
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



Alternative Therapeutics for Oesophageal Cancer:

Novel Toxic Bile Acid Derivatives to Induce Apoptosis 

and siRNA Library Screen to Identify Genes that 

Regulate Cell Shape

Sinead Phipps M.Sc.

A thesis submitted for the degree of Doctor of Philosophy

(PhD) at

University of Dublin, Trinity College 

2015

Supervisor: Professor Dermot Kelleher



TRINITY LIBRARY

0 8 MAR 2017

DUBLIN



Declaration

I hereby declare that this thesis has not been previously submitted for a degree at this or 

any other university and that the work described in this thesis is entirely my own work. 1 

hereby give my permission to the library of Trinity College Dublin to lend or copy this 

thesis upon request for the purpose of study.



Summary

Oesophageal adenocarcinoma (OAC) is the sixth leading cause of cancer-related deaths 

worldwide, and has proven most challenging for surgeons as less than a third of patients 

are suitable for surgical resection due to advanced rate of disease or co-morbidities. 

Despite progress in surgical techniques and chemotherapy treatments, prognosis and 

median overall survival in patients with metastatic OAC remains poor and does not 

surpass 8-10 months. Failure of traditional therapy is a consequence of non-specific 

interactions and a high degree of toxicity and damage to normal cells. This necessitates 

the pursuit for more potent anti-cancer agents with less deleterious effects on the body. 

Several attempts have been made to utilize synthetically designed bile acid (BA)-based 

cytotoxic agents, however, only a relatively small number of compounds have been 

extensively characterized biochemically.

This thesis assessed BA derivatives of deoxycholic acid (DCA), lithocholic acid (LCA) 

and chenodeoxycholic acid (CDCA) on oesophageal cancer cell lines. The MTT cell 

proliferation assay showed that replacing the hydroxyl side group with azide was 

significantly amplified by primary amido or cyclopropylamido (CPA) substitution at 

C24. The most toxic analogues were the 3p- and 3a-azides of the DCA cyclopropyl 

amide (compound 8 and 19), and these are among the most potently cytotoxic BAs to be 

reported to date. Furthermore, this study showed that OE33 cells treated with the toxic 

DCA analogues had characteristic sub-Gl accumulation and S phase inhibition. 

Annexin V/Pl flow cytometric analysis indicated that the reduction of cell viability in 

OE33 cells treated with compounds 7, 8, 18 and 19 were due to apoptosis. Necrosis was 

not a prominent feature in cells treated with these compounds. Manipulating the BA



steroidal backbone in this instance exerted potent pro-apoptotic effects, and these 

analogues constitute a starting point towards a new platform development of this type of 

therapy, which could readily be synthesized in large amounts for biological evaluation.

As cell movement is orchestrated by microtubules and the actin cytoskeleton, a 

combinatorial cell biology approach was developed and implemented for the first time 

in an oesophageal setting in this thesis, coupling RNAi methodology with an image- 

based HCS platform. Screening of the siRNA druggable genome highlighted novel 

genes that target these networks, thus uncovering gene specific molecular signalling as a 

target for cancer cell based metastatic therapeutics. The F-actin (A)- a-tubulin (T) 

metric robust Z-score cut-off of 2, identified 127 genes whose inhibtion resulted in 

altered cellular shape and movement, which represents 2% of the siRNA’s in the entire 

screen. This is the first instance of a high content screen adopting this metric. This novel 

A-T metric was chosen as an assay read-out because it successfully recognized subtle 

subcellular changes regardless of whether the cytoskeletal area increased or decreased, 

as it was the displacement between the F-actin and a-tubulin area that was measured.

CSNl and RRM2 induced the most distinct cytoskeletal remodelling and pro-migratory 

and anti-migratory effects respectively, therefore, both genes were brought forward in 

order to elucidate their respective contribution to cell shape driven motility. The data 

suggests that CSNl gene knockdown promotes GOhTRT cell migration by attenuating 

COP 9 signalosome driven degradation of (T-catenin. This is evident through 

stabilisation of P-catenin expression at both the subcellular and protein level in CSNl
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depleted cells. Furthermore, the data also proposes that lamellipodia are stabilised in 

siCSNI GOhTRT cells through colocalisation of cortactin in F-actin rich protrusions.

Simultaneous analysis conveyed that siRNA targeted inhibition of RRM2 in the 

GOhTRT cell line significantly reduced cell viability. Additionally cell cyce analysis 

displayed an increase in S-phase population of cells in parallel to a 4-fold increase in 

sub-Gi fraction, indicative of apoptosis. The remaining population of siRRM2 treated 

cells arrested in S-phase appeared to undergo epithelial to mesenchymal transition 

(EMT). EMT of the remaining viable cells were confirmed by western blotting. These 

findings propose a multifunctional role for RRM2, as silencing its expression not only 

induces apoptosis but also EMT in the surviving population of cells. It is likely that the 

arrest in S-phase provides cells a precondition for undergoing EMT.

This thesis has investigated novel therapeutics that effectively inhibit cancer cell growth 

(BA analogues) and modulate cancer cell motility (CSNl and RRM2). This study is the 

first attempt to implement siRNA screening to investigate potential targets for 

cytoskeletal rearrangements in OAC. Dissecting regulators of OAC cytoskeletal 

remodelling could elucidate novel signalling pathways enabling the development of 

novel therapeutics specifically targeted to prevent tumour dissemination. Lastly, using 

RNAi to target potential anti-migratory proteins may be a promising strategy for use in 

conjunction with chemotherapy and radiotherapy for treatment of OAC.
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Chapter 1

Introduction



1 Introduction

1.1 Oesophageal cancer: incidence and epidemiology

Oesophageal adenocarcinoma (OAC) is the eighth most common cancer, as well as the 

sixth most common cause of mortality in the world. Worldwide, 482,000 new cases and 

407,000 deaths occurred in 2008 (Ferlay et al., 2010, Jemal et al., 2011). Two 

histological types of oesophageal cancer exist, with distinct clinic-pathological 

characteristics: oesophageal squamous cell carcinoma (OSCC) and oesophageal 

adenocarcinoma (OAC) (Stoner and Gupta, 2001). OSCC is the predominant type of 

oesophageal carcinoma worldwide, however, the incidence of OAC in western Europe, 

UK and US has increased by more than six-fold over the last thirty years (Goldman et 

al., 2011a, Souza, 2002). Worldwide, there is a marked variance of occurrence within 

areas of the same region as well as ethnic groups. This suggests that both life-style 

faetors and environmental factors play a vital role in the aetiology of this type of cancer 

(Griffin and Lorna, 2008). High incidence areas (expressed as crude incidence per 

100,00) include: South America (13 per 100,00), Western Europe (11 per 100,000), the 

former Soviet Union (8 per 100,00), China (21 per 100,000) and Japan (9 per 100,000) 

(Pickens and Orringer, 2003).

Both types of oesophageal carcinomas differ in a number of features, including tumour

location and predisposing factors (Table 1.1). The primary precursor lesion of OSCC is

dysplastic epithelium characterized by an accumulation of atypical cells with nuclear

hyperchromasia, clumped chromatin and loss of polarity (Krasna and Wolfer, 1996).

OSCC then progresses from mild to severe dysplasia, to carcinoma in situ and invasive

carcinoma (Anani et al., 1991, Kuwano et al., 1993). Smoking and heavy alcohol intake
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are major risk factors for OSCC (Wu et al., 2001, Morris Brown et al., 2001), however, 

OAC is shown to be increased in the setting of Barrett’s oesophagus (BO), a 

premalignant lesion in the distal oesophagus characterized by the replacement of 

normal squamous epithelium with specialized intestinal metaplasia. In addition, obesity, 

smoking and GORD represent risk factors for OAC (Wu et al., 2001). The 

epidemiologic pattern of OAC is distinct from all other cancers, with a sharp increase in 

incidence by period and birth cohort over the past couple of decades. OAC is more 

common in men than women with incidence rates increasing with age, and an age of 

on-set range of 30-70 (McCabe and Dlamini, 2005)

Oesophageal squamous cell carcinoma
Tobacco use 

High alcohol intake 
Mutations in alcohol metabolising 

enzymes 
Achalasia 

Caustic injury 
Thoracic radiation 

Low socioeconomic status 
Poor oral hygiene 
Deficient nutrition 

Non-epidermolytic palmoplantar 
keratoderma

Oesophageal adenocarcinoma
Gastro-oesophageal reflu.x disease 

Barrett’s oesophagus 
Obesity

Tobacco use 
Thoracic radiation 

Low vegetable and fruit intake 
Increased age 

Male sex
Lower oesophageal sphincter medication 

Familial history (rare)

Table 1.1: Risk factors for oesophageal cancer. Reviewed in (Pennathur et al., 2013).

OAC is an aggressive disease with a universally poor survival rate, as shown by the 

high mortality-to-incidence rate ratio worldwide (Kamangar et al., 2006). OAC has 

proven to be most challenging for surgeons, as less than a third of patients are suitable 

for surgical resection due to advanced rate of disease or co-morbidities (Griffin and



Lorna, 2008). Surgical resection is considered the standard management approach for 

localized OAC, however, the overall outcomes are poor due to local or distant relapse. 

Significant response rates following adjuvant chemotherapy have, to date, not translated 

into survival benefit, although postoperative adjuvant chemotherapy is able to 

marginally prevent relapse in patients with OAC than surgery alone (Ando et al., 2003, 

Leonard and Reilly, 2004).

1.2 Barrett’s Oesophagus

Chronic reflux symptoms and Barrett’s oesophagus (BO) are considered the key 

underlying risk factors associated with OAC (Pennathur et al., 2013). The definition of 

BO varies worldwide and brings with it some controversy. The American 

Gastroenterology Association defines BO as “the condition in which any extent of 

metaplastic columnar epithelium that predisposes to cancer development replaces the 

stratified squamous epithelium that normally lines the distal oesophagus. Presently 

intestinal metaplasia is required for the diagnosis of Barrett’s metaplasia because 

intestinal metaplasia is the only one of three types of oesophageal columnar epithelium 

that clearly predisposes to malignancy” (AGA, 2011).

In contrast, the British Society of Gastroenterology defines BO as “an oesophagus in

which any portion of the normal distal squamous epithelium lining has been replaced by

metaplastic columnar epithelium, which is clearly visible endoscopically (>lcm) above

the gastro-oesophageal junction and confirmed histo-pathologically from oesophageal

biopsies (Figure 1.1) (Fitzgerald et al., 2014). The rationale behind this definition is that

the absence of goblet cells is due to sampling, and that goblet cells are identified if an
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adequate number of biopsies are taken. A follow-up study supports this rationale as 

<50% of patients without intestinal metaplasia subsequently showed goblet cells at 5 

years follow-up, which then increased to 90% at 10 years (Gatenby et al., 2008). In 

view of the malignant potential of BO, endoscopic programs remain the current “gold 

standard” for diagnosing and surveillance to identify high risk individuals, however, 

data suggests that the majority of individuals remain undiagnosed (Ronkainen et al., 

2005, Zagari et al., 2008). BO has become clinically significant due to its apparent risk 

of progression to OAC, and its associated impact for health economics. There have 

been a number of reported risk factors associated with BO including male gender 

(Edelstein et al., 2009), Caucasian race (Thukkani and Sonnenberg, 2010), older age 

(Edelstein et al., 2009), smoking (Steevens et al., 2010), obesity (Corley et al., 2007), 

and GORD (Abrams et al., 2008).

Stratifled squamous 
epithelium

Figure 1.1: Photomicrograph of oesophageal biopsy specimen. The yellow arrow identifies 
a goblet cell in the intestinal metaplasia of BO (Spechler, 2013).



1.2.1 BO Pathogenesis

Gastro-oesophageal reflux disorder (GORD) is well established as playing a major 

predisposing role in the development of BO and OAC (Edelstein et al., 2009, Lagergren 

et al., 1999); however, the underlying molecular mechanisms behind the metaplastic 

transition remain largely unknown. It is hypothesized that the driving force behind BO 

pathogenesis is reflux-mediated reactivation of signaling pathways that play a 

fundamental role in the development of the simple columnar epithelial-lined embryonic 

oesophagus. The Hedgehog (Hh) pathway has shown to play a role in dedifferentiation 

of oesophageal squamous mucosa leading to BO (Sui et al., 2006). Expression of the 

Hh ligand, sonic hedgehog (SHH) was established as up regulated in the epithelial cells 

of BO, and its expression was induced by bile and acid reflux in squamous epithelial 

cells both in in vitro and in vivo models (Figure 1.2). This suggests that the reflux is 

responsible for reactivating SHH expression in BO (Wang et al., 2010). A study by 

Gibson and colleagues were the first to demonstrate that the inhibition of the Hh 

pathway by Smo inhibition prevented the development of BO and OAC in an in vivo rat 

GORD model (Gibson et al., 2013b).

Like SHH expression, its target, the TGF-p family member bone morphogenic protein-4 

(BMP-4) is expressed during the columnar epithelial stage of oesophageal 

embryogenesis (Que et al., 2006). As demonstrated by the presence of downstream 

targets, pSMAD 1/5/8 and ID2, BMP4 signaling is activated in BO, and recombinant 

BMP4 can induce a columnar phenotype in primary human oesophageal squamous 

epithelial cells in vitro. This is evident by the gain of columnar-type keratin-7 and 

keratin-20, and loss of squamous-type keratin-10 and keratin-13 (Milano et al., 2007).



Mirroring the temporal expression pattern of SHH and BMP4 in the embryonic, adult 

normal, and metaplastic oesophagus, is the transcription factor SOX9, which is up 

regulated by the BMP4 pathway (Figure 1.2). Expression of SOX9 and Bone 

Morphogenic protein receptor type lA (BMPRIA), the constitutively active form of the 

BMP4 receptor, in the squamous oesophageal cell line (HETIA) induces both the 

expression of eolumnar keratin-8 and keratin-18, and the protein deleted in malignant 

brain tumours 1 (DMBTl) (Wang et al., 2010). These findings are reaffirmed in a novel 

in vivo tissue reconstitution model through which induced SHH expression drove a 

columnar phenotypic switch, accompanied by SOX9, CK8/18 and BMP4 expression 

(Clemons et al., 2012). Ultimately, reflux associated with GORD drives SHH induction 

of BMP4 in underlying mesenchymal cells, which then signals back to the epithelial 

cells in a paracrine fashion to induce SOX9 expression. SOX9 then drives columnar 

differentiation of the squamous epithelium.

The Notch signaling pathway is also implicated in BO pathogenesis, because similar to

intestinal epithelium, Barrett’s epithelium contains proliferative crypt-like structures

with active Notch signaling (Menke et al., 2010). A minor role for Wnt signaling in BO

with dysplasia was also observed when activated P-catenin was higher only in human

cases with HGD but not BO, and overactive Wnt signaling caused a marked tissue

disorganization with features of dysplasia, but minor metaplasia in the mouse

oesophagus (Moyes et al., 2012). Characteristic of GORD is repeated, chronic exposure

to gastric acid and bile acids. This induces an inflammatory response whereby the

oesophageal mucosa is infiltrated by neutrophils, monocytes, lymphocytes or plasma

cells. These inflammatory cells produce cytokines, reactive oxygen species (ROS), and

reactive nitrogen species (RNS) that drive tumorigenesis. Interestingly, a resistant HET-
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1AR cell line, were shown to constitutively express NF-kB and IL-6/STAT3, as well as 

increased lL-6 levels. This study indicates that reflux components can induce genetic 

changes leading to intrinsic inflammatory activation (Goldman et al., 2011b). These 

findings were reflected using biopsies where increased levels of lL-6 were detected in 

BO, and even higher levels in BO with HGD compared to non-dysplatic BO tissue. 

Furthermore, increased levels of phosphorylated STAT3 were detected in HGD BO and 

OAC tissue (Dvorakova et al., 2004).

Embryonic
oesphagus

Adult
oesophagus Reflux

Figure 1.2: BO Pathogenesis. SHH (red line and red epithelial cells) and SOX9 (black line and 

black nuclei) are expressed in the simple columnar epithelium of the embryonic oesophagus, 

while BMP4 (blue line and blue cells) is expressed in adjacent mesenchymal cells. Expressions 

of all three are down-regulated as the early epithelium matures, and are not expressed in the 

stratified squamous epithelium of the adult oesophagus. As a result of chronic reflux. SHH is 

up-regulated in the squamous epithelium and activates signalling mesenchymal cells to induce 

BMP4 expression. BMP4 signals to the epithelial cells to induce SOX9 expression, which 

drives the development of non-specialized columnar epithelium. CDX2 (green line) is 

subsequently required for the acquisition of an intestinal phenotype, including goblet cell (G) 

differentiation characteristic of Barrett’s metaplasia. This figure is modified from (Gibson et al., 

2013a).
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The homeobox genes, HOXB5,6, and 7, are responsible for body patterning during 

embryogenesis, and are overexpressed in Barrett’s metaplasia but absent in normal 

squamous oesophageal epithelium (Silberg et al., 2000). The caudal-type homeobox 

transcription factor 2 (Cdx2) was detected at levels 400 X in Barrett’s metaplasia than 

in squamous epithelium (Vallbohmer et al., 2006), and another study illustrated that 

Cdx2 expression was induced by refluxate components acid, bile and pepsin (Kazumori 

et al., 2006).

1.2.2 BO Origin

Controversy still surrounds the cellular origin of BO, and the nature of the epithelium in 

Barrett’s mucosa which progresses to cancer is disputed. Stem cells were once 

considered to be the origin of the intestinal cells, but mouse studies have revealed that 

columnar epithelium may migrate from the squamocolumnar junction or the gastric 

cardia (Wang et al., 201 la, Quante et al., 2012, Xian et al., 2012). A recent study found 

that the expression of MUC5AC, trefoil family factor, TFFl, MUC6 and TFF2 in 

Barrett’s reflected that of pyloric glands, and that proliferation predominantly occurs in 

the middle of Barrett’s glands, diminishing towards the surface and the base. Also, 

lododeoxyuridine (IdU) labelling demonstrated bidirectional migration similar to 

gastric glands. MUC2-positive goblet cells and TFF3 were localized above the neck in 

Barrett’s glands, and LGR5 mRNA detected in the middle of Barrett’s glands. All these 

findings indicate a stem cell niche in this locale, similar to that in gastric pylorus, and 

distinct from gastric intestinal metaplasia (Lavery et al., 2014).



1.3 GORD

GORD is well established as playing a major predisposing role in the development of 

BO and OAC (Edelstein et al., 2009, Lagergren et al., 1999). It has emerged as a 

multifactorial entity, encompassing interacting components of defined clinical 

manifestations, such as reflux associated with oesophagitis and hiatus hernia, motility 

disorder defined by sphincter or peristaltic dysfunction, and acid-peptic disease. This 

list of symptoms and syndromes attributable to GORD prompted the evolution of the 

‘Montreal definition’ of GORD as ‘a condition which develops when the reflux of the 

stomach contents causes troublesome symptoms and/or complications’ (Vakil et al., 

2006). Along with the increasing incidence and mortality rates of OAC in parts of the 

world, the global burden of GORD is 50% higher in the USA, East Asia and Europe 

after a 1995 study. The incidence per 1000 persons-years is 5.0 in the UK and US, and 

0.84 in UK patients aged 1-17 years (El-Serag et al., 2013).

