insulin-like growth factor (IGF) can be released by 

MMP -2 and -9 from the binding proteins in which it is contained, thereby increasing the 

bioavailability of the growth factor, inducing downstream PI3K/AKT signalling and promoting 

proliferation and anti-apoptotic effects (Nakamura et al 2005).    

 In both claudin-1 overexpressing and silenced HepG2 cells, MMP-2 represented the 

largest increase of all the matrix metalloproteinases. The expression of MMP-9 was also 

overexpressed in these cells. The documented evidence in the literature clearly implements 

MMP-2 and -9 in cancer progression, thereby outlining more evidence that aberrant claudin-

1 levels modulate tumour progression in HCC.       

 MMP-3 and -7, along with -10 and -11, are known as stromelysins and are capable of 

degrading a broad range of ECM substrates including a number of collagens, proteoglycans, 

laminin, fibronectin, and gelatines. However, they are unable to degrade triple-helical fibrillar 

collagens (Kousidou et al 2004). The upregulation of stromelysins, particularly MMP-3 and 

MMP-7, are associated with poor prognosis in a number of human cancers. They are reported 

to increase the bioavailability of insulin-like growth factor by degrading the associated binding 

proteins in a similar way to MMP-2 and -9 (Nakamura et al 2005). MMP-3 and MMP-7 also 

have the ability to increase the bioavailability of EGFR ligands by degrading the membrane 

bound heparin, thereby releasing bound EGF, TGF-α and amphiregulin (Gialeli et al 2011). 
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Binding of EGF ligands to EGFR can significantly increase cancer progression by inducing 

EMT and number of cancer hallmarks (Gialeli et al 2009). The transmembrane death receptor 

ligand FAS is also targeted by MMP-7 and -10. Proteolytic cleavage of FAS increases anti-

apoptosis signals and chemoresistance in cancer cells, promoting cells survival and tumour 

progression (Mitsiades et al 2001). MMP-3 and MMP-7 can also target E-cadherin for 

proteolytic cleavage, producing a bioactive fragment capable of inducing and maintaining 

EMT, even if the MMPs are later downregulated (Radisky et al 2010). The shedding of E-

cadherin by these MMPs has also shown to encourage β-catenin translocation to the nucleus, 

thereby inducing EMT and cell proliferation (Gialeli et al 2011). Taken together, the evidence 

surrounding MMP-3 and -7 suggests that they not only are produced in invasive cancers but 

are able to initiate an invasive phenotype and promote tumour progression.   

 The expression of MMP-3 and -7 were increased in claudin-1 silenced HepG2 cells, 

but decreased during claudin-1 overexpression. This implies that the expression of these 

MMPs in claudin-1 silenced cells might be modulated by a different mechanism. Classically, 

the upregulation of MMP-2, -9 and -13 are overexpressed in a conserved EMT related 

mechanism (Gialeli et al 2011). This provides further evidence that both cell types are 

expressing EMT-like phenotypes.         

 Tissue inhibitors of metalloproteinases (TIMPs) are a highly conserved family of 

protease inhibitors. The primary function of the four members TIMP-1, -2, -3 and 4 is to 

prevent degradation of the ECM via inhibition of matrix metalloproteinases. All MMPs can be 

inhibited by TIMPS, but the effectiveness of the inhibition depends on the TIMP family 

member. TIMP-1 predominantly inhibits MMP-1, -3, -7 and -9, whereas TIMP-2 is strongly 

associated with MMP-2.  TIMP-3 shows preferential MMP-2 and -9 inhibition, while TIMP-4 

inhibits MT1-MMP and MMP-2.         

 Tumour progression relies on an imbalance in the stoichiometry of the MMP/TIMP 
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equilibrium which enables initial invasion and subsequent metastasis. Emerging evidence 

suggests that TIMPS have a greater role in modulating the hallmarks of cancer that previously 

thought, which is much more complex than simply inhibiting MMPs (Bourboulia et al 2010). 

TIMP-1 demonstrates interaction with membrane bound CD63, which regulates cell survival 

and polarity via the CD63/B1 integrin signalling complex, thereby promoting cancer 

progression (Jung et al 2006). Reports have suggested that TIMP-1 may play an oncogenic 

role in HCC, with an increase in expression reported to correspond with apparent tumour 

stage, and ultimately patient prognosis (Song et al 2015). However, contrary reports state 

that an overexpression of TIMP-1 inhibits MMP-2 activation, with the result being a reduced 

metastatic potential in HepG2 cells (Wang et al 2012).     

 TIMP-2 interacts with the α3β1 integrin complex, and in doing so inhibits the response 

of VEGF-A and FGF stimulated cell proliferation, thereby decreasing tumour progression. It 

can also induce G1 cell cycle arrest via the upregulation of cyclin-dependent kinase inhibitor 

p27KIP1 (Brew & Nagase 2010). In HCC, a decreased TIMP-2 expression is associated with 

increased tumour grade, metastatic potential and a poor survival rate (Giannelli et al 2002).