A recent US database revealed that GORD was the most common G1 diagnosis, and 

accounted for 9 million visits (Peery et al., 2012). It was estimated that 70% of GORD 

patients with heartburn and regurgitation have normal endoscopic findings, otherwise 

known as non-erosive reflux disease (NERD). NERD can be differentiated from erosive 

reflux disease (ERD) by the following characteristics: minimal oesophageal motility 

abnormalities, normal lower oesophageal sphincter resting pressure, low oesophageal 

acid exposure and minimal night-time oesophageal exposure (Pass, 2007, Dent et al., 

1998). The structural mechanisms involved in the pathogenesis of GORD have 

advanced greatly since the 1970s. For instance, the oesophagogastric junction (OGJ) is 

now recognized as a complex sphincter comprised of the lower oesophageal sphincter
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(LOS) and crural diaphragm (CD) and that the CD exclusively prevents strain-induced 

reflux events (Mittal et al., 1988, Sloan et al., 1992). Transient lower oesophageal 

sphincter relaxations (TLOSRs), rather than LOS hypotension contribute further to LOS 

dysfunction (Dent et al., 1980). Also, it is now realized that prolonged acid clearance 

from the oesophagus is a dominant driving force of oesophagitis and subsequent events, 

as oppose to excessive number of reflux events that was previously postulated (Sloan 

and Kahrilas, 1991, Mittal et al., 1987, Jones et al., 2002).

More recently, it has been conceived that increased OGJ compliance results in greater 

proximal spread of reflux, reflux volumes, as well as a reduced ability to restrict reflux 

to gas (belching) (Pandolfmo et al., 2002, Pandolfino et al., 2003, Woodland and 

Sifrim, 2010, Rohof et al., 2013). Furthermore, it was discovered that postprandial acid 

pocket forms as a consequence of pooling newly secreted acid in the proximal stomach, 

and that the acid reflux originates from this acid pocket (Fletcher et al., 2001, Fletcher 

et al., 2004, Beaumont et al., 2010, Kahrilas et al., 2013). Studies have focused on the 

dominant role of the longitudinal layer of the oesophageal muscularis propria in 

eliciting LOS opening and reflux symptoms (Pandolfino et al., 2006, Mittal, 2013); 

however, more importantly, it’s been demonstrated that hiatus hernia exacerbates all the 

factors previously described (Kahrilas et al., 1999, Kahrilas* et al., 2000, Van 

Herwaarden et al., 2000).



1.4 Treatment of oesophagel cancer

1.4.1 Resection

Resection of oesophageal carcinoma includes transhiatal oesophagectomy and 

transthoracic approaches, the three-incision modified McKeown oesophagectomy that 

involves laparotomy, right thoracotomy, neck anastomosis, and left thoracotomy or a 

left thoroabdominal approach (Pennathur et ah, 2010, Orringer et ah, 1999, Altorki et 

ah, 2002a, Visbal et ah, 2001). Randomised trials and meta-analyses that have assessed 

open oesophagectomy have shown no significant differences in long-term survival 

between these techniques (Hulscher et ah, 2001, Chu et ah, 1997, Goldmine et ah, 

1993, Hulscher et ah, 2002), however, a subgroup analysis of patients without extensive 

nodal involvement exhibited improved locoregional disease-free survival with a 

transthoracic approach (Omloo et ah, 2007). Lymph node dissection in patients with 

oesophageal carcinoma remains a controversial approach. In Japan, three field 

lymphadenectomy in the abdomen, chest, and neck (dissection of nodes along the 

recurrent nerves) is practised where OSCC predominates (Nishihira et ah, 1998). This 

approach however has few advocates in Europe and the US, and two-field 

lymphadenectomy in the abdomen and chest is more commonly practised (Lerut et ah, 

2004, Altorki et ah, 2002b).

A randomised study of two-field versus three-field lymphadenectomy revealed that the

complication rate was significantly higher with three-field lymphadenectomy, and that

no significant difference in recurrence or survival was evident (Nishihira et ah, 1998).

Minimally invasive oesophagectomy approaches have been adopted in order to alleviate

the risks associated with open oesophagectomy, including a mortality risk of 1-23%
12



(Birkmeyer et al., 2002). Preliminary data from the Eastern Cooperative Oncology 

Group (ECOG), phase 2, prospective, multi-institutional study (ECOG 2202) revealed a 

low mortality rate (2%) for minimally invasive oesophagectomy. Furthermore, a 

randomised trial comparing minimally invasive oesophagectomy with open 

oesophagectomy showed a decrease in occurrence of pulmonary complications within 

the minimally invasive oesophagectomy group (Biere et al., 2012).

1.4.2 Combined chemo- and radio-therapy

The combination of surgery with chemotherapy can be used to control the early spread 

of systemic disease (Pennathur et al., 2008). Conflicting results are presented in large, 

randomised trials of chemotherapy before and after surgery in patients with OSCC or 

OAC. For instance, a US study that randomly assigned patients to neoadjuvant 

chemotherapy followed by surgery or surgery alone did not see a difference in 3-year 

overall survival between groups (Kelsen et al., 1998). Conversely, another study 

revealed that chemotherapy given before and after surgery significantly improved 5- 

year overall survival compared with surgery alone (Cunningham et al., 2006). 

Neoadjuvant chemo-radiotherapy is commonly used in the US for locally advanced 

oesophageal carcinoma, and many randomised trials have evaluated chemo- 

radiotherapy followed by surgery compared with surgery alone in patients with 

potentially resectable oesophageal carcinoma. Most of these studies revealed non

significant results, however, two showed significant survival benefit with concurrent 

chemo-radiotherapy (Bosset et al., 1997, Urbaetal., 2001, Walsh et al., 1996, Tepper et 

al., 2008, Burmeister et al., 2005).
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1.4.3 Endoscopic treatment

Endoscopic therapies have gained interest as potential curative approaches for early 

stage oesophageal carcinoma. Endoscopic ablation therapies enable treatment of large 

areas and include photodynamic therapy, argon plasma coagulation, and radiofrequency 

ablation. Europe and Japan mainly use endoscopic resection, with endoscopic ablation 

as an adjunct, however, ablative therapy is the first line approach in the US, with 

resection as an adjunctive approach (Overholt et al., 2007, Shaheen et al., 2009). One 

study concluded that endoscopic therapy for early OAC associated with BO was cost- 

effective with comparable quality adjusted life years compared with surgical resection 

(Pohl et al., 2009). Selection of patients for endoscopic therapy is complex and depends 

on patient-specific, tumour-specific and oesophagus-specific factors. Only a small 

proportion of patients with early stage I oesophageal cancer can be treated with 

endoscopic therapy, however, approximately two thirds of patients newly diagnosed 

will already present with metastatic disease (Siegel et al., 2014).

1.4.4 Targeted therapy

The past decade has seen increasing efforts in the field of drug development with the 

advancement of novel molecularly targeted therapies. Studies investigating new 

targeted therapies have aimed to improve the poor response and overall survival rates of 

current treatments in patients with metastatic OAC. For instance, the epidermal growth 

factor receptor (EGFR) is known to activate cellular proliferation and differentiation 

culminating in the progression from intestinal metaplasia to high grade dysplasia and 

invasive carcinoma (Yarden, 2001, Li et al., 2006). EGFR overexpression is also 

correlated with a poor prognosis (Bosset et al., 1997). Cetuximab is a mouse-human
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IgGl monoclonal antibody (moAB) which binds to the extracellular domain of EGFR 

to block ligand binding, thus stimulating EGFR receptor endocytosis, decreasing cell 

proliferation and acting as an anti-angiogenic agent (Imai and Takaoka, 2006). A 

randomized, phase Ill trial (EXPAND) evaluated cetuximab in addition to capecitabine- 

cisplatin chemotherapy in patients with advanced gastric or gastroesophageal junction 

cancer. The addition of cetuximab however provided no additional benefit to 

chemotherapy alone (Lordick et al., 2013).

Targets Agents
EGFR Cetuximab, Erlotinib, Gefitinib, 

Lapatinib
HER-2/neu Trastuzumab, Lapatinib 

VEGFA Bevacizumab 
KIFll Litronesib

Table 1.2: Targeted Therapies in Oesophageal Cancer.

Another study assessed cetuximab with FOLFIRI (biweekly bolus 5-FU, leucovorin, 

irinotecan and infusional 5-FU) and FUFOX (weekly oxaliplatin/leucovorin/infusional 

5-FU), and an overall response rate of 40-69% was seen with a survival rate of 9.5-17 

months (Han et al., 2009, Janmaat et al., 2006, Pinto et al., 2007, Moehler et al., 2011). 

Another available anti-EGFR agent is a reversible tyrosine kinase inhibitor (TKI) which 

binds to adenosine triphosphate (ATP). It inhibits autophosphorylation and EGFR 

signal transduction by inhibiting ATP binding within the tyrosine kinase domain of the 

EGFR receptor (Raymond et al., 2000). One phase II trial investigated erlotinib with 

FOLFOX6 chemotherapy (oxaliplatin, 5-FU, and folinic acid) in patients with
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metastatic OAC, and observed a response rate of 50% with an overall survival of 11 

months (Wainberg et al., 2011). Gefitinab is another TKl that interrupts signalling 

through the EGFR in cancer cells, and a phase II trial in patients with advanced OAC 

demonstrated a clinical benefit in 58% of patients with a modest response rate of 12%, 

and overall 6-month disease free survival rate of 15% (Carmeliet, 2003). Despite the 

limited promising effects on patients with metastatic OAC, EGFR targeted therapy is 

not a component of the standard care at present.

The HER-2/neu gene is a proto-oncogene localized on chromosome 17q, encoding a 

transmembrane tyrosine kinase growth factor receptor (Ross et al., 2001). Its 

overexpression correlates with increased metastasis and overall poor prognosis and 

survival in OAC (Ross and McKenna, 2001). One study reported that 92% of 89 OAC 

specimens showed high level FIER2 amplification with 5-year survival rates of 57% 

compared to 32% for those without HER2 amplification (Thompson et al., 2011). Data 

from these studies have paved the way for using anti-HER-2 therapies in treating 

metastatic OAC with HER-2 inhibitors such as trastuzumab and lapatinib (Okines and 

Cunningham, 2012).

Trastuzumab is an IgGl antibody that targets the HER-2/neu antigen, and a recent trial

reported that patients with metastatic gastric and OAC assigned to trastuzumab plus

chemotherapy showed an improved overall survival over those that received

chemotherapy alone (Baselga et al., 1996, Sawaki et al., 2012). Tumour growth and

metastasis are mediated by angiogenesis, which in turn is regulated by VEGF, bFGF,

interleukin-8, placenta like growth factor and platelet derived endothelial growth factor.
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VEGF represents the most potent regulator of normal and pathologic angiogenesis 

(Namisaki et al., 2010), and is overexpressed in 30-60% of OAC tumours correlating 

with recurrence, metastasis and poor overall survival (Shih et al., 2000). Bevacizumab 

is a recombinant anti-VEGF moAB that binds to all isoforms of VEGF and prevents it 

binding to its receptor (Presta et al., 1997). It has shown promising results in the 

treatment of OAC in several clinical trials. For instance, a phase 11 trial treating patients 

with metastatic adenocarcinoma of the stomach and gastroesophageal junction with a 

combination of bevacizumab, docetaxel and oxaliplatin showed a promising median 

progression-free survival (PFS) of 6.6 months and overall survival of 11.1 months (El- 

Rayes et al., 2010). Regardless of recent advances in treatment regimens for OAC, the 

improvement in overall survival has not been entirely significant. Large clinical trials 

are necessary to test these novel agents in cooperative multinational efforts, to improve 

treatment options in patients with OAC. Advances in molecular genetics and 

molecularly driven clinical studies will aid in understanding the biology of this deadly 

cancer and improve the current treatment strategies.

1.5 Bile acids (BAs)

1.5.1 Carcinogenic potential of BAs

Bile acids (BAs) have shown to exert different biological effects which are related to

their overall chemical structure and hydrophobic properties (Martinez et al., 1998).

They have an established role as tumour promoters, however mounting evidence has

pointed towards BAs being carcinogenic agents in their own right. The secondary bile

acids including deoxycholic acid (DCA) and chenodeoxycholic acid (CDCA) may be

particularly sinister in the context of oesophageal cancer. For example DCA is reported
17



to cause DNA damage in oesophageal cell lines FLO-1 and HCT-IA (Jolly et al.. 

2004). DCA has proven to have a stronger carcinogenic potential in comparison to other 

BAs. For example, vascular endothelial growth factor (VEGF) plays a vital role in 

terms of angiogenesis and tumour progression (Tonra and Hicklin, 2007). VEGF 

mRNA was only significantly up regulated in Barrett’s adenocarcinoma cell line (OE- 

33) by DCA, but not by its hydrophilic counterpart ursodeoxycholic acid (UDCA) 

(Tonra and Hicklin, 2007). Clinical samples and a rat EGDA model 

(esophagogastroduodenal anastomosis) have highlighted the involvement of reflux 

oesophagitis, considered to be a risk factor for BO and OAC (Majka et al., 2010). 

Obesity is also considered an established risk factor for reflux oesophagitis and BO 

(Windberg et al., 2012). This hypothesis may be supported by the observed increase in 

insulin resistance in a cohort of OAC patients with BO (Duggan et al., 2013).

In contrast to the DCA and CDCA, UDCA and its tauro conjugate are reported to have 

cytoprotective properties. UDCA’s chemoprotective effects have been studied in 

several different cell lines (Paumgartner and Beuers, 2002, Rodrigues et al., 1999, 

Azzaroli et al., 2002, Setchell et al., 1997, Monte et al., 2002). UDCA did not induce 

pro-inflammatory NF-kB and activator protein-1 (AP-1) proto-oncogene in a colon 

cancer cell line (HCT-116), but it also blocked DCA induced NF-kB and AP-1 

activation. UDCA inhibited 1L-1(3 induced NF-kB binding, by blocking IxBa 

degradation prompted by DCA (Shah et al., 2006). Thus NF-kB remained in the 

cytoplasm in its inactive form, and was unable to translocate to the nucleus, where it 

binds to specific DNA sites involved in the malignant transformation of the cells (Shah 

et al., 2006).
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1.5.2 Bile acids: apoptotic pathways

BAs induce apoptosis through a number of signalling pathways. In recent years, there is 

a greater understanding in the relationship between BA toxicity and structure. There is 

interest among medicinal chemists to manipulate the BA steroidal core in order to 

produce highly potent anti-cancer agents, due to its availability, low cost, enantiomeric 

purity and multiple rigid scaffolding points for synthetic access. BAs have proven 

successful in the design of pro-drugs and hybrid molecules. For instance, BA 

conjugates have been used to improve intestinal absorption of drugs, as well as BAs 

being conjugated to anti-cancer compounds to improve targeting to the hepatobiliary 

system (Sievanen, 2007, Dawson, 2011).

BAs are natural detergents and are a major constituent of bile. BAs digest lipids in the 

intestinal lumen and carry out crucial biological roles including maintenance of bile 

flow and intestinal homeostasis (Barrasa et al., 2011, Amaral et al., 2009). Different 

mechanisms have already been reported for cytotoxic effects of BAs (Figure 1.3). Cell 

death can occur either via necrosis, which is induced by high concentrations of BAs 

(Benedetti et al., 1997), or via the disruption of the mitochondrial membrane potential 

and thus activation of the mitochondrial permeability transition (MPT) (Araki et al., 

2005, Sola et al., 2002). Mitochondrial dysfunction then leads to the release of 

cytochrome c, apoptosis-inducing factor (AIF) and SMAC/Diablo into the cytosol to 

initiate the apoptotic pathway (Sokol et al., 2005). Previous studies have postulated that 

highly hydrophobic BAs may diffuse through the membrane and interact with DNA 

and/or intracellular molecules, inevitably triggering signalling cascades and DNA 

damage (Katona et al., 2009). A minimal uptake of DCA in HCT-116 and FlT-29 was
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observed, however, and cells still underwent apoptosis. The extent of cytotoxicity must 

then depend on events such as nicotinamide adenine dinucleotide phosphate-oxidase 

(NAD(P)H oxidase) activation or PLA2, which also increase ROS generation (Payne et 

al., 2006, Powell et al., 2001).

DCA/CDCA

Bax
(active)

A ROS
Cytochrome c \i'

APOPTOSIS

Figure 1.3: DCA- and CDCA-induced apoptotic mechanism.
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Although much evidence exists for multiple mechanisms of bile acid-induced apoptosis, 

the precise interaction for initiating these apoptotic pathways remains elusive. 

Understanding the mechanisms behind BA toxicity and apoptosis has potential 

therapeutic significance, not just for the production of potentially useful cytotoxic 

agents but also for the prevention of BA toxicity where it contributes to disease 

initiation and progression. Natural BAs LCA, CDCA, and DCA were reported to induce 

more apoptosis than their enantiomers in HT-29 and HCT-116 cell lines (Katona et al., 

2009). This indicates that there is a specific contribution to BA toxicity due to chiral 

interaction with protein receptors in addition to the widely acknowledged membrane- 

mediated effects. Understanding the nature of these interactions may be important but it 

also implies a potential for selectivity between normal and tumour cells if proteins 

mediating these effects are differentially expressed. The hydrophobic action of BA is 

not caused by a simple disruption to membrane integrity, but the activation of signalling 

pathways such as PKC activation, ERK 1/2 activation, and caveolin-l modifications 

(Akare and Martinez, 2005).

1.6 RNA interference screens: new therapeutic target

A landmark discovery was made in 1998 that first established that double-stranded

RNA (dsRNA) was a trigger for small interfering RNA (siRNA) to induce gene

knockdown in the nematode Caenorrhahditis elegans (Fire et al., 1998). Figure 1.4

summarises the timeline of RNAi development. Since then RNAi has rapidly

established itself as a powerful tool for studying gene function, and amongst the

different classes of RNAi therapeutics, siRNA has heralded the most promise and

expectation. The expectation being that a gene silencing “drug” will hold importance

over conventional treatment for human disease. RNAi is the mechanism of specific
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post-transcriptional gene silencing by small RNAs, including exogenous small 

interfering RNA (siRNA), short hair pin RNA (shRNA) and endogenous microRNA 

(miRNA) (Wang et al., 201 lb).

RNAi therapeutics have distinct advantages over drug therapies such as antibodies and 

small molecules. For instance, identification of highly selective and potent sequences 

can be rapid, synthesis easy from a chemistry standpoint and all targets can be inhibited 

and lead compounds rapidly identified and optimised (Vaishnaw et al., 2010). The 

ability to specifically silence genes involved in disease pathogenesis makes it a 

promising tool for developing new and far-reaching therapeutics (Bumcrot et al., 2006). 

Disadvantages associated with RNAi include incomplete knockdown, variability, and 

off-target effects. Furthermore, unmodified RNAi can be easily degraded by RNases 

and high turnover transcripts can be difficult to silence (Tiemann and Rossi, 2009, 

Boutros and Ahringer, 2008).
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Figure 1.4: RNAi development timeline.

Double stranded small RNAs are separated once they have been introduced into the 

RNA-induced silencing complex (RISC). One strand guides RISC to the 

complementary or near-complementary region of target mRNA, whereby either the 

mRNA is degraded or its translation is blocked, thus suppressing gene function 

(Martinez et al., 2002, Zamore et al., 2000). siRNA has a short (21-bp) double-stranded 

RNA with phosphorylated 5’ ends and hydroxylated 3’ ends with two overhanging 

nucleotides. This well-defined synthesized structure is directly incorporated into the 

RISC, and cleaves the complementary mRNA with a perfect match. Once the cleaved 

mRNA is released, the guide strand bound RISC starts a new round of cleavage (Figure 

1.5) (Elbashir et al., 2001, Robb et al., 2005).
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RNAi technology is now extensively used to silence cancer-related gene targets, and a 

growing number of preclinical studies have successfully inhibited tumour cell growth, 

angiogenesis, metastasis and chemo-resistance by adopting this gene silencing 

technique. For instance, one such in vivo study illustrated that an siRNA targeting a 

heterodimer glycoprotein Clusterin (Clu) significantly slowed the growth of orthotropic 

primary tumours derived from MDA-MB-231 cells (Niu et al., 2012). Another recent 

study utilized specific oligo siRNA that targeted a cell surface glycan N- 

acetylglucosaminyl transferase V (GnT-V) associated with malignant tumours. Huang 

et al., showed a significant decrease in proliferation of BGC823 cells when GnT-V was 

silenced, as well as the down regulation of E-cadherin, vimentin and matrix 

metallopeptidase 9 (MMP-9) (Huang et al., 2013).

In anti-angiogenic treatment, strategies that combine both conventional therapeutics and 

RNAi technology for different targets may yield better outcomes. For instance, siRNA 

targeting the basic fibroblast growth factor (bFGF) inhibited the effects on endostatin 

secretion in different pancreatic cell lines which had an additive effect to the standard 

Gemcitabine treatment (Yan et al., 2013).
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Figure 1.5: RNA interference mechanism. Synthetic or endogenously processed siRNA 

molecules are incorporated into the RNA-induced silencing complex (RISC) and mediate gene 

silencing through target mRNA cleavage or translational interference. Figure is modified from 

(Mohr et al., 2014).
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1.6.1 RNAi Delivery Systems

Extensive research focussing on delivery systems has contributed greatly to the 

continued success of RNAi technology. These delivery systems consist of either viral or 

non-viral mechanisms. Lentivirus vectors (LV) and adenovirus-associated vectors 

(AAV) are the most commonly used because they have the best safety records. These 

are useful tools as they are capable of integrating dsRNA expression cassettes into the 

genome, inducing prolonged gene silencing (Couto and High, 2010). Non-viral delivery 

systems include chemical modifications to siRNAs, and this technique has shown to 

enhance their stability by avoiding the immune response and off-target effects. The 

sugar moiety of siRNA is usually modified, and one study showed that the substitution 

of the 2’-0-methyl on the anti-sense strand not only increased the stability of the 

siRNA, but also minimized immune system activation by being a competitive inhibitor 

of TLR7 (Robbins et al., 2007).

Liposomes is one of the most commonly used delivery vector because they are 

convenient, and require only mixing and incubation of the components, and the neutral 

lipids are non-toxic, and do not activate an immune response. 1,2-distearoyl-sn-glycero- 

3-phosphocholine (DSPC), l,2-oleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2- 

dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) are the most commonly used 

liposomes (Zhang et al., 2012). Recently, a new wave of work in polymeric 

nanoparticle delivery systems has shed light on their desirable properties like 

biocompatibility, biodegradability, and non-toxicity in in vivo delivery (Guo et al., 

2010). For example, polyethylenimine (PEI) facilitates the encapsulation of siRNAs and 

protection from RNase degradation with its dense cationic charge and extensive
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branches (Guo et al., 2010). Chitosan-siRNA nanoparticles have successfully silenced 

target genes in vitro and in vivo, such as Hsp 70 in human leukaemia cells 

(Matokanovic et al., 2013) and HPV16 E7 in cervical cancer cells (Yang et al., 2013). 

More recently, a lipid nanoparticle formulation (LNP) of siRNAs targeting VEGF and 

kinesin spindle protein (KSP) showed complete regression of liver metastases in 

endometrial cancer (Tabernero et al., 2013). Clinical trials have also explored direct 

administration of siRNAs to local target sites such as the skin, lungs (inhalation) and 

eyes (dropping), which is adventitious as it avoids the complexity of systemic delivery 

(Chen and Zhaori, 2011). These on-going trials are at various stages and have incurred 

positive preliminary data. For example, prophylactic intranasal treatment of respiratory 

syncytial virus (RSV) with ALN-RSV (Alnylam Pharmaceuticals Inc., Cambridge, MA, 

USA) decreased experimental upper respiratory tract infection with RSV. This study 

has also demonstrated improved symptom scores and lung function. A phase lib trial 

was also completed whereby treatment of RSV-infected lung transplant patients with 

ALN-RVOI was well tolerated and lowered the incidence of new or progressive 

bronchiolitis obliterans syndrome (BOS) (http://alnvlam.com/Programs-and- 

Pipeline/Partner-Programs/index.php).

Effective delivery systems have thus contributed effective solutions to previous

limitations encountered, and further research in this area will aid the selection of potent

and specific siRNA. The high-throughput RNAi screen utilised in this study is the

Fluman Druggable Genome Library (siGENOME-SMARTpool; Dharmacon) targeting

6,022 genes. This extensive library has 9 distinct subset siRNA libraries in seventy six

96-well plate formats. This siGENOME library allowed the knockdown of genes that

are involved in cellular events such as senescence, DNA repair and autophagy, as well
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as potential therapeutic targets including proteases, phosphatases, kinases, GPCRs, 

ubiquitin ligases and ion channels.

1.7 High Throughput High Content Screening

During the last 10-15 years, the terms High Content Analysis (HCA) and High 

Throughput Screening (HTS) were introduced, and defined by automated microscopy 

and image analysis in the advent of drug discovery (Taylor et al., 2001). Advanced 

fluorescent based reagents in conjunction with liquid handling devices, automated 

imaging systems and image analysis software has been a huge driver behind the success 

of recent drug discovery schemes (Figure 1.6). This approach has proven advantageous 

in performing phenotypic cellular assays, generating biologically relevant and 

multiparametric data sets. This automation has evolved considerably to enable not only 

medium throughput assays for either target identification or secondary screen, but high 

throughput assays for primary hit identification using large compound libraries (Xu et 

al.. 2008, Ibig-Rehm et al., 2011).

Today, HCS is broadly utilised throughout the pharmaceutical research and drug 

discovery chain; however, it is now being embraced broadly by the academic 

community. The main reason behind this success is due to the descriptive power of 

images and the possibility of analysing spatiotemporal cellular features quantitatively 

with computer-assisted image analysis. This improvement in drug discovery efficiency 

is most notable in respect to attrition rates in clinical trials, and particularly for an 

industry experiencing loss of productivity coinciding with rising costs of developing
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new drugs (Adams and Brantner, 2010, Pearson, 2006, Hughes et al., 2011). HCA of 

cell-based assays holds this promising future of increased physiologic relevance toward 

human clinical trials by addressing issues such as membrane permeability, compound 

solubility and toxicity through simultaneous measurements of physiologic parameters in 

each cell, thus quantifying its desired therapeutic effect.

Figure 1.6: The multidisciplinary approach of high-content screening.
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HCS is expanding the field of target identification by enabling screens that used to be 

impossible with a decent throughput. For instance, it has allowed the quantitative 

analysis of proteins involved in abnormal signal transduction which play a role in the 

pathology of diseases such as cancer, inflammation, metabolic and cardiovascular 

disease. These proteins then represent potential drug targets for development. The 

translocation assay is the most commonly used and published HCS strategy. This assay 

discriminates between the cell membrane, nucleus and cytoplasm, and the translocation 

of targets between distinct cell compartments. Lundholt et al successfully demonstrated 

Aktl fusion protein translocation from the cytosol to the membrane, in CHO cells 

transfected with human insulin receptor, using the high-throughput microscopy system 

In Cell Analyser 3000 (GE Healthcare, UK). Hits from two chemical subgroups of Aktl 

translocation inhibitors were then followed up (Lundholt et al., 2005).

HCS was also applied to phosphoinositide-3-kinase signalling pathways in CHO cells 

stimulated with IGF-1, and both translocation and compound toxicity were deduced 

from the high resolution images (Wolff et al., 2006). Furthermore, a small screen of 720 

natural products assessed both the nuclear translocation and pERK accumulation in 

order to distinguish exogenously over-expressed mitogen-activated protein kinase 

phosphatase-1 (MKP-1) activity (Vogt and Lazo, 2006), and yet another high- 

throughput study successfully screened p38 MARK inhibitors in a 32,000 compound 

screen using MK2-EGFP (mitogen-activated protein kinase-activating protein kinase-2) 

cell line (Williams et al., 2006, Trask Jr et al., 2006).
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Neuronal development can be quantified by automated microscopy and image analysis, 

and the number of neurites per cell, their length, and the number of branches can yield 

particularly interesting information in a cell-based assay. For instance, Schulte et al 

conducted a high content small molecule and RNAi screen for suppressors of 

neurotoxicity in Huntington’s disease. This screen identified Ikbl, an upstream kinase 

in the MTOR/Insulin pathway, and four novel drugs that suppressed dysmorphic 

features in Drosophila primary neurons with the mutant polyglutamine-expanded 

Huntingtin (Schulte et al., 2011). Cell cycle analysis is another popular readout for 

HCA screening, and can be determined by measuring DNA content or cell cycle phase 

indieators. Small molecules that induce mitotic arrest were identified using a simple 

DNA DAPl stain in one study (Wilson et al., 2006). More importantly, the potential of 

HCS to enable complex cytotoxicity assays is becoming increasingly reeognized as a 

means of circumventing candidate drug failure during approval for toxicity and clinical 

safety. A recent study identified compounds within a chemical library that had adverse 

cellular effects. HCA in this instance identified changes in nuelear morphology, cell 

shape and proliferation using DAPI, TOTO-3 and phosphohistone H3, respectively 

(Martin et al., 2014)

1.7.1 Technical Aspects

1.7.1.1 Cells

Due to the acquisition of microscopic images and subsequent analysis, the cell line must

be well suited for HCS. For example, in order to determine an accurate cell number the

nuclei must be well separated from eaeh other, and the cytoplasm large to enable sub-

cellular image analysis. Large cells are ideal for analysis; however, cells that clump or
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grow on top of each other severely hinder analysis as single cells are hard to 

discriminate. Particularly for automated image analysis, the cells need to be well 

separated in order to normalise the signal to cell number to account for cell density 

changes, and delineate subtle changes in cell shape. Adherent cells are optimal as 

suspension cells are vulnerable to potential loss by washing steps that are necessary in 

staining protocols.

1.7.1.2 Live cell versus fixed cell analysis

Large time-lapse high-content screens have been implemented in academia. Living cells 

are required for any kinetic studies, and prove advantageous when studying processes 

like apoptosis, where cells are responding non-synchronously (Antczak et al., 2009), or 

mitosis which is a rare event at any given time (Neumann et al., 2010, Schmitz et al., 

2010). Such image analyses require fluorescent proteins as a marker or dyes that are 

well tolerated by the cells. Using assays with fixed cells on the other hand allows higher 

throughput at a defined end point. Fixing the cells after siRNA or compound treatment 

enables the decoupling of sample preparation and image acquisition; therefore, fixed 

plates can be stored for 3-5 days at 4°C without loss of fluorescence intensity. In our 

study, we chose to fix the cells 96 h post transfection as it gave us more flexibility when 

using plate preparation platforms and imagers, and if technical issues arose the samples 

were not lost. The only major disadvantage of fixed cell analysis is that information is 

only given at a single cell point, therefore, in this instance, time lapse HCA was carried 

out with the top six hits to determine the effect of each siRNA on the cells over the four 

day transfection period.
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1.7.1.3 Sample preparation- automation

Prior to image acquisition a semi-automated liquid handling station was set up to enable 

high throughput reverse transfection. The Matrix Well Mate (Thermo Scientific) is a 

flexible, high-speed 8-channel microplate dispenser that operates using a peristaltic 

pump mechanism. It is critical to test both the assay (correct transferred volume) and 

precision (reproducibility) of dispensers when setting up an automated plate preparation 

platform as they have a large impact on the quality of the HCS assay. Its accuracy was 

tested using a gravimetric method previously carried out by Dr. Fiona Behan in our 

laboratory, and the range of variability was deemed acceptable in the context of setting 

up a large screen (data not shown). The Matrix Well Mate was utilised in this screen 

for addition of diluted siRNA and GOhTRT cells to each well of the 96 well plates. A 

multichannel repeatman (Thermo Scientific) served as a fast and reliable dispenser for 

fixation, staining and washing steps required by immunostaining protocols.

1.7.1.4 Cell Imagers

As mentioned previously, cell imagers for high-content screening are essentially 

automated microscopes with automated image analysis. Numerous confocal and wide- 

field imagers are now commercially available (Table 1.2), and many of them are, or can 

be equipped with an environmental module control to enable live-cell imaging. These 

imagers are usually equipped with autofocus and image analysis software included in 

the package. A certain amount of cells need to be analysed per treatment or well in 

order to achieve reasonable statistics, and this can be achieved by acquiring several 

images per well. In our laboratory we used the In Cell Analyser 1000 (GE) which is a 

high resolution confocal imager equipped with 3 laser lines, CCD camera, high
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precision motorized stage, and temperature control module that provides optimal, 

consistent microplate conditions of 25-42 ± 1°C with minimal evaporation. It is a fast 

instrument with user-friendly analysis software; however, it is unable to read 1536-well 

plates.

1.7.1.5 Image Analysis

Automated microscopes are usually accompanied with image analysis software to 

efficiently interpret the abundance of information generated within the acquired images. 

Additionally, alternative commercial and freely available third party software packages 

are available to analyse images, ranging from simple, easy-to-use pre-defmed modules 

to writing the image analysis scripts by the user (Niederlein et al., 2009, Pepperkok and 

Ellenberg, 2006, Swedlow et al., 2003). It is preferable to use the image analysis 

software of the imager since no transfer of the images or image conversion step is 

required, so from a technical standpoint the integrity of the images are maintained. 

Additionally, the screening process is not slowed down as a result of conversion, and an 

increased image storage space is not necessary.

Good quality images are required for automated image analysis, and the algorithms

need to be stable enough to account for cell populations where size or orientation of the

cells may vary. Furthermore, algorithms need to be robust since the staining intensity

can vary from well to well due to pipetting procedures. The IN Cell Analyser 1000

software tool was used in our laboratory as it has an intuitive interface and user-

adaptable parameters. Its predeveloped image analysis range from generic analysis tools

(cell cycle and morphology) to highly specialised multiparametric applications
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(neuronal function and protein trafficking). The IN Cell Developer Toolbox Image 

Analysis Software is designed for specialized applications where predeveloped image 

analysis is not suitable, and new cellular assays can be constructed in a flexible 

software environment.

Company Brand name Light
Source

Kinetic
HCS

Optics®

GE Healthcare 1 IN Cell Analyser 
2000

Arc lamp + WF

Thermo Scientific Cellomics ArrayScan 
VTl

Arc lamp + WF/CF

Thermo Scientific CellWoRx Arc lamp - WF
BD Biosciences BD Pathway 855 Arc lamp + WF/CF
BD Biosciences BD Pathway 435 Arc lamp - WF/CF

Molecular Devices ImageXpressULTRA Laser - CF
Molecular Devices ImageXpressMICRO Arc lamp +

(optional)
WF

Olympus Scan^R Arc lamp +
(optional)

WF

Perkin Elmer 1 Opera Laser + CF
Perkin Elmer Operetta Arc lamp - WF/CF

Amnis ImageStream Laser/Arc
lamp

- WF

Intelligent Imaging 
Innovations

3i Marianas Arc lamp +
(optional)

WF

Leica Microsystems TCS SP5 Laser +
(optional)

CF

TTP LabTech 1 Acumen eX3 Laser - WF
Table 1.3: List of commercially available HCS platforms. (aAbbreviations; CF,confocal 
microscope; WF, widefield).
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1.8 Oesophageal cancer and metastasis

OC is associated with a dismal prognosis, and governing patient mortality is the 

occurence of metastasis. Currently, the complicated process of tumour dissemination is 

uncontrolled and presents a continuing therapeutic challenge (Yoshida et al., 2000). 

Multiple clinical and pathological features such as pathological complete response (CR) 

to neoadjuvant treatment (Hammoud et al., 2006, Swisher et al., 2010), lower tumour 

grade and stage (Yoon et al., 2010, Kim et al., 2011), and smaller tumour length 

(Griffiths et al., 2006) are associated with a favourable outcome and identified as 

prognostic factors. More recently, new invasive patterns were devised as prognostic 

factors for superficial OAC. The first involved pathologically evaluating the invasive 

growth pattern of the tumour based on the traditional infiltrative growth pattern 

classification (INF). Secondly, budding (Bud) in the stroma of the invasive frontal 

lesion was investigated (Ito et al., 2012). The current staging system for OAC is 

Tumour Node Metastases (TNM) staging which is adopted by the American Joint 

Committee on Cancer (AJCC) (Figure 1.7). In summary, T(I-4) represents progressive 

invasion of the tumour into the oesophageal wall, N demonstrates the absence (NO) or 

presence (Nl) of regional node metastasis, whereas M allocates the absence (MO) or 

(M1) presence of distant metastasis (Beahrs OFI, 1988).

The treatment goal of locally advanced OAC is for curative response however, there 

exists a high rate of disease relapse, whether locally or distantly metastatic. The 

majority of these relapses occur in the liver, abdomen, lungs and bone (Meguid et al., 

2009). OAC also commonly metastasizes to the lymph nodes, which correlated with 

patient prognosis (Wilson et al., 2008, Aurello et al., 2006). Palliative chemotherapy is
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another option to control cancer-related symptoms and possibly prolong survival, and 

combined cisplatin (CDDP) and 5-fluorouracil (5-FU) are widely used active regimens 

for recurrent metastatic OAC (GRUNBERGER et al., 2007). Despite progress in 

surgical techniques and chemotherapy treatments, prognosis and median overall 

survival (OS) in patients with metastatic OAC remains poor and does not surpass 8-10 

months (Reddy and Wainberg, 2011).

Epithelium

Basement membrane 

Lamina propria
Muscularis mucosae

Submucosa
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Perioesophageal
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Pleura

Figure 1.7: Staging of oesophageal carcinoma according to the latest version of the TNM 

classification system.Classification is by depth of cancer invasion (T) and regional lymph node 

(N), defined by absence (NO) or presence (Nl) of cancer-positive lymph nodes. Distant 

metastasis is denoted as Ml. Updates of this system are the classification of T4 lesions as 

resectable (T4a) or unresectable (T4b) and stratification of N status based on the number of 

nodes involved. Tis= intraepithelial neoplasia, HGD= high-grade dysplasia.
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1.8.1 Tumour cell migration and invasion

Abnormal cell migration is an essential component of metastasis, and it is highly likely 

that the mechanisms underlying this abnormality share similar fundamental pathways of 

migration of other cell types. Only a small fraction of tumour cells acquire the capacity 

of invasion and dissemination (Wang et al., 2004). This capability is favoured by the 

activation of signalling pathways that trigger the metastatic cascade, resulting from 

continuous exposure to the development of the primary tumour, growth factors, 

angiogenesis and accumulated genetic changes (Wirtz et al., 2011). Tumour cells 

separate themselves from the primary tumour before acquiring a malignant phenotype, 

and undergo a somatic progression and metastatic growth at a distant site (Klein, 2009, 

Yachida et al., 2010). Tumour cells must achieve characteristics such as polarity and 

dissociation from their point of origin, in order to enable for cell migration to occur.