 TIMP-3 induces apoptosis in a number of human cancers by stabilising the death 

receptors FAS, TNF-R1, and TRAIL. The pro-apoptotic effects of TIMP-3 reduce tumour 

progression in vitro and vivo (Ahonen et al 2003). Evidence also suggests TIMP-3 binds to 

VEGF and angiotensin II receptors, thereby blocking the angiogenic effects of their respective 

ligands on endothelial cells (Brew & Nagase 2010). The expression of TIMP-3 in HCC is 

frequently downregulated and associated with reduced tumour differentiation and increased 

metastatic potential. The transcriptional promotor of TIMP-3 was found to be hypermethylated 

in number of cases of HCC, which may account for its downregulation. In vitro overexpression 

of TIMP-3 in HCC cell lines induced apoptosis and suppressed proliferation, migration, and 

invasion (Zeng et al 2016).         
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 TIMP-4 is the most recently discovered MMP inhibitor, with limited discussion of its 

role available in the literature. The expression of TIMP-4 in cancer is very much cell and 

circumstance specific, its expression appears to be increased in well differentiated and 

decreased in poorly differentiated Gliomas, breast, and prostate cancers. The decreased 

expression of TIMP-4 in these cancers has a relationship with their progression. TIMP-4 is 

known to inhibit MMP-2 and -9, and the decreased expression of TIMP-4 would consequently 

increase the proteolytic activity of these MMPs, and advance metastasis. The transcriptional 

promotor of TIMP-4 was found to be hypermethylated in a number of human cancers, 

reducing its expression in a similar way to TIMP-3 (Melendez-Zajgla et al 2008).  

 The expression of TIMP family members was significantly reduced in claudin-1 

overexpressing and silenced HepG2 cells. The evidence reported in the literature indicates 

that the decreased expression of TIMPS is linked to cell survival, increased invasion, and 

angiogenesis in cancer. The general trend of decreased TIMP expression, coupled with the 

increase in MMP expression in both claudin-1 overexpressing and silenced HepG2 cells, 

provides evidence that aberrant levels of claudin-1 significantly enhances the metastatic 

potential of these cells.        

 Cathepsins are another proteolytic family, consisting of lysosomal proteinases and 

endopeptidases which are found to be commonly overexpressed in human cancers. In 

normal human physiology cathepsin K regulates bone remodelling in osteoporosis, but its 

role as a secreted cysteine protease has demonstrated its ability to degrade ECM 

components in several cancers, thereby promoting invasion and metastasis (Saftig et al 

1998) (Gong-Jun et al 2013). Although the expression of cathepsin K is yet to be documented 

in HCC, the effect of overexpression on proteolytic ECM remodelling appears to be constant 

regardless of cancer type. The increased expression of cathepsin K in claudin-1 

overexpression HepG2 cells infers an increased invasive capacity. In vivo cathepsin K could 



235 
 

promote tumour progression by degrading ECM components in a similar way documented in 

squamous cell carcinomas and many other cancers (Gong-Jun et al 2013).  

 Many cathepsins, including cathepsin L are activated by acidic conditions found in 

intracellular lysosomes. Increased anaerobic glycolysis in cancer cells lowers the pH, 

allowing inappropriate activation of cathepsins which promote extralysomal and extracellular 

activity. In this way, cathepsin L is able to degrade ECM components and specific nuclear 

transcription factors associated with cell cycle arrest (Morin et al 2008) (Gong-Jun et al 2013). 

Cathepsin L overexpression has been associated with increased tumour progression in a 

number of human cancers including HCC (Tumminello et al 1996) (Gong-Jun et al 2013). 

Knockdown of cathepsin L in experimental models appears to decrease cell proliferation and 

invasion of cancerous tumours (Gocheva et al 2006). Cathepsin L was found to be 

overexpressed in both HCC and liver cirrhosis, correlating with malignant lesions and 

associated poor prognosis. The increased expression of cathepsin L seen in claudin-1 

overexpressing cells, in conjunction with existing evidence in the literature, suggests it could 

be responsible for promoting a more invasive phenotype.     

 CXCL12, otherwise known as stromal-derived factor 1, and its receptor CXCR4, are 

part of the C-X-C subfamily of chemokines. In normal physiology and embryonic 

development, they are involved in haematopoiesis, activation of leukocytes, and can cause 

strong chemotactic migration of embryonic and immune cells.  In cancer, the CXCL12-

CXCR4 axis is exploited in an auto/paracrine manner, driving angiogenesis, cellular 

migration/proliferation, and immune infiltration with associated upregulation of inflammatory 

cytokines (Ghanem et al 2014). In HCC, CXCL12 binding can induce EMT via upregulation 

of AKT, MAPK, and JNK/SAPK pathways, promoting cell proliferation and migration (Li et al 

2014). CXCL12 is also found to induce angiogenesis under hypoxic conditions, both 

independently and in conjunction with VEGF in HCC. In vivo, the CXCL12-CXCR4 axis 
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recruits leukocytes and other immune cells, creating an inflammatory environment which 

contributes to tumour progression (Ghanem et al 2014). These findings correlate with the fact 

that patients with increased CXCL12-CXCR4 mRNA levels present with lower disease-free 

survival rates (Semaan et al 2016). Taken together, the increase in CXCL12-CXCR4 in 

claudin-1 overexpressing cells indicates a more invasive tumorigenic phenotype. It isn’t clear 

if the increase in CXCL12-CXCR4 is in response to EMT, or aids in its initiation, either way it 

presents a clear indication of tumour progression in these cells. Interestingly, this axis is not 

overexpressed in claudin-1 silenced cells, suggesting differences in the underlying 

mechanism which promote the invasive phenotype observed.   