Cells undergo a sequence of extension and contraction, as well as adhering to and 

releasing from the substrate to move from one site to another (Rorth, 2011). Cell 

migration can be split into stages according to the changes observed in cell morphology, 

such as polarization, protrusion, adhesion, translocation of the cell body, and 

actomyosin-contractility driven retraction of the rear portion (Figure 1.4) (Ridley et al., 

2003). The physiology of cell migration varies depending on the cell type. For instance, 

glioblastoma, fibrosarcoma and melanocytes generally migrate mesenchymally, as 

individual cells that are highly adhesive and require proteolytic remodelling of the 

matrix (Abraham et al., 1999, Dunn and Zicha, 1995). Mesenchymal migration involves 

specialized protrusions of the cell membrane, which include lamellipodia, actin 

projections of the cytoskeleton formed at the leading edge of mobile cells, and
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invadapodia, which are proteolytically active protrusions responsible for the focal 

degradation of the components of the extracellular matrix (ECM). The latter cell type 

contains sites of matrix metalloproteinase (MMPs) (Mabeshima et al., 2002). It was 

observed that tumour cells do not always require MMPs, since they are capable of 

escaping through openings in the ECM by means of a considerate contractile force 

(Wolf et al., 2003b). This differs from cells which migrate in a rounded fashion such as 

lymphoma, leukaemia, small cell lung and prostate carcimona cells, where cell 

movement occurs via high levels of actomyosin contractility (Friedl, 2004). Tumour 

cells can migrate as individual cells or as a collective group (Friedl, 2004, Yilmaz et al., 

2007), and this depends on the type of malignant tumour and surrounding tissue, 

defined by distinctive patterns of extracellular protease activity, matrix-cell adhesion 

mediated by integrins, cell-cell adhesion mediated by cadherins, cellular polarity and 

cytoskeletal arrangements (Yilmaz and Christofori, 2010).

Individual migration of cells can occur via ameboid or mesenchymal variants (Friedl

and Wolf, 2010, Sahai, 2005). These cells acquire a polarized phenotype and bear Ca^^

in the front and back of the cell, allowing retraction of the rear portion (Brundage et al.,

1991). Cell retraction is supported by myosin II contraction and disassembly of focal

adhesion at the rear of the cell, due to the breakage mediated by calpain, integrins, talin,

vinculin and focal adhesion kinase (FAK) (Ridley et al., 2003). The velocity of the

formation and disassembly of the focal adhesions determines cellular migration

efficiency (Prevarskaya et al., 2011). The loss of E-cadherin facilitates the

communication of focal adhesions with the ECM , and Rho, Rac and Cdc42 are among

the key molecules for initiating remodeling of the cytoskeleton. The remodeling of actin

is then mediated by actin-related proteins (Arp 2/3) (Wolf et al., 2007). Cortactin
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(CTTN) is an actin binding scaffolding protein that has been reported to enhance the 

rate of new adhesion formation in lamellipodial protrusion, which is the first step in cell 

migration (Wang et al., 2012). CTTN overexpression is associated with an increase in 

cell motility and tumour invasiveness in vitro and in vivo (Kang et al., 2011), and a 

recent study observed that the level of CTTN positively correlated with TNM, tumour 

stages and poor overall survival in OAC patients. Additionally, downregulation of 

CTTN alone significantly reduced cell motility and tumour growth of OSCC, 

suggesting that CTTN is important for lamellipodial persistence and tumour progression 

in patients with OAC (Nusse and Varmus, 2012).

Mesenchymal migration, the other type of individual migration, is acquired by cells that 

undergo a transition from epithelial to mesenchymal (EMT) cell type (Thiery et al., 

2009). Collective cell migration is more common than individual migration under 

normal physiological conditions i.e. wound healing (Rorth, 2007). These cells retain 

much of their epithelial characteristics, avoiding the need for EMT that leads to 

alterations in cell shape (Olson, 2010). The most relevant proteins for collective cell 

migration are the pi and p3 integrins grouped in the membrane ruffles of the cell group 

in movement. These integrins provide the adhesion and dynamic strength required for 

transporting the cell group, and production of metalloproteinases MMP-1 and MMP-2 

by the leading cells degrades collagen fibres and forms a pathway for collective 

migration and expansion of the migratory group (Nabeshima et al., 2000, Friedl and 

Wolf, 2008). Giampieri et al. demonstrated that collective cell movement permits entry 

into the lymphatic system, whereas individual cell movement is necessary for tumour 

cells to cross basement membranes and enter blood vessels to enable metastases to

distant organs (Giampieri et al., 2009).
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1.8.2 Epithelial to mesenchymal transition

During metastatic progression, epithelial tumour cells acquire the ability to invade 

through the basement membrane by degrading the extracellular matrix (ECM), 

intravasting into the circulatory system, and consequently extravasate into a distant site 

to proliferate (Wu et al., 2003, Winer et al., 2006, Kitagawa et al., 1999). Epithelial to 

mesenchymal transition (EMT) is part of the process by which carcinoma cells acquire 

the ability to invade (Eatres et al., 1999). EMT is transient, and cells usually revert to 

their former phenotype via mesenchymal-epithelial transition (MET). Additionally, not 

all EMTs go to completion, with cells having various degrees of mesenchymal 

phenotypes. In particular, cell-cell adhesion can be partially conserved. It is uncertain 

what such intermediate phenotypes represent and what advantage, if any, they would 

bestow on cells compared with fully epithelial or mesenchymal phenotypes.

Transient non-oncogenic EMT is a natural cellular program that initiates cell migration 

during embryogenesis to direct organ development, directs wound healing, regeneration 

and remodelling in differentiated tissues, however, carcinoma cells can adopt this series 

of biological processes to initiate the metastatic cascade (Winston et al., 1999, Hay- 

Koren et al., 2011, Shekhar et al., 2008). Features of EMT have been observed in 

breast, ovarian, colon and oesophageal cancer models (Cselenyi et al., 2008, Piao et al., 

2008, Wu et al., 2009, Mi et al., 2006). Carcinoma-associated EMT is identified by the 

loss of diverse key epithelial features, including the expression of epithelial biomarkers, 

“cobblestone” like morphology, tight cell-cell junctions and apical-basal polarity 

(Gerard et al., 2012).
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Ultimately, the increased invasive phenotype of EMT has positively correlated with 

increased migration, as both are thought of as hallmarks of EMT (Dao et al., 2012). 

Cells that have undergone EMT also acquire resistance to senescence and apoptosis 

(Hikasa et al., 2010). The loss of E-cadherin expression and upregulation of vimentin 

are the most well-defined features of EMT. E-cadherin is considered a suppressor of 

tumour invasion and persistently, loss or partial loss of E-cadherin has been connected 

with metastatic dissemination and poor prognosis in several solid tumours (Hikasa et 

al., 2010, Kishida et al., 1999a). Hence, P-catenin can no longer interact with E- 

cadherin, and it is either degraded or protected from degradation so it can act in 

transcription (Liu et al., 2005). A group of transcription factors, including Snail, Slug, 

ZEBl, ZEB2, Twist proteins and E47 have been implicated in the control of EMT. 

These EMT transcription factors bind to E-box elements of E-cadherin’s promotor 

region, leading to transcriptional repression of junctional complexes and induction of a 

mesenchymal phenotype (Figure 1.8) (Waltzerand Bienz, 1998).

Cells reorganize their cortical actin to enable dynamic cell elongation and directional

motility associated with EMT (Yamamoto et al., 2003, Ishitani et al., 2005, Yamada et

al., 2006). Actin-rich membrane lamellipodia facilitate cell movement and act as

sensory extensions of the cytoskeleton. Actin-rich invadapodia facilitate invasion by

exerting a proteolytic function degrading ECM (Cohen, 2001, Aberle et al., 1997).

Subsequently, EMT is characterized by increased cell contractility and formation of

actin stress fibres. These dynamic changes in actin remodelling are likely mediated by

regulatory proteins such as moesin, however, the molecular mechanisms controlling F-

actin dynamics during EMT remain to be fully elucidated (Hart et al., 1999). Studies

have causally linked both increased migration and invasion to EMT, demonstrating in
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vitro that some post-EMT cells are migratory and invasive than their pre-EMT 

counterparts (Chitalia et al., 2008, Wolf et al., 2002, Levy et al., 2004, Ge et al., 2009, 

Ishitani et al., 2003, Ishitani et al., 1999).
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Figure 1.8: Key events during EMT. Four key steps are essential for the completion of EMT 

and involve the modulation of epithelial and mesenchymal markers. Figure modified from 

(Aroeira et al., 2007).
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1.8.3 Transendothelial or lymphatic migration and extravasation

Likewise, just as EMT is essential for the initial transformation of cells, mesenchymal 

to epithelial transition (MET) is critical for the later stages of metastasis. This latter 

stage is most likely triggered by the local environment after extravasation towards the 

parenchyma of the invaded organs (Foroni et al., 2012). An important observation to 

note is that elongated and rounded forms of movement are inter-convertible or plastic, 

as demonstrated by treatment with protease inhibitors resulting in conversion of the 

elongated mode to rounded (Wolf et al., 2003c). An example of this was observed in 

melanoma cells where spontaneous conversion between modes of migration occured 

(Sanz-Moreno et al., 2008). Studies have illustrated that different modes of individual 

cell migration not only occur in cancer cells, but also occur in migratory processes 

during development and in the immune system. For instance, dentritic cells, 

neutrophils, B-lymphoblasts and T-lymphoblasts migrate driven by high levels of 

actomyosin contractility (Lammermann and Sixt, 2009, Wolf et al., 2003d). Therefore, 

examining the ability of genes that regulate cell shape, dynamics and movement in 

oesophageal carcinogenesis is critical in keeping this tumour at its site of origin for 

better clinical outcome in patients.

Tumour cells intravasate and extravasate out of blood vessels by crossing endothelial 

layers as part of the metastatic cascade, and to do this cells must undergo dramatic 

changes in their shape which is galvanised by a reorganization of their cytoskeleton. 

The survival of tumour cells inside of a blood vessel is affected by various factors, 

includirg haemodynamic forces, immunological stress and collisions with blood cells. 

Thus, oily a small porportion of tumour cells manage to extravasate the blood vessels
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(Eyles et al., 2010). The majority of cancer cells that enter the bloodstream are detained 

in the microvasculature of the first organ they pass through (Weiss et al., 1988). The 

first sign of metastasis in the majority of tumours of epithelial origin is most often 

found in regional lymphatic nodes. Tumour cells can produce local or regional 

metastasis once inside the lymphatic vessels, and immune vigilance can lead to 

quiescence in individual cells by arresting the cell cycle through signals mediated by 

cytokines (Shen et al., 2011, Marchan et al., 2011).

Mechanical or occlusive detainment will arise if the tumour cell has a diameter greater 

than that of a given blood vessel (Tseng et al., 2004). Conversely, if the cell has a 

diameter less than that of the blood vessel it attaches to the wall to enable it to leave the 

bloodstream. Moreover, it has been shown that tumour cells can associate with platelets 

to evade natural killer cells (Palumbo et al., 2005). Platelets can also promote VEGF 

accumulation between a tumour cell and the endothelial tissue, thus accomadating 

vascular hyperpermeability and extravasation (Weiss et al., 1988, Nash et al., 2002).The 

microenvironment of a target organ is a determinant for the survival of tumour cells, 

however, the accumulation of these malignant tumour cells in a given organ can 

establish an adequate stromal microenvironment to allow metastasis (Psaila et al., 2007, 

Perelmuter and Manskikh, 2012). Figure 1.9 highlights the key players involved in 

tumour cell dissemination.
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Figure 1.9: Tumour cell dissemination. Tumour cells separate from a primary tumour and 

migrate to the blood or lymphatic vessels for dissemination to a secondary site. This process 

includes changes in expression of multiple genes involved in cell adhesion, survival, 

chemoattraction, growth factors and miRNAs (adapted from (Hernandez-Caballero, 2013).
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1.9 Potential regulators of OAC migration identified by siRNA 

library screening

This study was one of the first attempts to implement siRNA screening to investigate 

potential targets for cytoskeletal rearrangements in OAC. Dissecting regulators of 

cytoskeletal remodelling could potentially lead to the development of novel therapeutics 

specifically targeted to prevent tumour dissemination. Further investigation of the 

potential roles of two gene hits (CSNl and RRM2) are described in chapter 5. CSNI 

downregulation contributed to distinct cytoskeletal rearrangements that elicited a pro- 

migratory phenotype, and this work investigated the implications of its knockdown on 

the WNT/p-catenin pathway. Additionally, RRM2 knockdown had multifunctional 

effects, hindering proliferation and migration in GOhTRT cells, however, potential 

epithelial to mesenchymal transition (EMT) was apparent in the surviving S-phase 

population.

1.9.1 Wnt and the p-catenin Signalling Pathway

In 1982, the WNT-P-catenin network was first identified with the discovery of the 

proto-oncogene Inti in mice, known now as Wntl (Doble and Woodgett, 2003). Since 

that discovery, the diverse roles of WNT have been identified, including the control of 

essential developmental processes such as cell growth, polarity and differentiation in an 

array of organ systems. Furthermore, WNT signalling has a vital role in the daily 

systems of tissue homeostasis, skin and hair regeneration, intestinal homeostasis and 

haematopoiesis (Cole et al., 2004, Ding et al., 2005, Thornton et al., 2008, Eun Jeoung 

et al., 2008). In addition to its vast array of functions, WNT signalling is also implicated 

in apoptosis (Choi et al., 2004, Huang et al., 2009b), genetic stability and instability (Ha

47



et al., 2004, Rubinfeld et al., 1996), and cell migration (Feijs et al., 2013, Ikeda et al., 

2000). There are 19 WNT ligands altogether, and more than 15 receptors and co

receptors dispersed over seven families of mammals (Shekhar et al., 2008). Wnt 

signalling has shown to encompass a network of individual signalling pathways, 

triggered by individual Wnt ligands binding to Frizzled and other co-receptors on the 

surface of the cell. Subsequent downstream pathways include classical canonical WNT- 

induced activation of P-catenin-TCF (T-cell factor) transcriptional complexes, or non- 

canonical (P-catenin independent). These pathways are activated by specific ligand- 

receptor pairings at the cell surface (Zhang et al., 2006, Gerard et al., 2012).

This pathway then activates the transcriptional activity of the armadillo repeat- 

containing protein P-catenin, which then localizes to multiple subcellular locations, 

including the cytoplasm where its levels are controlled, the nucleus where it participates 

in transcriptional regulation and chromatin modifications, as well as adheren junctions 

(Dao et al., 2012, Chitalia et al., 2008). The levels of P-catenin in the cytoplasmic pool 

are tightly regulated via phosphorylation by the ‘destruction complex’, which includes 

glycogen synthase kinase 3P (GSK3P), casein kinase la (CKla), and the tumour 

suppressor adenomatous polyposis coli (APC) (Wolf et al., 2002). Phosphorylation 

targets cytoplasmic P-catenin for ubiquitylation and subsequent proteasomal 

degradation in the absence of WNT signalling (Levy et al., 2004). In order to generate a 

transcriptionally active complex, p-catenin-TCF drafts the transcriptional co-activator 

CREB-binding protein (CBP) or ElA-associated protein p300, to name just a few 

(Ishitani et al., 1999, Mahmoudi et al., 2009).

48



As indicated previously, there are P-catenin-independent pathways. For instance, 

hepatocyte growth factor (HGF) promotes P-catenin stabilization in colorectal cancer 

cells via the MET-dependent inhibitory phosphorylation of GSK3P on Ser9 (Shitashige 

et al., 2010). BCR-ABL in chronic myeloid leukaemia phosphorylates P-catenin on the 

tyrosine residue, leading to its stabilization and nuclear signalling activity by decreasing 

its binding to E-cadherin (Lee et al., 2001). P-catenin can modulate a plethora of 

downstream biological processes with its potential to bind to a broad spectrum of 

transcription factors other than TCF/LEF. Such processes include oxidative stress, 

pluripotency, melanocyte development and epithelial-to-mesenchymal transition (EMT) 

(Flikasa et al., 2010).

Given the crucial roles of Wnt signalling, this cascade must be tightly regulated, and

aberrant signalling has been affiliated with many types of cancer (Wu et al., 2008, Du et

al., 2012), as well as other diseases such as fibrosis and neurodegenerative disorders

(Winer et al., 2006, Kitagawa et al., 1999, Latres et al., 1999, Winston et al., 1999, Hay-

Koren et al., 2011). Aberrant WNT activation due to germline mutations in the tumour

suppressor APC were shown to cause familial adenomatous polyposis at an early age,

and subsequently progress to colorectal cancer with 100% penetrance. Loss of function

in both alleles of APC is associated with tumorigenesis due to P-catenin protein stability

and chromosomal stability (Sachdev et al., 2001, Yamamoto et al., 2003, Ishitani et al.,

2005). Oncogenic P-catenin mutations were first described in colon cancer and

melanoma (Yamada et al., 2006), and then subsequently found to arise in a variety of

tumours, including hepatocellular carcinomas, thyroid tumours and ovarian

endometrioid adenocarcinoma (Elfert et al., 2013, Cohen, 2001, Aberle et al., 1997,

Hart et al., 1999). Epigenetic silencing also occurs whereby the expression of negative
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regulators of the WNT-P-catenin network is altered. It has been described in the colon, 

oesophagus, breast, prostate and lung cancers that methylation of genes occur in WWT 

antagonists, such as the secreted Frizzled-related proteins (SFRPs) (Liu et al., 2005, 

Cselenyi et al., 2008, Piao et al., 2008, Wu et al., 2009).

Angiogenesis has become a hot topic in cancer research, and Wnt signalling has been 

implicated in this process to drive tumour formation and progression (Smalley et al., 

1999, Kishida et al., 1999b). Wnt5a is an important regulator of the Wnt signalling 

cascade, and it has been proven to play a fundamental role in lung development and 

tumorigenesis (Fiedler et al., 2011, Mao et al., 2001). A recent study validated these 

findings when Wnt5a showed close association with vasculogenic mimicry (VM) and 

microvessel density (MVD) in non-small-cell lung cancer (NSLC) specimens. 

Additionally, patients with NSCLC that were Wnt5a positive had a shorter overall 

survival time (Li Vivian et al., 2012). A correlation of nuclear P-catenin expression and 

poor survival outcome was also made in human cervical squamous cell carcinoma 

(CSCC), and nuclear P-catenin expression corresponded with poor prognosis in patients 

receiving either postoperative chemotherapy or radiotherapy (Bilic et al., 2007). 

Nuclear P-catenin acts as a transcription factor that drives the expression of target genes 

essential for EMT and metastasis (Schwarz-Romond et al., 2007a, Schwarz-Romond et 

al., 2007b). High nuclear expression of P-catenin combined with P13K pathway 

activation was identified in colon cancer patients susceptible to distant metastasis. The 

data implied that although the transcriptional activity of nuclear P-catenin depended on 

P13K activity, P13K on its own did not affect P-catenin subcellular localization, so both 

factors synergize for complete WNT signalling (Cong et al., 2004)
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1.9.2 COP9 Signalosome and CSNl

Ubiquitinylation, the posttranslational covalent conjugation of ubiquitin molecules, are 

vital for cellular activity and protein turnover. Ubiquitin-ligase enzymes (E3s) are at the 

helm of the final steps of ubiquitinylation reactions, and the multi-subunit cullin-RING 

E3 ubiquitin ligases (CRLs) are the most prominent of the E3 enzymes. Cullin 

neddylation/deneddylation cycles are central to CRL activity. The constitutive 

photomorphogenesis 9 signalosome (COP9/CSN) deneddylates CRLs and thus 

regulates CRL activity. The COP9 signalosome is an evolutionary conserved 

multiprotein complex which was first identified in a screen of mutant seedlings 

exhibiting constant photomorphogenesis almost 20 years ago (Schwechheimer, 2004).

In higher organisms, the complex is composed of 8 subunits, termed CSNl to CSN8. 

CSN subunits (CSN 1, CSN2, CSN3, CSN4, CSN7, and CSN8) contain PCI domains 

(groteasome, COP9, and initiation factor 3) (Hofmann and Bucher, 1998a). CSN 

subunits (CSN5 and CSN6) contain an MPN domain (Mprl-Padl-N terminal). The 

MPN domain of CSN5 contains the motif JABl/MPN/Mov34 metalloenzyme (JAMM), 

which is responsible for the enzyme activity of CSN, particularly the cleavage of a 

ubiquitin-like protein Nedd8 (neural precursor cell expressed developmentally 

downregulated gene 8) from cullin-RING E3 ligases (CRL) (Cope et al., 2002). A 

recent study highlighted that this catalytic function is dependent on the integrity of the 

complex (Echalier et al., 2013). CSN6 comprises a non-catalytic MPN domain lacking 

the JAMM motif however, and it has recently been highlighted as dispensable for 

complex integrity and deneddylation (Pick et al., 2012).
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The ability of CRLs to ubiquitinate protein substrates prior to their 26S proteasome 

degradation is regulated by the CSN complex (Lyapina et al., 2001). Covalent 

attachment of NeddS to cullins causes conformational changes in the CRT architecture, 

thus, generating a platform for substrate ubiquitination (Duda et al., 2008, Saha and 

Deshaies, 2008). The CSN then catalytically removes Nedd8 from cullins, reversing the 

rearrangement, and inducing partial CRT disassembly and physical separation of the 

functional modules from one another (Cope et al., 2002, Lyapina et al., 2001, Duda et 

al., 2008). To stabilize the CRLs in an inactive state, nonneddylated cullins bind to 

CANDl, a 120-kDa HEAT repeat protein (Schmidt et al., 2009). It has recently been 

established that CSN can inhibit CRL function in a noncatalytic fashion as well, by 

physically binding the CRLs, independently of deneddylation, and hinder interactions 

with E2 enzymes and ubiquitination substrates, reducing the ubiquitin ligase activity of 

the CRLs (Emberley et al., 2012, Enchev et al., 2012).

This multifunctional protein complex also acts as a key regulator of critical biological 

responses such as circadian rhythm, embryonic development, T cell development, 

signal transduction in inflammation, DNA damage and cell cycle progression, as well 

as, angiogenesis and microenvironment homeostasis, which are essential for tumour 

development (Wei et al., 2008, Bech-Otschir et al., 2002, Clevers, 2006, Salic et al., 

2000, Bosanquet et al.). Moreover, accumulating data indicates a strong correlation 

between aberrant functioning of the CSN and multiple cancers, thus targeting CSN for 

cancer intervention represents a rational approach, however, the molecular pathways 

still remain unclear and an in-depth understanding of the processes that regulate its 

mode of action requires further elucidation (Shackleford and Claret, 2010, Richardson 

and Zundel, 2005, Lee et al., 201 la).
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1.9.3 CSN: Potential Oncogene

As mentioned previously, COP9 signalosome plays a key role in the ubiquitin-mediated 

protein degradation in many tumour suppressors or oncogene products. Further 

examples of COP9 signalosome proteolysis is evident in Mdm2, Smad7, Runx3, Idl, 

Skp2 and HIFl (Zhao et al., 201 la, Zhang et al., 2008a, Kim et al., 2004, Kim et al., 

2009). Analysing Gene Expression Omnibus and human cancer patient transcriptomic 

data sets in Oncomine have revealed that CSN5 and CSN6 are overexpressed in many 

types of cancer (Vermes et al., 1995, Vermes et al., 2000, Cornelissen et al., 2002). It is 

unknown, however, if the other subunits that make up the COP9 subunit have a role in 

cancer, as only a few are documented and have shown to be important for tumour 

suppression. CSN3 has been shown to play a role in myeloid leukaemia factor 1- 

mediated arrest, and its deficiency impairs p53 activation, facilitates cell proliferation 

and perturbs COPl-mediated p53 degradation (Lo et al., 2013). These findings are 

questionable as C.vtti-knockout mouse embryos have increased cell death, with lower 

expression of CSN3 correlating with better survival in patients representing with 

tumours with a Ras signature (Strauch et al., 2003).

Another study highlighted that CSN2 overexpression can lead to VEGF production, as 

well as affecting anaphase-promoting complex to prolong the stability of cyclin A (van 

Heumen et al., 2012). Interestingly, CSN2 overexpression leads to chromosome 

instability, however, the Csn2 gene is lost in several types of cancer (Deuk Kim et al., 

2006, Yee et al., 2005). S-phase kinase-associated protein 2 (Skp2), which is involved 

in p27 degradation, is downregulated upon Csn4 knockdown (Jeong et al., 2003, Im et 

al., 2001). Flence, it is obvious that the COP9 signalosome subunits have emerging
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roles in cancer. CSN5 overexpression has been characterised in many types of cancer to 

a greater extent than the other subunits. For instance, CSN5 overexpression correlates 

with p27 down-regulation in invasive breast cancers (Esteva et al., 2003, Kouvaraki et 

al., 2003). CSN5 is also important for deneddylation of cullin-based ubiquitination 

ligases, which is important for driving cell transformation (Adler et al., 2008). CSN6’s 

role in cancer is less documented. Nontheless, high-resolution comparative genomic 

hybridization analysis in breast cancer cell lines and tumour samples yielded a high 

percentage of samples that have amplification of the genomic region where CSN6 

resides, and a positive correlation exists between CSN6 gene copy numbers with the 

breast tumour size (Zhao et al., 2011b). A study by Zhang and colleagues further 

indicated that CSN5 associates with p53 and facilitates MDlVI2-mediated p53 

ubiquitination and promotes p53 nuclear export. Moreover, CSN5 expression stabilises 

MDM2 through reducing self-ubiquitination, thus decelerating turn-over rate of MDM2 

(Zhang et al., 2008b).

Another study conveyed that CSN6 overexpression positively correlates with MDM2

protein overexpression in human breast cancer sample studies. Data from this study also

showed that CSN6 gene amplification was found without coexisting MDM2 gene

amplification and p53 mutation/deletion, signifying that CSN6 overexpression leads to

increased MDM2 stability (Zhao et al., 2011b). The gene expression of p53

transcriptional targets (PUMA, BAX, p21 and 14-3-3ct) is downregulated in cells

overexpressing CSN6 gene (Zhao et al., 2011b). CSN6 was also shown to associate

with COPl endogenously. COPl is another E3 ligase for p53, and was characterized

recently as being involved in 14-3-3a ubiquitin-mediated degradation also. Mechanistic

studies revealed that CSN6 increases COPl stability through inhibition of ubiquitin-
54



mediated COP! proteasomal degradation (Choi et al., 201 lb). Mouse models have been 

utilised to demonstrate the oncogenic activity of CSN, and one such study presented a 

CSN5 D151N mutant that alters one of the conserved D residues coordinating the 

JAMM^ domain activity reducing tumour cell proliferation and lower tumour grade 

(Adler et al., 2008). An additional transgenic mice study suggested CSNS’s role in 

tumour development as its overexpression resulted in myeloproliferative disorder and 

reduce the expression of pi6 ink4a (Mori et al., 2008). CSN6 overexpression in a 

xenograft cancer model lead to increased cell foci formation (transformation), tumour 

weight and tumour growth rate (Zhao et al., 201 lb). Several investigations have been 

underway to demonstrate that the mammalian CSN subunits are involved in the 

developmental process. Examples of this are seen in studies where targeted disruption 

of CSN2, CSN3, CSN5, CSN8 and CSN6 resulted in defected embryo development, 

leading to early embryonic lethality. The detailed mechanistic regulation of the subunits 

in these cases however remain largely elusive (Zhao et al., 201 lb, Tomoda et al., 2004, 

Varisli et al., 2014, Rosso et al., 2014, Tomoda et al., 1999).

1.9.4 CSNl

Among all eight subunits of the complex, CSNl is known to be the longest and play a 

crucial role in complex integrity (Tsuge et al., 2011, Peth et al., 2007a). The overall 

shape of Arabidopsis thaliana CSNl (atCSNl) is similar to the club head of a golf iron 

with dimensions approximately 75 A x 57 A x 25 A (Figure 1.10). Its crystal structure 

comprises two helical repeat domains (HR-1 and HR-II), a linker helix (LH), and a large 

PCI domain (PCID) at the C-terminal half of the protein. This C-terminal domain 

(CTD) 280 amino acid residue (aa) docks the binding sites for CSN2, 3, and 4, and is
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necessary for CSNl to integrate into the CSN complex with other subunits (Veeman et 

al., 2003, MacDonald et al., 2009). HR-I and HR-11 consist of tandem arrays of two and 

three helix-turn-helix units respectively. LH joins together HR-I and HR-11 and it is the 

longest single a-helix within the protein. The PCID of CSNl can be split into two 

subdomains, helix bundle (HB) subdomain and winged-helix (WH) subdomain 

(Hofmann and Bucher, 1998b, De, 2011). The N-terminal domain (NTD) 196 aa region 

of the human CSNl (CSNl-N) does not associate with the complex, but it is necessary 

to inhibit activator protein 1 (AP-1) activity and c-fos induction (MacDonald et al., 

2009). Tsuge et al substantiated their previous findings in 2001, that CSNl has a 

negative impact on the AP-1 pathway. They revealed that CSNl inhibits UV and MEKl 

induced c-Jun phosphorylation, represses c-Jun dependent transcription activity, and 

silences JNKl expression (MacDonald et al., 2009, Tsuge et al., 2011).

A recent study described that the C-terminal tail beyond the PCID domain of H. sapiens 

CSNl (hsCSNl), interacts with IxBa in the NF-kB signalling pathway. This data 

highlighted that the CSN complex utilises multiple mechanisms to hinder NF-kB 

activation, and that this principle is likely to be the case for its regulation of many other 

targets and associated pathways. For instance, it is shown that the C-terminal tail of 

CSNl interacts with IkBu, potentially delivering it to CSN-recruited USP15 for 

deubiquitination (Lee et al., 2013).
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Figure 1.10: Crystal Structure of atCSNl. (A) Domain structure of atCSNl, with four major 

domains, helical repeat-1 (HR-I), linker helix (LH), helical repeat-11 (HR-ll), and PCI domain 

(PCID). The PCID contains the helix-bundle (HB) and winged-helix (WH) subdomains (B) 

Ribbon representation of atCSNl, coloured by domain structure. Secondary structures are 

labelled (Lee et al., 2013).

1.9.5 Ribonucleotide Reductase

Ribonucleotide reductase (RR) is an essential rate-limiting enzyme required for the de

novo production of precursors of 2’-deoxyribonucleotide 5’-triphosphates, which are

the basic building blocks for DNA synthesis. RR catalyzes the conversion of

ribonucleotide diphosphates to the corresponding 2’-deoxyribonucleoside diphosphates

that are necessary for DNA replication and repair (D'Angiolella et al., 2012). In

mammals, RR is a heterodimeric tetramer consisting of two large subunits (RRMl) and

two smaller subunits (RRM2 and RRM2B). RRMl comprises an active site and an

allosteric site, controlling enzyme activity and substrate specificity, respectively.

Catalysis requires the tyrosyl free radical and binuclear iron centre, which are both
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located in RRM2 (Gao et al., 2014). RRM2B is the p53-inducible small subunit that 

substitutes for RRM2 and forms the RR holoenzyme responsible for DNA repair 

(MacDonald et al., 2009).

RR is reported to correlate with cell proliferation and differentiation (Logan and Nusse, 

2004, Luo et al., 2007), and RR activity needs to be coordinated with cell cycle 

progression in order to preserve the balance between both dNTP production and DNA 

replication. Unbalanced dNTP pools can cause genetic anomalies, tumorigenesis and 

cell death (Gao et al., 2014, Deribe et al., 2010). RRMl protein is relatively stable 

throughout the cell cycle, and is always in excess of RRM2. Therefore, the enzymatic 

cell-cycle dependent activity of RR is modulated by levels of its M2 subunit (RRM2), 

which is expressed during the G|-early S-phase when DNA replication occurs 

(Engstrom et al., 1985, D'Angiolella et al., 2012, Stamos and Weis, 2013). Studies have 

also shown that RRM2 is transcriptionally regulated by cell cycle associated factors 

such as E2F (Jiang and Struhl, 1998).

1.9.6 Protein structure

The central structural motif of human RRM2 (hRRM2) are eight bundled long helices 

(aA-aH) with connecting shorter helices (al-a3) and loops (Figure 1.11). The a-barrel 

structure is unusual and has three layers of helices hosting a diiron-radical cofactor and 

a flexible C-terminal tail invisible by biophysical techniques, but accepted to be at the 

RRM1-RRM2 interface involved in radical transfer (Swiatek et al., 2006, Wan et al., 

2008). The precise active quaternary structure of the mammalian class RR holoenzyme
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is still unknown, however, the holoenzyme complex built based on the E.coli subunit 

structures remains the most accepted, where the top layer aH and the C-loop are close 

to the RRM1-RRM2 interface (Davidson et al., 2009, Abrami et al., 2008). Previous 

studies proposed that hRRM2 localized only to the cytoplasm forming the holoenzyme 

with the large and small RR subunits (Gao et al., 2014), however RRM2 expression was 

visualised in the nucleus in approximately 20% of colorectal cancer specimens in one 

study (Kim et al., 2013b). It was determined that dNTPs may be synthesized in the 

cytoplasm before diffusing into the nucleus for DNA incorporation (MacDonald et al., 

2011), however, fluorescence labelling and cell fractionation studies validated that 

RRM2 translocates into the nucleus under genotoxic stress or cell proliferation in KB 

and PC-3 cancer cell lines (Ikeda et al., 1998, Yamamoto et al., 1999, Jho et al., 1999). 

In budding yeast, the small RNR2 and RNR4 subunits translocate from the nucleus to 

the cytoplasm under hydroyurea and methyl methanesulfonate treatments (Zhang et al., 

201 1).

Ml-M2 interface
r

C-terminal • C-terminal

M2-M2 interface

Figure 1.11: Two views of a cartoon diagram of human RRM2 (hRRM2). Shown is the top

level (helices aG, aH; cyan), middle level (helices aD, aE, aF; violet), bottom level (aA, aB, 

aC; yellow), dinuclear irons (orange), radical harbouring Y176 (blue), and pocket 5 coloured 

green. C-loop, C-terminal, N-terminal, Ml-M2 interface, and M2-M2 interface are marked. The

figure was drawn with Sybylxl.3 (Zhou et al., 2013).
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1.9.7 RRM2: prognostic potential

Previous studies have identified RRM2 as a diagnostic marker and indicator of poor 

patient survival in several types of malignancies (Morikawa et al., 2010, Liu et al., 

2013, Jones et al., 2012). Clinical studies have found that RRM2 expression is closely 

correlated with the development of gastric, biliary tract, colorectal, pancreatic, and 

ovarian cancer (Cong et al., 2004, Clevers, 2006, Hernandez et al., 2012, Kim et al., 

2013b). For instance, in pancreatic ductal adenocarcinoma, lower RRIV12 mRNA levels 

are associated with better and disease free survival in gemcitabine-treated patients 

(Clevers, 2006, Clevers and Nusse, 2012). Moreover, a high level of RRM2 mRNA in 

other cancer types correlates with chemoresistance, cellular invasiveness, and poor 

outcome, implicating RRM2 in malignant progression (Polakis, 2000, Cadigan and 

Peifer, 2009). Zhang et al. demonstrated that RRM2 considerably impacted the survival 

of breast cancer patients in 6 out of 7 independent microarray data sets (Zhang et al., 

2014). These findings were validated in studies that included participants with different 

genetic and socioeconomic background. In particular, the data suggested that RRM2 

was more accurate for predicting patient outcomes with ER-negative breast cancer than 

uPA, Ki-67, HER2 and Elson grade (Jensen, 2006).

A recent study in cervical carcinogenesis also revealed that a positive RRM2 expression 

correlated with poor clinicopathological characteristics such as older age, advanced 

stage, deep stromal invasion, large tumours, high grade tumours and positive 

parametrial invasion. Also, RRM2 was highly expressed in patients with positive pelvic 

node metastasis at the time of surgery. In this instance, patients with positive RRM2 

expression receiving cisplatin-containing treatments seemed to have the worse
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prognosis (Liu et al., 2002). It seems that cancer cells are more sensitive to the 

cytotoxic effect of RR inhibiton than normal cells because of the increased need for 

dlMTPs for proliferation, decreased adaptability and low receptiveness to regulatory 

signals. Thus, this enzyme is a key target for cancer chemotherapy. However, in spite of 

the above findings, the results for non-small cell lung cancer are inconsistent. Li et al. 

determined that RRIVI2 may serve as a biomarker for gemcitabine response, however, 

another study indicated that RRM2 expression did not effect gemcitabine response (Li 

Vivian et al., 2012, Wodarz and Nusse, 1998). A recent study determined that patients 

with a lower RRM2 expression gained a significantly higher response to platinum- 

based chemotherapy and a longer time to progression (TTP) and OS than those with 

high RRM2 expression levels. Nevertheless, RR1V12 failed to reach statistical 

significance to be an independent predictive factor when analyzed with a Cox 

regression model (Peifer and Polakis, 2000).

1.9.8 RR1VI2: targeted therapy

RRM2 inhibition using hydroxyurea significantly enhanced the chemosensitivity of a 

head and neck cancer cell line to gemcitabine (Yanfeng et al., 2006). Studies have 

shown that using siRNA to inhibit RRM2 overexpression significantly reverses cancer 

cell resistance to chemotherapeutic agents and gamma radiation (Willert and Nusse, 

2012, Ke et al., 2013). RNAi mediated inhibiton of RRM2 also reduced the invasion 

ability in MDA-MB-231 and ZR-75-1 breast cancer cells, which was consistent with 

previous studies on other cancers (Djiane et al., 2005, Koo et al., 2012). RRM2 siRNA 

nanoparticle therapy significantly reduced tumour progression in head and neck 

squamous cell carcinoma (HNSCC) by inducing apoptosis (Rahman et al., 2012). The
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clinical version of this delivery system is now in a Phase 1 clinical trial (CALAA-01) 

treating patients with solid cancers (httD://clinicaltrials.Rov/show/NCT00689065). Th; 

nanoparticle formulation of siRNA comprises a cyclodextrin-containing polymer (CDF) 

and human transferrin as a ligand for binding to transferrin receptors typicall/ 

upregulated on the surface of cancer cells. This nanoparticle formulated with siRNA 

targeting RRM2 has been able to bypass undesirable nonspecific side effects, as the 

specific targeting properties of the system allows for a more selective delivery b 

tumour tissue (Hao et al., 2012). Additionally, no hematopoietic toxicity was detected 

after administration of high doses to cynomolgus monkeys (Yamamoto et al., 2005).

1.9.9 RRM2: malignant potential

Further analysis has shown that RRM2 is not only a rate-limiting component for 

ribonucleotide reduction, but is also capable of cooperating with a number of oncogenes 

in the mechanisms of cellular transformation and tumorigenesis (Kim and Jho, 2010). 

RRM2 increases oxidized ROS, which may trigger the signalling pathway of Ras/Raf :n 

cancers (Callow et al., 2011). Nevertheless, RRM2 may also be induced by oncogen e 

KRAS (Fei et al., 2013). Silencing RRM2 could enhance DNA damage and markedly 

sensitize HCT-116 cells to the topoisomerase 1 inhibitor, camptothecin (Ke et al., 2013). 