 Dysadherin (FXYD5) is a cell membrane associated glycoprotein and part of the FXYD 

family. Dysadherin is commonly overexpressed in several cancers such as breast, colon, 

HCC, pancreatic, stomach, and melanoma. The overexpression of dysadherin in these 

cancers all resulted in a poor prognosis and increased tumour progression (Mannan et al 

2016). The mechanism in which dysadherin affects tumour progression is unknown, but its 

expression appears to correlate with EMT and cancer stem cell markers in some cancers 

(Raman et al 2015). In vivo experiments involving intrasplenic injection of dysadherin cDNA 

into HCC cells resulted in a decrease in E-cadherin, decreased cellular adhesion and 

formation of intrahepatic metastases (Ino et al 2002). Other experimental evidence has 

shown dysadherins have the ability to post-transnationally regulate E-cadherin, by preventing 

attachment of E-cadherin to the cytoskeleton via α-Catenin (Nam et al 2007). Dysadherin 

was overexpressed in both claudin-1 overexpressing and in claudin-1 silenced HepG2 cells. 

The overexpression of dysadherin in cancer and its links to EMT correlate with our findings 

during our experiments. It is therefore possible that dysadherin could aid in inducing the 

increased migratory capacity seen in both cell types.  
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KISS1 (Kisspeptin) and its G-coupled protein receptor KISS1R (GPR54) form a peptide 

hormone complex that acts as a metastasis suppressor in a number of cancers. 

KISS1/KISSR is found to be downregulated in bladder, colon, oesophageal, thyroid, and 

ovarian cancers, all of which present with a worse prognosis as a result (Makri et al 2008). 

Although the exact mechanism by which it suppresses metastatic activity is unknown. In HCC 

the downregulation of KISS1/KISS1R correlates with increased MMP-9, intrahepatic 

metastatic lesions, and a significantly poorer prognosis (Shengbing et al 2009). Yan et al 

(2001) proposed that high KISS1 levels reduce the binding of NF-kB p50/p65 to the MMP-9 

promoter thereby reducing the expression of MMP-9, and subsequently reducing metastasis 

and invasion. The decreased expression of KISS1 and KISS1R correlates with both 

increased MMP-9 and migratory capacity in claudin-1 overexpressing and in claudin-1 

silenced HepG2 cells. It is possible the decreased expression of KISS1/KISS1R aides in the 

tumour progressive capacity of these cells.       

 TRAIL, otherwise known as TNF-related apoptosis-inducing ligand is a protein-based 

ligand capable of binding to death receptors DR4 (TRAIL-RI) and DR5 (TRAIL-RII) and 

inducing caspase 8 dependent apoptosis. TRAIL demonstrates capacity to induce apoptosis 

in cancerous cells but not in normal tissue, providing a promising clinical avenue for treating 

the disease (Piras‐Straub et al 2015). The expression of TRAIL in HCC was found to be 

significantly downregulated in comparison to surrounding non-cancerous liver tissue. The 

decreased expression of TRAIL in the disease is linked to increased tumour size and stage, 

with increased recurrence and ultimately a poor prognosis (Piras‐Straub et al 2015). The 

decrease in expression of TRAIL in claudin-1 overexpressing cells correlates with the 

literature and suggests that these cells have an increased resistance to apoptosis. It also 

suggests that TRAIL based chemotherapy might provide a promising treatment option for this 

invasive subtype of HCC.  
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MTSS1 is known as Metastasis suppressor 1 (Missing in Metastasis), which is exactly what 

it is. Many cancers such as bladder, colon, and HCC contain low levels of the protein during 

metastasis. MTSS1 promotes disassembly of actin fibres at lamellipodia thereby preventing 

cell migration. The downregulation of MTSS1 is linked with the increase of miR-182 in HCC, 

resulting in shorter disease-free survival and a poor prognosis (Wang et al 2012). Claudin-1 

silenced HepG2 cells presented with downregulated MTSS1 and upregulated miR-182 

suggesting the underlying mechanism for this modulation of expression is altered in these 

cells thereby increasing the metastatic potential. It is also important to note that MTSS1 was 

reported to be downregulated in K19-possitve HCC, providing further evidence of invasive 

phenotype acquisition during claudin-1 silencing (Govaere et al 2014). 

4.1.6 The expression of stem cell markers and markers associated with a hybrid EMT 

phenotype in claudin-1 overexpressing and silenced HepG2 cells. 

Current clinical practice in oncology attempts to group cancers, not only by stage and grade 

but by the molecular markers expressed by the cells (Sharma 2009). In cases of HCC, the 

expression of NOTCH/JAGGED, CD44 and the cytokeratin profile have been strongly 

associated with a poor prognosis and shorter disease free survival in patients (Yu et al 

2015). It is no coincidence that these markers are associated with cancer stem cells 

particularly hepatic progenitor cells (Fan et al 2012). It was originally thought that the 

subgroups of HCC cases expressing these markers originated directly from these lineages, 

however it has been proven experimentally that cells can be oncogenically reprogrammed 

to confer stem cell properties identical to cancer stem cells (Scaffidi & Misteli 2011). 

Interestingly, NOTCH/JAGGED, CD44 and the cytokeratins have also been implicated 

among the hallmarks of the hybrid EMT phenotype, with suggestions that this process may 

contribute to the induction of the cancer stem cell phenotype (Jolly et al 2015).   
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The NOTCH/JAGGED signalling pathway is highly conserved amongst mammals and 

is involved in proliferation, cellular differentiation and embryogenesis. The role of 

NOTCH/JAGGED signalling in cancer is complex and often controversial. The effect of its 

activation or inhibition depends on cellular and tissue context (Yuan et al 2015). HCC has 

been reported to have both upregulated and downregulated NOTCH signalling producing 

different results. In vitro NOTCH/JAGGED overexpression in HCC cell lines produced cell 

cycle arrest via downregulation of cyclin A, D1, and E (Qi et al 2003). This correlates with 

reports that suggest NOTCH/JAGGED expression is linked to reduced β-catenin expression 

in HCC. It is thought that NOTCH/JAGGED signalling can modulate β-catenin expression, 

thereby reducing proliferation by reduction of β-catenin target cyclins (Wang et al 2009). 

However, NOTCH signalling has also been shown to increase proliferation and induce 

epithelial-mesenchymal transition in rat hepatic stellate cells and HCC cell lines, irrespective 

of β-catenin related mechanisms (Zhang et al 2015). Increased NOTCH/JAGGED signalling 

has demonstrated links to the upregulation of stem cell markers and associated phenotype 

in a number of cell types (Lu et al 2016).  Hepatic progenitor stem cells and associated cancer 

stem cells are thought to be modulated by NOTCH signalling, both showing increased 

expression of NOTCH1 and JAGGED1 (Morell et al 2014). Experiments using mice 

hepatocytes reported increased NOTCH/JAGGED signalling in conjunction with AKT 

overexpression induced an invasive subset of cells with a stem-cell-like K19 positive 

phenotype, usually only seen in hepatic progenitor cells (Fan et al 2012).     

 CD44 is a cell surface glycoprotein and a hepatic stem cell marker associated with 

increased tumour growth and metastasis in HCC. CD44 acts as a signalling hub, 

collaborating with other cell surface receptors and G-coupled protein receptors such as 

CXCR4, RTK, and Frizzled, thereby activating MAPK, AKT and β-catenin/WNT related 

pathways, promoting tumour progression. The expression of CD44 was found to have a role 
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in initiating EMT in HCC and remained upregulated during the EMT process (Orian-Rousseau 

2015). CD44 positive HCC groups are associated with very poor prognosis (Luo, Tan 2016).

 Cytokeratin -7, -14, and -19 are members of the intermediate filament family and major 

constituents of the cytoskeleton. Epithelial cells produce a cell specific profile of cytokeratins 

that can often change during carcinogenesis. Expression of cytokeratins associated with 

specialised cells of the mesenchymal organs such as -7, -8, -14, -18, -19, and -20 are 

associated with more invasive carcinomas (Pastuszak et al 2015). In HCC, the cytokeratins 

-7, -14 and -19 are markers of hepatic progenitor stem cells, and their expression correlates 

with a higher rate of recurrence after resection, and an overall worse prognosis (Durnez et al 

2006).  Cytokeratin 19 expression interestingly correlates with the most invasive subtypes of 

HCCs. K19-positive HCCs present with increased migration and invasion with resistance to 

chemotherapy drugs such as doxorubicin, 5-fluoruracil and sorafenib (Govaere et al 2014). 

They also show significantly higher levels of hepatic progenitor stem cell associated genes 

such as CD44, CD133, NOTCH1, and JAGGED1 (Govaere et al 2014). In vitro and in vivo 

evidence has also shown an increase in EMT markers in K19-positive HCCs (Kim et al 2011). 

Vimentin and MMP2 are shown to be significantly increased in K19-positive HCC samples 

and experiments, but E-cadherin is not frequently decreased (Takano et al 2016). This data 

has proven that K19-positive HCCs do not always derive from hepatic progenitor stem cells 

but can be induced by EMT and even act to directly induce EMT, although its role in 

carcinogenesis still remains unclear (Kim et al 2011).       

 The increased migratory capacity coupled with the upregulation of CK19, CD44, 

NOTCH1/JAGGED1 as well as vimentin and MMP2 in claudin-1 silenced cells, correlating 

with the findings of K19-positive HCCs as reported in the literature. However, the K19-

possitve phenotype observed in claudin-1 silenced cells is as a result of molecular 

reprogramming and not arising from hepatic progenitor stem cells. This provides further 
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evidence that cells not directly derived from stem cell lineages can gain properties associated 

with these cells. A possible explanation for the acquisition of these traits comes from the 

concept of hybrid EMT. The co-expression of epithelial markers (E-cadherin/cytokeratin) and 

mesenchymal markers (vimentin) observed in cells with a hybrid EMT phenotype are known 

to possess stem cell-like properties and produce associated markers such as CK19, CD44, 

NOTCH1/JAGGED1 (Jolly et al 2015). Claudin-1 silenced cells have been shown to co-

express epithelial and mesenchymal as well as stemness markers CK19, CD44, 

NOTCH1/JAGGED1 suggesting they possess this hybrid EMT phenotype. Claudin-1 

overexpressing cells however show large decreases in almost all epithelial markers and large 

increases in mesenchymal markers which suggests the classical and complete shift to the 

mesenchymal phenotype. It could be a result of this complete transition that the same 

increases in stemness markers are not seen in these cells. The differing types of EMT 

observed in the claudin-1 overexpressing and silenced cells could potentially affect the ways 

these cells behave. Cells displaying complete EMT tend to favour single cell migration and 

invasion, while hybrid EMT cells use NOTCH/JAGGED signalling to migrate as a group (Jolly 

et al 2015). This may well explain the increased migratory rate in claudin-1 overexpressing 

cells compared to silenced in our experiments. While collective migration is often slower than 

single cell migration it has multiple advantages. Cells that migrate collectively show increased 

resistance to apoptosis, are much better at surviving mechanical stresses and display an 

increased plasticity when switching from mesenchymal to an epithelial phenotype during 

colonisation (Revenu & Gilmour 2009). These advantages have been observed in the 

literature showing that while only 3% of tumours circulate as clusters, these groups contribute 

to 50% of the total successful metastases (Aceto et al 2014). 
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4.1.7 The expression of miRNAs in claudin-1 overexpressing and silenced HepG2 

cells. 