Overexpression of recombinant mouse RRM2 (homologous with human RRM2) was 

shown to cause an increase in membrane-associated Raf-1 expression (30%), MARK 

activity (70%) and Rac-1 activation (3-fold), culminating in markedly elevated 

metastatic potential in the mouse fibroblastic cell line BALB/c 3T3 and NIH 3T3 cells 

(Kim and Jho, 2010).
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Its overexpression was also implicated in enhancing the cell invasion ability of cancer 

cell lines by increasing MIVlP-9 expression in an NF-KB-dependent manner in 

pancreatic adenocarcinoma (Cadigan and Peifer, 2009). One study revealed that RRM2 

overexpression positively regulated tumour growth and angiogenesis through adjusting 

the expression of vascular endothelial growth factor (VEGF) and thrombospondin-1 

(TSP-1) (Zhang et al., 2009b). Furthermore, RRM2 overexpression in KB (a subline of 

HeLa) and PC-3 cells induced the migration capacity of human umbilical vein 

endothelial cells (HUVECs) (Rui et al., 2002).

Previous data revealed that HCT-116 cells with reduced RRM2 had an impaired 

anchorage-independent growth too (Fei et al., 2013). Recent findings have emerged that 

RR1V12 knockdown or decrease in intracellular dNTP levels resulted in autophagy 

induction in human cancer cells, implying that autophagy initiators monitor the 

availability of intracellular dNTPs in addition to amino acid and nutrient levels. RRM2 

is targeted for ubiquitin dependent proteasome degradation in the G| and G2/M phases 

when dNTPs are no longer required (Cervenka et al., 2011). Hence, it appears that the 

autophagic response is triggered to rapidly deplete the dNTP pool by lysosomal 

degradation, and indirectly through the downregulation of RRM2 in metabolically 

stressed cells. Furthermore, autophagy transcripts (1VIAP1LC3B, ATG5, BECNl, 

ATG12) were also upregulated upon silencing RRM2, and thus may be involved in the 

formation of the autophagosome (MacDonald et al., 2008, Chen et al., 2009). Thus, 

dNTP pool expansion, increased cell proliferation, and improvement of metastasis 

ability may partly disclose why RRM2 increases the aggressiveness and causes poor 

survival in many cancers.
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2 Materials and Methods

2.1 Bile acids

BA derivatives were kindly provided by Professor John Gilmer and Ph.D. student 

Ferenc Majer (School of Pharmacy, TCD). Commercial BAs were purchased from 

Sigma Aldrich (Sigma, Poole, Dorset, UK). BAs to be tested in biological assays were 

stored in dimethyl sulfoxide (DMSO) at 5 mM. The compounds were then diluted to the 

required concentrations with supplement free medium. The cells were treated with 

various BAs at indicated concentrations for appropriate times in supplement free media. 

Control wells were complete culture media, supplement free media, 0.5% DMSO in 

suppiment free media, and DCA (500 pM) as a positive control for cell death.

2.1.1 Synthetic chemistry

A new panel of 19 BAs (Appendix 8.1) derived from DCA, CDCA and LCA were 

prepared using synthetic approaches that were described previously for incorporating 3- 

azido and 24-amido functionality (Majer et al., Sharma et al.). Some elaboration of the 

BA 7- and 12- positions was also explored. 3p-azido, 7a-acetyloxy derivatives of 

CDCA (1-3), was obtained by converting the 7a-hydroxyl regioselectively to acetate 

ester in two steps. The OH group at position-3 was then mesylated using 

methanesulfonyi chloride in DCM in the presence of NEt3. SN2 substitution with NaN3 

afforded the 3p-azido intermediate. Methyl ester protection at C24 was removed in 

aqueous base to produce 1. This was activated using N-OH-Su or HOBt monohydrate, 

then treated with either ammonia or cyclopropyl amine to obtain 3P-azido, 7a- 

acetyloxy-24-amido CDCA derivatives 2-3. To produce 4-6, first the 3-hydroxyl group
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was selectively protected as an acetate, followed by mesylation of the 7-OH in the 

presence of tertiary base. This spontaneously eliminated when the mixture was allowed 

to stand at RT to produce the corresponding 7, 8-ene, which was purified by flash 

chromatography. Alkene 4 was de-esterified at C24 and amidated to 5 and 24- 

cyclopropylamido products (6). The OAc group in 1-3 was surprisingly resistant to 

hydrolysis under aqueous base conditions.

Five amido analogues of DCA were synthesized with 3-P-azido group on the A-ring (7- 

11). 3-Beta azido DCA reacted with five amines to afford 3-P-azido, 24-amido (7), 24- 

cyclopropylamido (8), 24-benzylamido (9), 24-cyclohexylamido (10) and 24- 

propylamido (11) analogues. Preparation of LCA derivatives (12-17) were carried out 

using similar approaches to those used to obtain the DCA derivatives i.e. methyl ester 

protection of LCA followed by 3-mesylation followed by de-esteriflcation, and 

amidation using a mixture of HOBt and EDC. The alpha azido DCA derivatives 18, 19, 

which are epimers of 7 and 8, required introduction of the 3-azide with retention of 

configuration. The formation of 3-a- azido DCA was accomplished as described 

recently, and the product amidated using the HOBt/EDC coupling approach.
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2.2 Cell culture

2.2.1 Maintenance of cell lines

Cell lines were maintained as described in the table 2.1 below. Media was stored at 4°C 

and heated to 37°C in a water bath prior to use. Foetal calf serum (FCS) 

(Gibco/Biosciences, Dublin, Ireland), penicillin-streptomycin-l-glutamine (PSG) 

(Sigma, Poole, Dorset, UK), BEBM supplement kits (Lonza, Berkshire, England), 

trypsin-EDTA (Gibco/Biosciences, Dublin, Ireland), trypsin-EDTA (ScienCell, 

California. USA) and trypsin neutralization solution (ScienCell, California, USA) were 

aliquoted and stored at -20°C. Cells were fed every 48 h and split every three days 

depending on seeding concentration and experiment.

2.2.2 Sub-culturing of cells

To facilitate the sub-culturing of the adherent cell lines treatment with trypsin-EDTA 

was required to detach the cells from the bottom of the cell culture flask. The trypsin- 

EDTA (IOX) was diluted in Hank’s balanced salt solution (HBSS) (Gibco/Biosciences, 

Dublin, Ireland) to IX concentration. To split the cells, old media was removed and the 

cells washed with HBSS. The cells were then trypsinized at 37°C for 5 min. The 

suspended cells were spun down by centrifugation for 5 min at l,500rpm. The pellet 

was then re-suspended in fresh complete media and seeded at an appropriate 

concentration depending on the cell line and experiment requirements.
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2.2.3 Cryopreservation and resuscitation of cell lines

Stocks of cells were stored prior to cryopreservation. Cells were cultured as normal and 

the cell pellet re-suspended in PCS with 10% dimethyl sulfoxide (DMSO). They were 

then stored in the -80°C freezer. For long term storage, the cells were transferred after a 

few days into liquid nitrogen. The cells were resuscitated by rapid defrosting and re

suspended in warm complete media in a T25 cell culture flask. The cells were allowed 

to adhere overnight and the media replaced the next day.

Media Origin Supplements Supplier Incubator

Conditions

Source

BEBM Human non-
tumourigenic
oesophageal
squamous
epithelium:
Immortalised- SV40
large T antigen

BEBM
Supplement

Kit

Lonza; Gibco/ 
Biosciences

37°C; 5% 
CO2

Humidified
atmosphere

ATCC

lIKKpiC EpiCM-2 Human oesophageal 
epithelium;
Primary cells

EpiCGS-2;
•PS

ScienCell 37°C; 5% 
CO2

Humidified
atmosphere

ScienCell.
California,

USA

QhIRT BEBM Human metaplastic 
Barretts
Oesophageal 
Epithelium; 
Immortalised- 
human catalytic 
subunit of 
telomerase reverse 
transcriptase 
(hTERT)

BEBM 
Supplement 
Kit; 5% ECS

Lonza; Gibco/ 
Biosciences; 

Sigma Aldrich

37°C; 5% 
CO2

Humidified
atmosphere

Gift: Dr. 
Rabinovitch

GOhTRI BEBM Human dysplastic 
Barretts
Oesophageal
Epithelium;
Immortalised-
hTERT

BEBM 
Supplement 
Kit; 5% PCS

Lonza; Gibco/ 
Biosciences; 

Sigma Aldrich

37°C; 5% 
CO2

Humidified
atmosphere

Gift: Dr. 
Rabinovitch

SKGT4 RPMl 1640 Human
Oesophageal 
Adenocarcinoma of 
Barretts Epithelium; 
Primary cells

10% ECS; 
•PSG

Gibco/ 
Biosciences; 

Sigma Aldrich

37“C; 5% 
CO2

Humidified
atmosphere

Gift: Dr. 
Schrump

OE33 RPMI 1640 Human
Oesophageal 
Adenocarcinoma of 
Barretts Epithelium; 
Primary cells

10% PCS; 
•PSG

Gibco/ 
Biosciences; 

Sigma Aldrich

37°C; 5% 
CO2

Humidified
atmosphere

ECACC

*PS; 10,000 units/ml penicillin + 10,000 
supplement-2; *PSG; 100 units/ml penicill

Table 2.1: Cell line information.

|ig/ml streptomycin;*EpiCGS: 
in + 100 pg/ml streptomycin +
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2.2,4 Cell counting

To ensure consistency between experiments, seeding of an exact number of cells are 

required. Cell numbers are estimated using a haemocytometer (Figure 2.1). The cell 

pellet is re-suspended in 10ml of complete media and 101 of the cell suspension is 

dispensed under the coverslip placed over the haemocytometer grid. Cells located in the 

four sets of sixteen squares (highlighted by red circles) were counted. This number was 

divided by four to get an average. The average number was then multiplied by ten to 

estimate the number of cells per microliter. This estimated cell number was then used to 

calculate the appropriate cell seeding solution.

Figure 2.1: Haemocytometer grid.

2.2.5 Mycoplasma testing

Cells were routinely examined for mycoplasma infection according to the MycoAlert 

Mycoplasma Detection Kit technical sheet (LONZA, Berkshire, England). 1.5ml of cell
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culture was centrifuged at l,500rpm for 5 min. 75gl of cleared supernatant was 

transferred into a white walled 96 well plate. 75ul pf MycoAlert Reagent was added to 

the well and allowed to incubate for 5 min. The absorbance was read using the Victor 

Luminometer (BMG Labtech, Brennan & Company, Dublin, Ireland). 75ul of the 

MycoAlert Substrate was added and incubated for 10 min. The plate was read for a 

second time, and the ratio of the second reading to the first reading was then calculated. 

A ratio of greater than 1 indicates that the cells are contaminated.

2.3 Cell viability assay

Cell viability was determined using the 3-[4, 5-dimethylthiazol-2-yl] 2, 5- 

diphenyltetrazolium bromide (MTT) assay as per manufacturer’s instructions 

http://www.atcc.Org/~/media/DA5285A 1F52C414E864C966FD78C9A79.ashx (ATCC, 

Manassas, USA). The yellow tetrazolium MTT (3-(4,5-dimethylthiazolyl-2)-2, 5- 

diphenyltetrazolium bromide) is reduced by metabolically viable cells by the action of 

dehydrogenase enzymes, generating reducing equivalents such as NADH and NADPH. 

The final intracellular purple formazan can be solubilized and quantified by 

spectrophotometry. The reduction of tetrazolium salts is widely accepted as a reliable 

way to examine cell proliferation.

Cells were plated into 96 well plates at a concentration of 2 x 10^ cells/ml (in 100 gl) or 

5 X 10"^ cells/ml (in 80 gl), for BA treatment and siRNA reverse transfection, 

respectively. Control wells were treated with complete culture media, media without 

supplements or DCA (500 gM) as a positive control for cell death. Vehicle wells were
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treated with 0.5% DMSO. After appropriate treatment times 10 pi of MTT reagent was 

added to cells and incubated for 3 h. Detergent reagent (100 pi) was added to lyse the 

cells and left at room temperature overnight or at 37°C for 2 h. The plates were shaken 

to dissolve the formazan crystals and then read at a wavelength of 570 nm on the 

VERSAmax Microplate Reader (Molecular Devices, Sunnyvale, CA, USA). Cell 

survival was determined by dividing the absorbance of treated cells into the absorbance 

of vehicle control treated cells.

2.4 Transfection of cells with siRNA

Small interfering RNAs (siRNAs) (siGenome-SMARTpool; Medical Supply Company, 

Dublin, Ireland) were reverse transfected into GOhTRT cells using the Dharmacon 

protocol for reverse transfection as a guideline

(http://dharmacon.gelifesciences.com/uploadedFiles/Resources/reverse-transfection-

sirna-of-sirna-protocol.pdf). Each siRNA and Dharmafect transfection reagent were 

prepared in separate tubes in serum and antibiotic free media and left for 5 min. The 25 

nM siRNA and 0.2 pi Dharmafect 4 were added and incubated for 20 min to allow 

transfection complexes to form. A reverse transfection was carried out whereby 20 pi of 

transfection complex was placed into a well of a 96 well plate, followed by 80 pi of 

cells in antibiotic and serum free media at a concentration of 5,000 cells/well. Media 

was changed after 48 h and replaced with complete media for a further 48 h, giving a 

total transfection time of 96 h. The control siRNA used was a non-targeting negative 

control (siNT) and a positive control (siGATA6) that reduces cell viability.
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2.4.1 Transfection of cells with siRNA- screen setup

The complete library (Human siGENOME siRNA Library- Druggable Genome) 

consists of SMARTpool siRNA reagents, that contains four rationally designed siRNAs 

targeting a distinct region of the target mRNA. This assures gene silencing and reduces 

the incidence of off-target effects. Cells were transfected with the SMARTpool siRNA 

reagents (25 nM final concentration) using the Dharmacon Dharmafect lipid 

transfection reagent at a final concentration of 0.2 pL/well, allowed to complex for 20 

min at room temperature. Transfection was monitored by microscopy. This siRNA 

library contained 76 plates altogether, with each well of the plate corresponding to an 

individual siRNA.

Reverse transfection was the performed at a seeding density of 5 x 10^ using the Matrix 

Wellmate multiplate liquid handling robot, then 20 pi of the complex was added to this, 

using a multichannel repeatman (Thermo Scientific). Plates were then left for 96 h at 

37°C. Seven plates were setup using this method, three plates for analysis of cell 

viability using the MTT assay, three plates were treated with DCA for 3 h before testing 

cell viability using the MTT assay, and finally one plate was fixed and stained as 

described below.
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2.5 RNA Extraction

RNA extraction was carried out using the RNeasy Plus Mini Kit (Qiagen, West Sussex, 

UK) as per the manufacturer’s protocol

https://www.qiagen.com/ie/resources/resourcedetail?id=c8cdc6bf-5bbf-4e3b-a0f4-

476da92l5012&lang=en. In brief, genomic DNA (gDNA) was removed by passing the 

cell lysate through a gDNA eliminator column which bound gDNA. RNA was then 

precipitated from the remaining flow through using 70% ethanol. This RNA was bound 

to a purification column. Purified RNA was eluted using RNase-free water after a 

number of washing steps. A NanoDrop Spectrophotometer (NanoDrop Technologies 

Inc, Wilmington, US).

2.6 Real Time Reverse Transcription Polymerase Chain Reaction

The RETROscript® kit (Applied Biosystems, Warrington, UK) was used to reverse 

transcribe the RNA as per the manufacturer’s protocol 

https://tools.thermofisher.com/content/sfs/manuals/cms 056140.pdf. In brief, RNA (2 

pg) was heat denatured at 70°C for 3 min followed by cooling to 42°C to anneal with 

the oligo deoxythymidine primer. Real Time PCR was carried out in a 384-weli clear 

reaction plate (Applied Biosystems, Foster City, CA) using the ABl Prism 7900T Real 

Time Thermocycler (Applied Biosystems, Foster City, CA). The fold change in gene 

expression was calculated using the ^'^Ct relative expression method (Livak and 

Schmittgen, 2001) where glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was 

used as an endogenous control and untreated resting samples were used as the calibrator 

for fold change.
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2.7 Immunofluorescence staining

GOhTRT cells were gently washed with sterile phosphate-buffered saline (PBS) and 

fixed with 4% paraformaldehyde (PFA) for 15 min at 37°C. The cells were washed 

once with PBS-0.01% Tween (PBST) and permeabilized with 0.3% Triton X-lOO in 

PBS for 5 min at room temperature. The permeabilization buffer was removed and the 

cells blocked with 3% BSA in PBS for 30 min at room temperature. The primary mouse 

anti-a-tubulin in 3% BSA-PBS was incubated at a dilution of 1:2000 for I h at room 

temperature. The cells were washed three times in 0.01% Tween 20 in PBS. The cells 

were then incubated in the dark for 30 min in a mixture of Alexa Fluor® 488 anti

mouse secondary antibody (1:500), phalloidin-TRITC (1:250) and Hoechst 33342 

(1:5000) in the BSA blocking agent. The cells were washed another three times with 

0.01% Tween 20 in PBS. The cells were stored in 200 pi of PBS in the fridge prior to 

InCell imaging. Secondary only stained cells served as a negative control to ensure that 

staining was specific binding between the primary and secondary antibody.