The molecular reprogramming and phenotypic changes associated with epithelial to 

mesenchymal transition are significantly influenced by miRNA regulation and expression 

during normal development and cancer. Evidence suggests that a number of miRNAs directly 

regulate EMT transcriptional regulators, and other associated mechanisms, including 

NOTCH and WNT signalling pathways. The dysregulation of miRNAs can provide valuable 

hallmarks in malignant transformation and offer an insight and prediction into the progression 

of the disease.            

 The miR-200 family, consisting of miR-200a, miR-200b, miR-200c, miR-141, and miR-

429 are known as metastasis suppressors in cancer via their role in targeting ZEB1/2, thereby 

inhibiting EMT. ZEB1/2 can also repress the miR-200 primary transcript in a double negative 

feedback loop (Peng & Croce 2016). In this way, the decreased expression of miR-200 family 

members is directly associated with mesenchymal phenotype in a number of cancers, 

including HCC. In HCC, the downregulation of miR-200 family members leads to increased 

invasion and a poor prognosis, with increased ZEB1/2, TWIST, and vimentin expression (Yeh 

et al 2014). The expression of miR-200 family members, 200a, 200b, and 200c were all 

downregulated in both claudin-1 overexpressing and claudin-1 silenced HepG2 cells. This 

correlates with the literature and also with the expression of EMT markers ZEB2, TWIST, and 

vimentin in these cells, providing further evidence of the mesenchymal transition. 

Interestingly, the expression of miR-429 is downregulated in claudin-1 overexpressing cells 

but increased in claudin-1 silenced cells. The downregulation of miR-429 is frequently 

associated with a poor prognosis though targeting ZEB1 (Ye et al 2015), however, the miRNA 

was found to be upregulated in an invasive K19 positive sub-group of HCCs. This is 

consistent with our findings, the increased expression of miR-429, cytokeratin-19 and the 
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lower expression of ZEB1 correlates with the molecular profile of these K19 positive sub-

groups (Govaere et al 2014).         

 The role of miR-9 in HCC is complex, with reports suggesting both increased and 

decreased expression in the disease. Regardless of the expression, the dysregulation of miR-

9 is strongly associated with higher tumour staging, an increased risk of venous infiltration, 

and an overall shorter survival (Cai et al 2014) (Zhang et al 2015). Overexpressed miR-9 

directly targets E-cadherin and facilitates the activation of β-catenin, therefore increasing cell 

motility and invasiveness by inducing EMT (Cai et al 2014). Decreased expression induces 

EMT via the IGF2BP1/AKT and MAPK axis, promoting increased expression of c-Myc, Ki-67, 

or PTEN, and therefore cell proliferation (Zhang et al 2015). Interestingly, the expression of 

miR-9 was significantly increased in claudin-1 overexpressing cells but decreased in claudin-

1 silenced cells. Although both of these circumstances are documented to correlate with a 

poor prognosis, the role of miR-9 in HCC is poorly understood and requires further 

investigation to provide more accurate links to its association with claudin-1.   

 The miR-26 family, 26a and 26b, were found to inhibit the initiation of EMT in HCC by 

targeting USP9X and zeste homolog 2 (EZH2) (Shen et al 2014). The expression of these 

miRNAs are commonly downregulated in the disease, with their expression inversely 

correlating with tumour grade (Ma et al 2016). miR-26a and b were found to be downregulated 

in both claudin-1 overexpressing and claudin-1 silenced HepG2 cells. The decreased levels 

of these miRNA coincide with the expression of EMT markers E-cadherin and vimentin, and 

migratory capacity of the cells.         

 MiR-30 is described as an EMT inhibitor by targeting EIF5A2 in a number of cancers 

(Tian et al 2015). The decreased expression of miR-30 seen in HCC is associated with 

increased EIF5A2, chemoresistance and initiation of EMT (Huang et al 2016). The decreased 

expression of miR-30 in claudin-1 overexpressing and claudin-1 silenced HepG2 cells 
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provides further evidence of EMT initiation and ultimately a poor prognosis in vivo. MiR-34 is 

a powerful tumour suppressor and negative regulator of EMT in numerous cancers (Zhu et 

al 2015). Its role includes significant downregulation of WNT/β-catenin, NOTCH1 and EMT 

transcriptional regulators SNAIL and ZEB1, as well as downstream targeting of genes c-Myc, 

cyclinD1, and Bcl-2. SNAIL appears to regulate miR-34 during EMT by binding to its promotor 

and preventing transcription, providing evidence of a double-negative feedback loop 

(Siemens et al 2011). In vitro and vivo evidence has linked decreased expression of miR-34 

with increased cell migration and invasion in HCC (Misso et al 2014). The decreased 

expression of miR-34 commonly seen in HCC (Dang et al 2013) and in our claudin-1 

overexpressing and silenced HepG2 cells, correlates with increased migration and invasion, 

and ultimately a poor prognosis in vivo.        

 miR-135a was upregulated in claudin-1 silenced HepG2 cells, but not during 

overexpression. In HCC the expression of miR-135 is also frequency increased both in tissue 

and HCC cell lines, correlating with a poor prognosis. miR-135 overexpression activates AKT 

signalling, upregulates SNAIL and MMP2 transcription, and inhibits FOXO1 and MTSS1 

tumour suppressors (Zeng et al 2016).  The initiation of EMT by miR-135 is well documented 

in HCC tissues and likely participates in claudin-1 silenced cells.     

 miR-138 is an inhibitor of epithelial to mesenchymal transition, which is downregulated 

in up to 77% of HCCs (Wang et al 2012). miR-138 is able to bind directly to the mRNA of 

vimentin, ZEB2, and EZH2 which prevents translation of these genes post-transcriptionally 

and subsequently inhibits EMT. miR-138 was also found to target RhoC and ROCK2, 

preventing cell migration and invasion (Liu et al 2011). The observed downregulation of miR-

138 in claudin-1 overexpressing cells in conjunction with this evidence, suggests that miR-

138 is in part responsible for the increased migratory capacity and EMT markers observed in 

these cells.   
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The overexpression of claudin-1 in HepG2 cells resulted in the increased expression 

of miR-10a, 10b, 95, 328, 221, 494, and 18b, which have all been previously linked to 

increased tumour progression in HCC. miR-10a and b were reported to induce migration and 

invasion by modulating RhoC and MMPs -2 and -9 (Liao et al 2014). Increased expression 

of miR-95-3p and miR-328 promotes cell proliferation and cell migration in HCC by targeting 

p21 and PTPRJ respectively (Ye et al 2016) (Luo et al 2015). Overexpression of miR-221 in 

vivo and in vitro experiments on HCC cell lines previously demonstrated an increase 

proliferation and inhibit apoptosis, although the mechanism by which it does this is unknown 

(Rong et al 2013). miR-494 targets PTEN, causing an increase in proliferation, migration and 

invasion, while the increased expression of miR-18b relates to the grade of malignancy and 

a poor prognosis (Liu et al 2015) (Murakami et al 2013).     

 In claudin-1 silenced HepG2 cells, miR-27, 331, 487, 362, 18, 501, 135, 222, and 331 

were also overexpressed, all of which are implicated in increased tumour progression in HCC. 

Increased expression of these miRNAs is associated with increased proliferation and 

metastasis in HCC (Li et al 2015; Chang et al 2014; Chang et al 2016; Shen et al 2015; Ruan 

et al 2015; Zhang et al 2015; Yang et al 2014). miR-487 in particular is found to increase the 

expression of vimentin, suggesting a link between the miRNA and EMT (Ma et al 2016).

 MicroRNAs 339, 140, 320, 30b, 365, 636, 185, 29, 202, and 150 are described as 

tumour suppressors in HCC, all of which are down regulated in claudin-1 overexpressing 

HepG2 cells. The decreased expression of miR-339 corresponds with increased invasion in 

HCC tissue (Wang et al 2016). MiR-140, 150, and 636 have been demonstrated to target 

MAPK signalling in HCC, reducing proliferation and migratory capacity (Yang et al 2013; Sun 

et al 2016; Jang et al 2013). miR-320 and miR-30b both suppress cell migration in HCC by 

post-transcriptionally regulating GNAI1 and CD90 respectively (Yao et al 2012). Mir-30 has 

also been shown to inhibit EMT via suppression of the transcriptional regulator SNAIL (Zhang 
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et al 2012). MiR-365 inhibits cell cycle progression and is linked to induction of apoptosis by 

targeting cyclinD1 and Bcl-2 (Nie et al 2012). MiR-185 inhibits proliferation in HCC by 

targeting the PTEN/AKT pathway (Qadir et al 2014), whereas miR-29a and 202 suppress cell 

proliferation by post-transcriptionally downregulating SPARC and LRP6 respectively (Zhu et 

al 2012; Zhang et al 2014).          

 In claudin-1 silenced cells, MicroRNAs 335, 145, 28, 100, 374, 128a, 132, 9, 342-3p, 

138, 324-5p, 181a, 34a, 744, 455-3p, 339-5p, 130a, 376c, and 148a are all down regulated 

and are considered tumour suppressors in HCC. Both miR-335 and 145 appear to suppress 

cell proliferation and migration in HCC by targeting ROCK1 (Liu et al 2015; Ding et al 2016). 

MicroRNAs 28, 100, 374, 128a, 132, and 9 all suppress the PTEN/AKT pathway in HCC 

inhibiting cell proliferation, migration, and invasion (Shi et al 2015; Zhou et al 2014; Zhen et 

al 2016; Huang et al 2015; Liu et al 2015). MiR-100 also targets Rac1, further inhibiting cell 

migration (Zhou et al 2014). MiR-342-3p targets IKK-γ, TAB2, and TAB3 components of the 

NF-κB signalling pathway resulting in reduced proliferation in HCC (Zhao et al 2015). The 

expression of miR-138 is frequently downregulated in HCC as it suppresses cell proliferation 

and invasion by targeting SOX9 (Liu et al 2016). Mir-324-5p was found to target SP1, MMP-

2, and -9 in HCC, preventing ECM degradation and associated invasion (Cao et al 2015). 