2.8 Scratch wound assay

Cell motility was measured using a scratch wound assay as described previously 

(Hulkower and Herber, 2011, Yue et al., 2010). Cells were seeded in a 96 well plate at a 

density of 15 x 1 O'* cells/ml (in 80pl) with 20 pi of transfection complex. Sterile 200 pi 

pipette tips were used to create a wound in the monolayer after 48 h. Images were 

captured using the INCelllOOO automated microscope immediately after the wounds 

(Time = 0) were made and again at 24 h. Percentage wound closure was calculated 

using the following formula: ((Area at Time 0 - Area at Time 24)/Area at Time 0) x

100. Serum free media was used a negative control for migration and EGF (10 ng/ml)
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was used a positive control for migration. The area of the wound was quantified by 

Java’s Image J software using the polygon selection mode (http://rsb.info.nih.govT The 

migration of cells to the wounds was expressed as a percentage of wound closure: % 

wound closure= [(A^=oh-At=24hVAt=ohl X 100%, whereby At=oh is the area measured 

immediately after wounding the cell monolayer, and At=24h is the wound area

2.9 High content screening and analysis

High-content screening (HCS) is an automated high-throughput technology whereby 

algorithms are applied to images acquired by fluorescence microscopy. This technology 

allows the measurement of multiple cell parameters such as intensity, cytoskeletal 

redistribution, and cell or protein movements. IN Cell Analyzer 1000 is the microscope 

based platform used in this study for the morphology screen. Rapid image acquisition 

and analysis is enabled through core components including laser auto-focus, a Nikon 

microscope and high resolution CCD camera. The analysis of the acquired images was 

then performed with the Investigator software package (GE Healthcare, Piscataway, NJ, 

USA). Figure 2.2 shows screenshots of the analysis of scanned fluorescent images using 

a pre-defmed algorithm to detect changes in actin and tubulin staining in the treated 

cells in comparison to the non-targeting control (Arrows).
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Figure 2.2: InCell image analysis. Analysis of fluorescently stained non-targeting (A) and 

siANXAl 1 (B) in GOhTRT cells using the InCell analysis workstation.
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2.10 FACS analysis of cells in the sub-Gl region

2.10.1.1 DNA Content

Accumulated cells in the sub-Gl region are recognized as cells undergoing either 

apoptosis or necrosis, which have a diminished DNA content. Cell cycle distribution 

and sub-Gl accumulation was measured by flow cytometry as outlined in (Yoshizawa- 

Sugata and Masai, 2014). After cells were exposed for 24 h to the EC50 concentrations 

of the BA derivatives, the floating cells in the medium were collected, and the attached 

cells were trypsinized. The cell pellet was washed twice with ice cold PBS and 

resuspended in PBS at a concentration of 1 X 10^ cells/ml. The cell suspension was 

fixed by adding it drop-wise into 10 mis of ice cold 70% ethanol. Cells were fixed for 

>2 h or stored in the fixative at -20°C for several weeks. The cells were centrifuged for 

5 min at 200 xg. After the ethanol was decanted, 50 pi of DNA extraction buffer (0.2 M 

phosphate citrate buffer, pH 7.8) was added to the tubes and incubated for 30 min at 

37°C. The cells were centrifuged for 10 min at 1500 xg, and the DNA stained for 15 

min at room temperature in the dark, with I ml propidium iodide/triton X-lOO/RNase A 

solution. Pl-treated cells were analyzed immediately using a FACScan cytometer 

(FACS Calibur, Becton Dickinson, San Jose, CA). The percentage of apoptotic cells 

was calculated from the sub-Gl peak of the DNA histograms, and 10,000 events were 

routinely taken from each cell sample for calculation.
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2.10.1.2 Annexin V / Propidium Iodide

The relative amounts of necrosis and apoptosis were detected using the FITC Annexin 

V Apoptosis Detection Kit II (BD Biosciences) as per the technical data sheet 

(http://www.bdbiosciences.com/ds/pm/tds/556570.pdf). Annexins are a family that 

comprise of calcium-dependent phospholipid-binding proteins that binds preferentially 

to phosphatidylserine (PS). Upon initiation of apoptosis, PS is translocated from the 

inner leaflet of the plasma membrane to the extracellular membrane, marking cells for 

phagocytosis (Vermes et al., 1995, Vermes et al., 2000, Comelissen et al., 2002). Cells 

are then discriminated into four groups. Viable cells are identified in the lower left 

quadrant, which are Annexin V negative and PI negative (Annexin V-FITCVPf), early 

apoptotic cell populations in the lower right quadrant (Annexin V-FITCVPF), late 

apoptotic cells in the upper right quadrant are double positive (Annexin V-FITCVPI^), 

and necrotic cells in the upper left quadrant (Annexin V-FITC7Pf).

After cells were exposed for 24 h to the EC50 concentrations of the BA derivatives, the 

floating cells in the medium were collected, and the attached cells were trypsinized. The 

cell pellet was washed twice with ice cold PBS and resuspended at a concentration of 1 

X 10^ cells/ml in IX Binding Buffer. 100 pi of the solution (1 X 10^ cells) were 

transferred to a 5 ml culture tube. 5 pi of FITC Annexin V and 5 pi of PI were added to 

the cells and gentley vortexed. The cells were incubated in the dark for 15 min at RT. 

400 pi of IX Binding Buffer was added to each tube and analyzed immediately using a 

FACScan cytometer (FACS Calibur, Becton Dickinson, San Jose, CA).
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2.11 Detection of protein levels

2.11.1.1 Protein Extraction

Cells were harvested in HBSS by mechanical disruption and pelleted by centrifugation 

for 5 min at l,500rpm. Protein was extracted from cells using the NE-PER Nuclear and 

Cytoplasmic Extraction Reagents (Medical Supply Company, Dublin, Ireland) as per 

instructions. Ice-cold CER 1 reagent (with added protease inhibitors) was added to the 

cell pellet, the tube was vortexed (30 sec) and incubated on ice for 10 min. Ice-cold 

CER II was added, the tube vortexed (30 sec) and incubated on ice for 1 min. The 

sample was then centrifuged for 15 min at maximum speed. The cytoplasmic fraction in 

the supernatant was transferred to a pre-chi lied tube and stored at -20°C. The pellet was 

suspended in ice-cold NER (with protease inhibitors), vortexed (30 sec) and incubated 

for 40 minutes, vortexing (15 sec) every 10 min. The tube was centrifuged at maximum 

power for 10 min. The nuclear fraction, now in the supernatant was transferred to a pre

chilled tube and stored at -20°C.

2.11.1.2 Protein quantification

Protein was quantified using the Micro BCA Protein Assay Kit (Pierce/Medical Supply

Company, Dublin, Ireland) as per manufacturer’s instructions. 10 pi of protein fractions

were diluted to 450 pi with ultra-pure water. A standard curve using known

concentrations of bovine serum albumin (BSA) was prepared in ultra-pure water. The

volume of Micro BCA working reagent (WR) was prepared using the following

formula: (# standards + # unknowns) x (#replicates) x volume WR per sample. Each

sample was tested in duplicate using 150 pi of each sample with 150 pi of WR per

replicate. The WR was made up with reagent MA, reagent MB and reagent MC in a
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ratio of 25:24:1, respectively. The plate was incubated at 37°C in the dark for 2 h. The 

absorbance at 562nm was read using the VERSAmax Microplate Reader (Molecular 

Devices, Sunnyvale, CA, USA) and the concentration of the samples was estimated 

from the BSA standard curve.

2.11.1.3 Acetone precipitation

The protein was precipitated and concentrated using ice-cold acetone in a 5:1 acetone: 

sample ratio, and incubated at -20°C for 30-40 min with gentle agitation every 5 min, or 

overnight. The tube was then centrifuged at maximum speed for 5 min. The supernatant 

was removed and the pellet re-suspended in 40 pi of SDS-PAGE sample buffer (Sigma, 

Poole, Dorset, UK). The tube protein was then heated for 5 min at 100°C.

2.11.1.4 Sodium dodecyl sulphate-polyacrylamide gel

electrophoresis (SDS-PAGE)

Resolving and stacking gels were prepared. 10 pi of pre-stained molecular weight 

marker and 20 pi of protein extract were loaded to the stacking gel. The gels were run 

30mA per gels in IX running buffer (IOX Running Buffer: 30 g Tris Base; 144 g 

Glycine; 10 g SDS- made up to 1 litre with ultra-pure water). The gel was allowed to 

run for approximately 1.5 h until the sample buffer reached the bottom of the resolving 

gel.
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2.11.1.5 Immunoblot Analysis

Once the gel electrophoresis was complete, Western Blotting was carried out on the 

transferred proteins to polyvinylidene fluoride (PVDF) membrane using a semi-dry 

transfer method adapted from (Kurien and Scofield, 2009). The gels were allowed to 

transfer for 1 h at 100mA per gel in IX transfer buffer (IX Transfer Buffer: 5.8 g TRIS, 

2.9 g Glycine, 4 mis 10% SDS, 200 mis methanol; made up to 1 litre with ultra-pure 

water). The membrane was incubated in 5% Marvel in PBS with gentle shaking for 30- 

40 min to block non-specific binding sites. The primary antibody was prepared in 5% 

marvel in PBS. The concentration of each antibody was optimised for each cell line. 

The membrane was incubated with the primary antibody at 4°C overnight with gentle 

shaking. The membrane was then washed 3 times with PBS tween, and incubated with 

horseradish peroxidase (HRP) conjugated secondary antibody at room temperature with 

gentle shaking for 1.5 h. Blots were washed 3 times for 5 min and stored in PBS at 4°C. 

The protein bands were visualised using the ImageQuant LAS 4000 chemiluminescent 

imaging system (GE Life Sciences, Brennan & Company, Dublin, Ireland).

2.11.1.6 Stripping Western Blot Membranes

Some experiments required the exposed PVDF membranes to be stripped of primary 

and secondary antibodies in order to be re-probed with different antibodies. This 

procedure was carried out by incubating the PVDF membrane in Western Blot stripping 

solution at 50°C for 30 min (Appendix ). After washing the PVDF membrane five times 

in TBS/T it was blocked, incubated with new primary and secondary antibodies, and 

exposed as described in previous steps.
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2.11.1.7 Densitometric Analysis

Densitometric analysis of western blots were carried out using the gel analysis option 

on the Image J software (Version 1.44, National Institute of Health, Bethesda, USA). 

The relative values of each sample were determined by normalising the sample to the 

respective control samples of each experiment (P-actin loading control).

2.12 ECso curves

EC50 values were determined from concentration-effect curves generated using non

linear regression models in GraphPad Prism 5 (La Jolla, CA, USA).

2.13 Statistical analysis

Statistical comparisons between groups were determined by Student t-test. Where 

appropriate, data was analysed by one-way ANOVA, followed by Dunnett’s or Mann 

Whitney multiple comparison post-test. All data are represented graphically as the mean 

± standard error of the mean (SEM) of n > 3 experiments, unless stated otherwise, and 

performed on Graphpad Prism 5 (La Jolla, CA, USA).
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3 Novel bile acid derivatives with increased potency in oesophageal 

adenocarcinoma

3.1 Introduction

Despite progress in surgical techniques and chemotherapy treatments, prognosis and 

median overall survival (OS) in patients with metastatic OAC remains poor and does 

not surpass 8-10 months (Reddy and Wainberg, 2011). Failure of traditional 

therapeutics mainly occurs due to tumour resistance, and attempts to overcome 

resistance by administering higher doses of radiation and chemotherapeutics inevitably 

result in an intolerable degree of toxicity and damage to normal cells. Lack of 

specificity for the tumour cell and toxicity to the patient represent the major limitation 

of all these treatments and their combinations (Spange et al., 2009). This necessitates 

the pursuit of more potent anti-cancer agents with less deleterious effects on the body. 

Currently, greater than half of available drugs are natural compounds or are related to 

them, and in relation to cancer, this proportion surpasses 60% (Jurgen Dohmen, 2004, 

Gareau and Lima, 2010).

3.1.1 Bile acids: cellular and biochemical effects

Discovery of the farnesoid X receptor (FXR) and G-protein coupled (TGR5) as master 

regulators of BA synthesis and metabolism has heralded much interest in the field of 

BA biology. BAs can act as physiological signalling agents, in addition to its widely 

known detergent effects, and these findings also hinted at the existence of other 

interactions (Pickart and Eddins, 2004, Glickman and Ciechanover, 2002, 

Mukhopadhyay and Riezman, 2007, Schnell and Hicke, 2003). Thus, BAs can no
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longer be regarded as exclusively applicable to gastrointestinal physiology and 

pathology, as BAs and transporters occur ubiquitously throughout the body and have 

numerous biologic effects aside from their crucial role in the digestion of lipids. 

Consequently, the BA scaffold represents a cheap, pre-organised structure accessible 

for interacting with various receptors pertaining to a vast array of metabolic processes.

Numerous studies have shown that different BAs exhibit distinct biological effects, 

depending on the nature of their chemical structures (Matunis et al., 1996), and play key 

roles in glucose metabolism, xenobiotic detoxification of toxins, inflammation and 

lifespan extension (Choi et al., 2011a, Li et al., 2003, Yurchenko et al., 2006, Huang et 

al., 2012, Kubota et al., 2011). In addition, BAs have both anti-neoplastic and anti- 

carcinogenic properties in a multitude of cancer cell models, such as neuroblastoma, 

prostate cancer, colon cancer and tamoxifen-resistant breast cancer (Kubota et al., 2011, 

Carter and Vousden, 2008, Lundby et al., 2012, Yang, 2004). Furthermore, BA 

hydrophobicity correlates with promotion of apoptosis and/ or growth arrest (Kerscher, 

2007). Although BAs have been reported to cause oxidative stress, DNA damage, and 

mitochondrial membrane instability in cancer cells (Kadoya et al., 2002), the specific 

mechanism by which apoptosis is initiated has not been clearly elucidated.

3.1.2 BA cytotoxic agents

Several attempts have been made to design BA-based cytotoxic agents, however, only a 

relatively small number of compounds have been extensively characterized 

biochemically (Sharma et al., 2011). The enantiomeric analogues of DCA, LCA and
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CDCA were reported to be less cytotoxic than their natural counterparts in colon cancer 

cells and less active at the level of vitamin D (VDR), TGR5 and FXR receptors (Chen 

and Sun, 2009, Komander, 2009, Ikeda and Dikic, 2008, Sharma et al., 2010). Studies 

by Sharma et al. corroborated these findings indicating that there are specific structural 

requirements for BA toxicity (Sharma et al., 2010). Other synthetic bile acid analogues 

have been characterized as anti-tumoral agents against several cancers including colon 

(Deuk Kim et al., 2006), glioblastoma multiforme (Yee et al., 2005), stomach (Jeong et 

al., 2003), breast (Im et al., 2001) and cervical cancer cells (Im et al., 2005). Goldberg 

and colleagues have attempted to characterise the basic biochemistry behind BAs 

initiating cell death in multiple cell lines, in order to augment specific apoptotic 

processes over non-specific and universal detergent effects. One of their studies 

illustrated that LCA can kill human neuroblastoma cells while sparing normal human 

primary neurons, by selectively initiating the extrinsic apoptotic pathway, activating 

caspase-8, mitochondrial outer membrane permeabilization (MOMP) and mitochondrial 

fragmentation (Goldberg et al., 2011).

This group have also reported that BAs can inhibit dihydrotestosterone (DHT)-induced

proliferation, and elicit both intrinsic and extrinsic apoptotic pathways to kill both

androgen-dependent (AD) and androgen-independent (Al) prostate cancer cells, sparing

normal epithelial prostate cells (Goldberg et al., 2013). In a recent study, fifteen new

piperazinyl bile carboxamide derivatives of UDCA, CDCA, DCA and LCA were found

to decrease cell viability in human colon adenocarcinoma cell lines. A structure

associated cell death relationship was established in another study wherein the HCT-

116 and DLD-1 cell lines were more sensitive to the tested compounds than HT-29, and

the benzyl group improved this anti-proliferative activity. Additionally, the a-hydroxyl
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group was established to be more beneficial at the 7-position in the steroid skeleton 

(Brossard et al., 2014).

Methods of employing toxic BAs in a more targeted manner are also under 

investigation, as ingesting amounts of BA in order to reach the high plasma 

concentrations might be lethal. Hence, delivery via nanoparticle-encapsulation 

techniques or via infection with bacteria Listeria monocytogenes could successfully be 

developed to employ BAs as anti-cancer agents, allowing accumulation in immune 

compromised metastatic tissues without killing surrounding tissues (Sterner and Berger, 

2000, Struhl, 1998). It is then important to understand the exact molecular mechanism 

of cell death instigated by these analogues, to develop novel strategies to enhance the 

ability of newly designed derivatives to trigger BA-mediated anticancer pathways, as 

well as to validate these strategies using in vivo models of oesophageal cancer. This 

study assesses the effects of novel synthetically derived BA derivatives on the growth 

of oesophageal carcinoma cell lines and determines its capabilities to induce apoptosis.
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3.2 Objectives

To determine the ability of a panel of synthetically derived BAs to affect oesophageal 

cancer cell line growth and death. A panel of oesophageal cell lines (HEEC, HET-IA, 

GOhTRT, SKGT4 and OE33) were treated with the BAs, to determine a possible basis 

for selective cytotoxicity. Furthermore, the mechanism of cell death will be explored in 

the OE33 cell line, and compared to that of the standard cisplatin chemotherapeutic 

agent.
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3.3 Results

3.3.1 Chemistry

A novel panel of 19 BAs were synthesized and provided by Professor John Gilmer from 

the School of Pharmacy, TCD (figure). The BAs derived from DCA, CDCA and LCA 

were prepared using synthetic approaches to incorporate 3-azido and 24-amido 

functionality. The CDCA 3p-azido, 7a-acetyloxy derivatives (compound 1-3) were 

obtained by converting the 7a-hydroxyl acetate in two steps. The SN2 substitution on 

the mesylate using sodium azide afforded the 3p-azido intermediate, giving compound 

1. The carboxylic acid was activated and treated with ammonia or cyclopropyl amine 

(CPA) to obtain 3p-azido, 7a-acetyloxy-24-amido CDCA compounds 2-3. In order to 

produce compounds 4-6, CDCA methyl ester was selectively acetylated on position 3, 

followed by mesylation of the 7-OH in the presence of tertiary base. Alkene compound 

4 was activated at C24 and amidated to give compound 5 and the 24-cyclopropylamido 

compound 6. A panel of amido derivatives of DCA was synthesized with 3-P-azido 

group on the A-ring (compounds 7-11). A key intermediate was obtained in three steps 

from DCA, mesylated on position three and azide introduced. This was reacted with 

each of five amines to afford 3p-azido, 24-amido (compound 7), 24-cyclopropylamido 

(compound 8), 24-benzylamido (compound 9), 24-cyclohexylamido (compound 10) and 

24-propylamido (compound 11). LCA derivatives (12-17) were prepared using similar 

approaches to those used to obtain the DCA derivatives. The alpha azido DCA 

compounds, 18 and 19, which are epimers of 7 and 8, required introduction of the 3- 

azide with retention of configuration.
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3.3.2 The anti-proliferative effect of synthetic BA derivatives on HET-

lA, GOhTRT, SKGT4 and OE33 cells

The effect of a panel of BA derivatives (1-19) were investigated against a panel of 

oesophageal cell lines, in order to investigate if structural manipulations and 

substitutions imparted highly potent cytotoxic properties. The OAC cell sequence is 

charaterised by the development of intestinal metaplasia containing such intestinal 

componenets as BA transporters and binding proteins. Herein, the potential for cancer 

cell selectivity by the BA derivatives was investigated through the inclusion of cell 

lines representing the oesophageal carcinogenic sequence. The oesophageal cell line 

panel consists of HET-IA (normal squamous epithelium), GOhTRT (high grade 

dysplastic) and SKGT4 and OE33 (adenocarcinoma).

The first approach involved a general comparison of the anti-proliferative activities 

among the synthesized classes of BA derivatives. These BAs were primarily 

synthesized from commercially available CDCA, DCA and LCA which are common 

cytotoxic BAs. Additionally, OE33 cells were treated with varying concentrations of 5- 

FU and CDDP for 48 h. Firstly, the effects of BA derivatives on tumour cell viability 

were determined by the 3-[4, 5-dimethylthizol-2-yl]-2, 5-diphenyltetrazolium bromide 

(MTT) assay after 24 h incubation. Toxicity is one major limitation of traditional 

therapeutics, and as BA mediated cell death is attributed to necrosis at high 

concentrations and apoptosis at lower concentrations (Benedetti et al., 1997), a more 

pharmacologically feasible concentration of 25 pM was initially assessed to determine 

the compounds with greatest effects on viability at low micro-molar concentrations 

(Figure 3.1 and 3.2). The compounds with the greatest levels of toxicity were the 3-P
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and a-azides of the DCA cyclopropyl amide - compound 8 and compound 19. 

Particularly, HET-1A cells had a significantly decreased cell viability when treated with 

compound 8 (24% ± 6; p < 0.0001) and compound 19 (14%; p < 0.0001) (Figure 3.1), 

compared to the negative DMSO control. Likewise, OE33 cells conveyed an inhibition 

of cell growth with compound 8 (17% ± 1; p < 0.0001) and compound 19 (26% ± 1; p < 

0.0001) (Figure 3.2). As seen in figures 3.1 and 3.2, out of all three parent backbones 

(CDCA, EGA and DCA), the most cytotoxic compounds bore a primary amide or CPA. 

The n-propyl amide of DCA azide (compound 11) was toxic but its LCA analogue 

(compound 15) was not. For instance, the SKGT4 cells had variation in potency 

between compound 11 (43% ± 8; p=0.0617) and compound 15 (86% ± 2; p=0.1615). 