This also coincides with our findings in claudin-1 silenced cells, as the expression of mir-324-

5p inversely correlates with the expression of SP1, MMP2, and -9. miR-181a and 34a both 

target the tumour promoting tyrosine-protein kinase c-MET in HCC, suppressing motility, 

invasion, and branching-morphogenesis as a result (Korhan et al 2014; Dang et al 2013). 

miR-744 and 455-3p suppress cell proliferation, migration, and invasion in HCC by targeting 

c-Myc and Runx2 respectively (Lin et al 2014; Qin et al 2016). The decreased expression of 

miR-339-5p, 130a, 376c and 148a are all associated with a poor prognosis and poor survival 

rate in HCC (Wang et al 2016; Li et al 2014; Formosa et al 2014; Ajdarkosh et al 2015).  
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Figure 4.1: Regulation of EMT and associated signalling pathways by miRNAs. The figure outlines 
the influence of miRNAs on EMT via the targeting of ligands, receptors, signalling pathways and 
transcription factors. The expression of many of these miRNAs is altered during the overexpression 
and silencing of claudin-1 in HepG2 cells. Pointed lines represent activation and the blocked lines 
indicate inhibition. 

 

4.2 Conclusions 

Over the course of this project, our experiments have demonstrated that overexpressing 

claudin-1 produced cells that were significantly more migratory than both claudin-1 silenced, 

and wild type, HepG2 cells. Gene expression analysis revealed a substantial upregulation of 

mesenchymal and tumour metastasis genes such as vimentin, MMP -2, -9 and -13, as well 
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as EMT-TFs SNAIL, SLUG, TWIST, and ZEB1/2. A significant decrease of epithelial markers 

like E-cadherin, cytokeratin-7, -14, -19 and miR-200a, b, c, was also observed. Taken 

together the increase in mesenchymal markers with the decrease in epithelial makers 

provides strong evidence of the initiation of epithelial to mesenchymal transition in these cells.

 Although our experiments were unable to identify the extract process by which claudin-

1 drives this invasive phenotype, it is highly likely that it surrounds Wnt/β-catenin signalling. 

During claudin-1 overexpression, β-catenin and associated transcription factors LEF-1, TCF-

3, and TCF-4 were significantly increased. It is well documented in the literature that β-catenin 

in conjunction with its associated transcription factors drive the EMT process by transcribing 

SNAIL, SLUG, TWIST, and ZEB1/2, as well as an array of tumour progressive genes.  

 The massive upregulation (~40 fold) of TCF-3 and -4 makes Wnt/β-catenin signalling 

the most likely contributor to the invasive phenotype observed during claudin-1 

overexpression. However, it remains unclear how claudin-1 regulates Wnt/β-catenin 

signalling in these cells. Nevertheless, we theorise that caveolin-1 could provide the missing 

link between the claudin-1 and Wnt/β-catenin signalling. Overexpression of caveolin-1 in 

HepG2 cells is documented to cause increased β-catenin and ERK1/2 activation with 

associated increases in tumour size, migration, and proliferation via upregulation of EMT 

genes (Yu et al 2014). Based on this evidence, increased expression of caveolin-1 during 

claudin-1 overexpression may be driving the tumour progression of these cells by 

upregulating Wnt/β-catenin and associated EMT hallmarks.      

 The process by which claudin-1 silencing promotes tumour progression in HCC 

appears to be less straight forward. As with claudin-1 overexpression, claudin-1 silenced cells 

presented with a large increase in mesenchymal and tumour metastasis genes including 

vimentin, N-cadherin, Fibronectin, MMP -2, -9, and -13, as well as EMT-TFs, FOXC2, GSC, 

TWIST, and ZEB2. However, the expression of E-cadherin was not significantly decreased 
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and cytokeratin-7, -14, -19 were significantly increased. This co-expression of mesenchymal 

and epithelial markers can only be explained by the idea of hybrid EMT. This apparent 

contradictory notion is strengthened by the fact that these cells also present with an increase 

in hepatic stem cell markers CD44, CK19, NOTCH, and JAGGED, all hallmarks of this hybrid 

EMT phenotype.           

 Despite the slight observed increase in β-catenin, TCF-1 and -3, it is unlikely the 

invasive phenotype associated with claudin-1 knockdown is linked with Wnt/β-catenin 

signalling as a number of miRNAs expressed in these cells, along with NOTCH/JAGGED 

signalling, are known to inhibit this process. Although the underlying mechanisms involved 

during claudin-1 silencing requires more investigation, we propose that the AKT signalling 

pathway drives the progression of this phenotype.       

 Claudin-1 silenced cells show significantly reduced expression of miRNAs 28, 100, 

374, 128a, 132, and 9 (Shi et al 2015; Zhou et al 2014; Zhen et al 2016; Huang et al 2015; 

Liu et al 2015). In HCC, these miRNAs suppress the PTEN/AKT pathway, therefore their 

downregulation in claudin-1 silenced cells would suggest an associated promotion of this 

pathway. Furthermore, the increased expression of JAM A in claudin-1 silenced cells has 

been linked with EMT induction via the PI3K/AKT pathway in other cancers (Tian et al 2015). 

The downregulation of afadin and nectin seen in claudin-1 silenced cells is also commonly 

regulated by AKT signalling in HCC and other cancers (Ma et al 2016). Most importantly, 

overexpression of AKT in mice hepatocytes resulted in an invasive subset of cells with a 

stem-cell-like K19 positive phenotype and increased NOTCH/JAGGED signalling, usually 

only seen in hepatic progenitor cells (Fan et al 2012).  Although we have not definitively 

proven the involvement of AKT signalling in our claudin-1 silenced cells, our data in 

conjunction with the literature possibly implies that it is this signal transduction pathway that 

is driving the invasive phenotype observed.       
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 We have successfully demonstrated that the aberrant expression of the tight junction 

constituent in claudin-1 overexpressing and silenced cells induces an invasive phenotype 

with increased migratory capacity that is consistent with the observational evidence published 

in the literature. Creating claudin-1 overexpressing and silenced HepG2 cells has allowed us 

to study the changes in gene expression and mechanisms in these cells that drive the 

observed increase in tumour progressive capacity.  For the first time we have discovered that 

both an increased, and decreased, expression of claudin-1 in HCC induces hallmarks 

consistent with the initiation of epithelial to mesenchymal transition. We propose that it is this 

process that orchestrates the invasive capacity displayed in our experiments and in the 

literature. Interestingly, both claudin-1 overexpressing and silenced cells share a number of 

hallmarks that are associated with tumour progression, but the way in which they are initiated, 

and regulated, appears to be different. Our results indicate the claudin-1 overexpressing cells 

are regulated by Wnt/β-catenin signalling with involvement from caveolin-1. Whereas, our 

results indicate claudin-1 silence cells are regulated by AKT and NOTCH/JAGGED signalling.  

4.3 Future investigation 

The data generated from this thesis has revealed claudin-1 dysregulation as a potent inducer 

of invasive phenotype in HCC. However, future work must be focused around clarifying the 

mechanisms by which claudin-1 modulates these invasive malignancies, with the hope of 

exploring therapeutic avenues.          

 As previously mentioned, we propose that β-catenin and caveolin-1 co-operate to 

initiate EMT during claudin-1 overexpression in HepG2 cells. Functional siRNA mediated 

knockdown of β-catenin and/or caveolin-1 in these cells should determine their participation 

in initiating EMT. The tumour progressive nature of claudin-1 overexpressing HepG2 cells 

with silenced β-catenin and/or caveolin-1 would be investigated using migration assays and 
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RT-PCR to determine the migratory capacity and the expression profile of EMT genes. If 

silencing either of these genes indicates a tumour suppressive effect, immunocytochemistry 

might hopefully determine the extent of interactions between claudin-1, caveolin-1, and β-

catenin. Once understood, these mechanisms could provide targets for therapeutic 

interventions, and possible avenues to suppressing the associated invasive phenotype. Data 

analysis of both claudin-1 overexpressing and silenced cells suggests the involvement and 

interaction of a number of signal transduction pathways. Claudin-1 overexpression seemed 

to be mediated by WNT/β-catenin and MAPK, whilst claudin-1 silenced cells appeared to 

have increased AKT signalling. However, as we did not investigate these signal transduction 

pathways directly, definitive conclusions cannot be drawn. Therefore, future investigation 

should focus around determining the level of expression and phosphorylation 

status/activation of these pathways, using western blotting techniques.    

 One of the limitations of siRNA gene silencing is that complete gene knockdown is not 

achievable. Which proposes the question, is the remaining level of claudin-1 involved in 

tumour progression, or is it inhibitory? Claudin-1 silencing induces a hybrid EMT profile, which 

can maintain clustered and group cell migration, and has been associated with a worse 

prognosis. It is possible that the low levels of claudin-1 could be supporting these weaker 

interactions, and mediating group cell migration, furthering disease progression. Further work 

exploring silencing of claudin-1 would be possible with the up and coming advent of 

technologies such as CRISPR/Cas9. The new techniques could allow us to study the effect 

of complete knockdown of claudin-1, and whether tumour progressive capacity would be 

increased or decreased if claudin-1 was completely absent in these cells. It would be 

interesting to see if the complete silencing of claudin-1 produces differing results from our 

current findings.           

 The data presented in this thesis has outlined just how important claudin-1 can be in 
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the initiation and progression of HCC. Further investigation will provide a greater 

understanding of its role in the disease, which will hopefully influence treatment options, and 

ultimately patient prognosis.  

 

4.4 Summery  

 

• Claudin-1 overexpression in HepG2 cells results in classical EMT initiation defined 

by a significant increase in expression of vimentin and EMT-TFs, with a significant 

decrease in expression of E-cadherin and cytokeratins. 

• The EMT phenotype in claudin-1 overexpressing cells appears to be mediated by 

CAV1 and Wnt/β-catenin signalling  

• Claudin-1 silenced HepG2 cells display a hybrid EMT phenotype with co-express of 

epithelial and mesenchymal markers.  

• The hybrid EMT phenotype observed in claudin-1 silenced cells appears to be 

mediated by the AKT pathway with potential involvement from NOTCH/JAGGED 

signalling.  

• Claudin-1 overexpressing and silenced HepG2 cells display invasive potential with 

increased migration, with increased expression of tumour metastasis genes and 

matrix metalloproteinases. 

• Claudin-1 overexpressing and silenced HepG2 cells show distinct expression profiles 

of tight junctions and adhesion junctions which are thought to favour a 

migratory/invasive phenotype 

• Claudin-1 overexpressing and silenced HepG2 cells shows a downregulation of 

tumour suppressive miRNAs and EMT suppressive miRNAs, with an increase in 

expression of miRNAs consistent with a poor prognosis in HCC. 
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