Likewise, the LCA analogues (compounds 12-17) were less toxic than their DCA 

analogues (compounds 7-11, 18 and 19), which is not consistent with the relative 

toxicities of the parents.

CDDP inhibited cell proliferation of the OE33 cell line in a dose dependent manner 

(Figure 3.3 B), with decreased cell viability values of 61% ± 2% (p=0.009) and 24% ± 

4% (p=0.004) at concentrations of 15pM and 40pM, respectively. In contrast, 5-FU is 

less potent and at its highest concentration of 200pM cell viability is 61% ± 4% 

(p=0.012) (Figure 3.3 A). Overall, these results indicate that side chain substitutions on 

different BA backbones impart variations in potency, and intriguingly, LCA analogues 

were the least toxic in the panel albeit it being the most potent parent BA. Furthermore, 

the compounds were more active towards HET-1 A and OE33 cell lines whereas 

GOhTRT and SKGT4 cell lines appeared slightly more resistant to these compounds by 

comparison.
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Figure 3.1: Cell viability of (A) HET-IA and (B) GOhTRT cells in response to a panel of 
synthetic BA derivatives. Cells were treated for 24 h with 25 pM and cell viability assessed by 

MTT assay. Values are normalised relative to untreated DMSO control and represent the 

meaniSEM of three experiments performed in duplicate. *** p-value < 0.0001 as determined 

by one way ANOVA and Dunnett’s post test.
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Figure 3.2: Cell viability of (A) SKGT4 and (B) OE33 cells in response to a panel of 

synthetic BA derivatives. Cells were treated for 24 h with 25 pM and cell viability assessed by 

MTT assay. Values are normalised relative to untreated control and represent the mean±SEM of 

three experiments performed in duplicate. *** p-value < 0.0001 as determined by one way 

ANOVA and Dunnett’s post test.
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OE33 5-FU 48 h

B OE33 CDDP 48 h

Figure 3.3: Cell viability of OE33 cells in response (A) 5-fluorouracil and (B) cisplatin.
Cells were treated for 48 h and cell viability assessed by MTT assay. Values are normalised 

relative to untreated control and represent the mean±SEM of three experiments performed in 

triplicate (* = p-value < 0.05; ** = p-value < 0.001, as determined by Student’s t-test).
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Since the DCA analogues 7, 8, 18 and 19 exhibited the best in vitro results in terms of 

toxicity, further experiments were carried out to compare them with the parent DCA 

backbone. Firstly, HEEC, GOhTRT and OE33 cells were treated with a wide range of 

concentrations (0.2, 0.4, 0.8, 1.6, 3.1,6.3, 12.5, 25, 30, 40 and 50 pM) of compounds 7, 

8, 18 and 19. Following 24 h incubation, the wells were treated with the MTT cell 

proliferation reagents and the absorbance read on the spectrophotometer (Table 3.1). 

The lowest IC50 values were observed in the 3-P and a-azides of the DCA cyclopropyl 

amide - compound 8 (IC50 25.17pM in HEEC, 14.09 pM in GOhTRT, and 14.73 pM in 

OE33) and compound 19 (IC50 16.14 pM in HEEC, 24.49 pM in GOhTRT, and 13.27 

pM in OE33) (Table 3.1). This is in contrast to IC50 concentrations of 216 pM, 216 pM 

and 392 pM of parent DCA for HEEC, GOhTRT and OE33 respectively. It is evident 

that both azide and CPA side chains increases the toxicity of DCA.
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ICso (95% Confidence Interval, p-M)

Compound HEEC GOhTRT OE-33

7- DCA beta

azide amide

25.17 nd 25.68 (24.31-27.11)

8- DCA beta

azide CPA

14.09(11.46-17.31) 14.34 14.73(12.12-17.91)

18- DCA alpha

azide amide

14.73 (6.74-32.21) 24.94 18.44

19- DCA alpha

azide CPA

16.14(14.15-18.40) 24.49 13.27 (7.15-24.38)

DCA 216.2 (163.4-286) 216 391.7

Table 3.1: Values represent the IC50 of the azide amide BA derivatives and the natural 
BAs, as assessed by MTT assay. Cells were treated with compounds 7, 8, 18 and 19 for 24 
h and cell viability assessed by MTT assay. The IC50 values were generated by Graph pad 
Prism. Values are normalised relative to untreated control and represent the mean±SEM 
of three experiments performed in triplicate.
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3.3.3 Cell cycle modulation and induction of apoptosis by the synthetic 

bile acid derivatives

The above results demonstrated that compounds 7, 8, 18 and 19 were the most potent 

cytocidal agents. Therefore, this section examined the anti-proliferative and pro- 

apoptotic effects mediated by these BA derivatives via flow cytometry analysis. OE33 

cells were treated with the IC50 concentrations of compounds 7, 8, 18 and 19 for 24 h. 

The cells were lysed, fixed in 70% ethanol, and stained with propidium iodide (PI), 

which is commonly used to evaluate cell viability and DNA content in cell cycle 

analysis since it is impermeant to live cells.

Compounds 7, 8, 18 and 19 all promoted sub-G| accumulation with levels reaching 

19.30%, 17.64%, 24.05% and 13.59% respectively, by comparison to the control cells 

(9.39%) (Figure 3.5). A significant decrease was evident in the cell proportion in S 

phase in the case of compounds 8, 18 and 19 (11.82%, 12.50% and 10.14% 

respectively) as compared to DMSO treated cells (19.96%). Cells treated with 

compound 7 displayed a diminished Gq/Gi phase population of 43.02%, in comparison 

to 56.23% in control cells.
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Compound Control Cpd 7 Cpd 8 Cpd 18 Cpd 19

Sub-Gl 9.39 19.30 17.64 24.05 13.59

GO-Gl 56.23 43.02 57.19 53.34 60.83

S 19.96 19.50 11.82 12.50 10.14

G2-M 13.50 16.44 12.91 9.95 13.44

Figure 3.4: Representative DNA histograms and table shows the percentage of cells in 

sub- G1 (R2), GO-Gl (R3), S (R4) or G2-M (R5) phases of the cell cycle. OE33 cells were 

treated with the IC50 concentration for each compound. Cell Cycle distribution was determined 

by propidium iodide staining using a Beckman Coulter flow cytometer. Analysis was carried 

out using Summit software. Values are normalised relative to untreated control and represent 

the meaniSEM of three experiments performed in triplicate.
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To further examine the sub-Gi peak, cell death was analysed by Annexin V staining in 

conjunction with propidium iodide (PI) to determine if cells were viable, apoptotic, or 

necrotic. As mentioned previously, apoptosis is detected by the cell surface presence of 

phosphatidylserine (PS) and necrotic cells by the permeability to the ionic PI. Thus, 

early apoptotic cells are positive for annexin V which binds PS but not permeable to PI, 

late apoptotic cells are annexin V positive and PI permeable, and necrotic cells are 

permeable to PI without being positive for annexin V (Walsh et al., 1998).

OE33 cells were treated with concentrations of compounds 7, 8, 18 and 19 that vary 

around the IC50 (6.25pM, 12.5pM, 25pM) for 24 h, and the FITC Annexin V Apoptosis 

Detection Kit I (BD Biosciences) was used prior to running the cells through the flow 

cytometer (BD CyanADP BD Biosciences). Unstained cells were used as negative 

controls. Data collected were analysed using Summit software. In the case of all DCA 

derivatives, there was a decrease in viable cells (Annexin V-FITCVPf), even at the 

lowest concentration of 6.25 pM of compound 7 (52% ± 7.17%; p=0.0239), compound 

8 (56% ± 1.8%; p= 0.001), compound 18 (63% ± 0.91%; p= 0.0017) and compound 19 

(58% ± 2.45%;p= 0.0029) in comparison to untreated cells (79% ± 1.9%) (Figure 3.6- 

3.9).

A pronounced increase in early apoptotic cells was evident as oppose to late apoptotic

cells. For instance, in contrast to control cells in the early apoptotic quadrant (13.18% ±

1.9%), a significant increase in cells in this population were observed at 25 pM for

compound 7 (33.13% ± 6%; p= 0.0349), compound 8 (45.44% ± 2.9%; p= 0.0008),

compound 18 (33.30% ± 6.1%; p= 0.0343) and compound 19 (33.54% ± 6.1%; p=
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0.0336). A statistically significant increase in necrotic cells at 25 fiM was only evident 

for compound 18 (1.5% ± 0.251%; p=0.01l9) and 19 (6.12% ± 1.56%; p=0.02l0) in 

comparison to 0.377% ± 0.107% in untreated cells (Figure 3.8 and Figure 3.9). A dose 

response curve of parent DCA (Figure 3.10) illustrates that viable cells only begin to 

decline at 50 pM (68% ± 0.179%; p= 0.0017) in comparison to untreated cells (79% ± 

0.468%), with a sharp reduction in live cell population at 200 pM (35% ± 0.715%; p= 

0.0002). A considerable contrast in toxicity was apparent at 25 pM between DCA 

analogues and parent DCA (figure 3.6-3.9 and 3.10). Firstly, a significant decrease in 

viable cells is evident at 25 pM of compound 7 (33.4% ± 2.1%; p< 0.0001), compound 

8 (30% ± 8.7%; p= 0.0074), compound 18 (50% ± 3.3%; p= 0.0026), and compound 19 

(36% ± 2.7%; p= 0.0002), in comparison to the viable cells of the DCA parent at the 

same concentration (74% ± 0.96%).

Furthermore, an increase in early apoptosis was visible at 25 pM between the parent

DCA (13% ± 0.38%) and compound 7 (33.1% ± 6%; p= 0.0276), compound 8 (45.4% ±

2.9%; p= 0.0004), compound 18 (33.3% ± 6.07%; p= 0.0272) and compound 19 (34% ±

6.11%; p= 0.0267). A reduction in viable OE33 cells were observed at 10 pM CDDP

(58% ± 0.731%; p= 0.0062) in comparison to the untreated control cells (78% ±

1.69%), however, there is only a marginal difference up until 80 pM (44% ± 1.022; p=

0.0011) and 100 pM (24% ± 1.14%; p= 0.0026) (Figure 3.11). No significant alteration

was observed in the early apoptotic population throughout the CDDP treatment, evident

by the percentage of cells in 10 pM (17% ± 0.416%; p=0.1901) and 100 pM (21% ±

1.44%; p=0.1012) compared to the untreated cells (13% ± 1.8%). In contrast to the BA

analogues and parent DCA, there was a significant steady increase in late apoptotic

cells from 10 pM (24% ± 0.288%; p= 0.0005) and 100 pM (54% ± 0.619%; p<0.0001)
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compared to the untreated control (8.06% ± 0.399%). Overall, this chapter illustrates 

novel BA derivatives with increased toxicity in oesophageal cell lines, compared to 

both the parent DCA and standard CDDP treatment. Furthermore, flow cytometry 

revealed that the four most potent BA analogues affected cell viability by inducing 

apoptosis, as oppose to a non-specific detergent effect.
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Figure 3.5: The Annexin V/PI fluorocytogram and graph shows the percentage of cells 

that are necrotic (R3), late apoptotic (R4), live (R5) and early apoptotic (R6) cells. OE33 

cells were treated with 6.25 pM, 12.5 pM and 25 pM of Cpd 7 for 24 h. Cells were trypsinized 

and stained for annexin v/Pl and ran through the flow cytometer. Analysis was carried out using 

Summit software. Values are normalised relative to untreated control and represent the 

meaniSEM of three experiments performed in triplicate.
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Figure 3.6: The Annexin V/PI fluorocytogram and graph shows the percentage of cells 
that are necrotic (R3), late apoptotic (R4), live (R5) and early apoptotic (R6) cells. OE33 

cells were treated with 6.25 pM, 12.5 pM and 25 pM of Cpd 8 for 24 h. Cells were trypsinized 

and stained for annexin v/Pl and ran through the flow cytometer. Analysis was carried out using 

Summit software. Values are normalised relative to untreated control and represent the 

meaniSEM of three experiments performed in triplicate.
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Figure 3.7: The Annexin V/PI fluorocytogram and graph shows the percentage of cells 
that are necrotic (R3), late apoptotic (R4), live (R5) and early apoptotic (R6) cells.OE33

cells were treated with 6.25 |iM, 12.5 |iM and 25 pM of Cpd 18 for 24 h. Cells were trypsinized 

and stained for annexin v/Pl and ran through the flow cytometer. Analysis was carried out using 

Summit software. Values are normalised relative to untreated control and represent the 

meaniSEM of three experiments performed in triplicate.
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Figure 3.8: The Annexin V/PI fluorocytogram and graph shows the percentage of cells 
that are necrotic (R3), late apoptotic (R4), live (R5) and early apoptotic (R6) cells. OE33 

cells were treated with 6.25 pM, 12.5 pM and 25 pM of Cpd 19 for 24 h. Cells were trypsinized 

and stained for annexin v/PI and ran through the flow cytometer. Analysis was carried out using 

Summit software. Values are normalised relative to untreated control and represent the 

meaniSEM of three experiments performed in triplicate.
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Figure 3.9: The Annexin V/PI fluorocytogram and graph shows the percentage of cells 

that are necrotic (R3), late apoptotic (R4), live (R5) and early apoptotic (R6) cells.OE33

cells were treated with 12.5, 25, 50, 100 and 200 pM of DCA for 24 h. Cells were trypsinized 

and stained for annexin v/PI and ran through the flow cytometer. Analysis was carried out using 

Summit software. Values are normalised relative to untreated control and represent the 

meaniSEM of three experiments performed in triplicate.
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cells were treated with 10, 20, 40, 80 and 100 pM of CDDP for 48 h. Cells were trypsinized and 

stained for annexin v/Pl and ran through the flow cytometer. Analysis was carried out using 

Summit software. Values are normalised relative to untreated control and represent the 

mean±SEM of three experiments performed in triplicate.
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3.4 Discussion

Oesophageal adenocarcinoma is currently one of the cancers that is rapidly increasing 

worldwide, particularly in the US and Europe (Parkin et al., 2005). Despite recent 

advances in treatment strategies, there has been no significant improvement in overall 

survival rate of metastatic OAC. CDDP in combination with 5-FU is considered the 

standard chemotherapy for OAC. The response rate for cisplatin as a single agent is 

approximately 20% (Choudhary et al., 2009, Firestein et al., 2008), and ranges from 

35% to 65% when administered in combination with continuous-infusion 5-FU 

(Bleiberg et al., 1997, Kim et al., 2005). Recently, regimes involving triple combination 

of docetaxel, cisplatin and 5-FU, as well as methotrexate, cisplatin and 5-FU have been 

studied, and although the response rate is marginally increased, it has not translated into 

improved overall survival in patients (TAMURA et al., 2012, Hassa et al., 2006).

Failure of traditional therapies is thought to be an aftereffect of the blanket therapy 

approach, wherein the nature of chemotherapeutic agents has a non-specific or non- 

targeted mechanism of action. Findings suggest that standard chemotherapy and 

radiotherapy activate signalling pathways that stimulate growth and resistance of cancer 

cells (Brozovic and Osmak, 2007). Attempts to overcome resistance by administering 

higher doses of radiation and chemotherapeutics inevitably results in a high degree of 

toxicity and damage to normal cells (Spange et al., 2009). This necessitates the pursuit 

for natural and more potent anti-cancer agents with less deleterious effects on the body. 

Currently, greater than half of available drugs are natural compounds or are related to 

them, and in relation to cancer, this proportion surpasses 60% (Jurgen Dohmen, 2004, 

Gareau and Lima, 2010). Several attempts have been made to utilize natural and
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synthetically designed BA-based cytotoxic agents, however, only a relatively small 

number of compounds have been extensively characterized biochemically (Sharma et 

al., 2011). One study combined the natural bile acid CDCA, with the major bioactive 

ingredient verticinone found in traditional Chinese medicine. The chenodeoxycholic 

acid-verticinone ester (CDCA-Ver) significantly inhibited HepG2 cell viability by a 

loss of mitochondrial transmembrane potential, ROS generation, activation of caspases, 

and an elevation of intracellular Ca^^ concentration (Fraser et al., 2002). An 

understanding of the structural basis for BA induced apoptosis is important to ongoing 

efforts to exploit this property pharmacologically in the design of selective cytocidal 

and cytoprotective agents (Liu et al., 2008, Choi et al., 2001, El Kihel et al., 2008, 

Carter and Vousden, 2008, Choi et al., 2003).

In the present study, nineteen novel BAs derived from LCA, DCA and CDCA were 

tested on human oesophageal cancer cell lines. Most of the synthetic BA derivatives 

decreased cell viability significantly in all the cell lines. This is not surprising as 

numerous studies have shown that DCA, CDCA and LCA have greater effects on cell 

viability and mitochondrial activity than other BAs. In addition, these BAs reside in the 

toxic/hydrophobic end of the spectrum of common BAs, however, their toxicity may 

not be attributable to their hydrophobicity alone (Kerscher, 2007, Krahenbuhl et al., 

1994). Furthermore, a previous study from another laboratory demonstrated that these 

particular DCA analogues induced cell death by apoptosis in fibrosarcoma (HT-1080) 

and colorectal adenocarcinoma cells (Caco-2), with some evidence of selectivity 

between the two cell lines perhaps due to differing expression of CD95/FAS (Majer et 

al., 2014).
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In all three series (DCA, LCA and CDCA), the effect of replacing hydroxyl with azide 

was significantly amplified by primary amido or CPA substitution at C24. The most 

toxic analogues were the 3p- and 3a-azides of the DCA cyclopropyl amide (compound 

8 and 19). These are among the most potently cytotoxic BAs to be reported to date. 

Another study reported that DCA 3-azido and Vp-azido analogues were significantly 

more toxic than the parent DCA. Additionally, DCA and UDCA primary amides 

markedly reduced cell viability in the HET-IA cell line (Sharma et al., 2010). 

Therefore, it seems that azido substitution in BAs influences lipophilicity and toxicity 

depending on orientation and ionizability. In this thesis, the epimeric pair (compound 8 

and 19) displayed little difference in toxicity between the alpha and beta orientations of 

the 3-azide in the DCA series. Furthermore, the n-propyl amide of DCA azide 

(compound 11) was toxic but its LCA analogue (compound 15) was not. A surprising 

observation was that the lipophilic and bulkier cyclohexyl and benzyl amides in the 

DCA and LCA series (compound 9, 10, 14, 17) were not as toxic as expected, 

particularly in the GOhTRT and SKGT4 cell line. Likewise, the LCA analogues 

(compounds 12-17) were less cytotoxic than their DCA analogues (compounds 7-11), 

which is inconsistent with the relative toxicities of the parents.

Manipulating the BA steroidal backbone can exert either pro- or anti-apoptotic effects,

and these analogues constitute a starting point towards a new platform development of

this type of therapy, which could readily be synthesized in large amounts for biological

evaluation. One group reported that the presence of the cinnamylpiperazinyl group in

the side chain of UDCA and CDCA bearing a hydroxyl group at C-7 was crucial for the

cytotoxicity activity in cancer cell lines. Additionally, this cytotoxic profile was

suppressed when the steroid possesses the hydroxyl group on the C-12 position, even in
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the presence of the hydroxyl at C-7 position (Strahl and Allis, 2000). A relationship 

between BA hydrophobicity and potency has been described, where the hydrophobicity 

is directly correlated with the biological activity of the molecule, and involves TGR5 

receptor activation in a reporter system and extension of lifespan of chronologically 

aging yeast (Guan and Xiong, 2011, Kubota et al., 2011). Goldberg at al illustrated that 

addition of a-oriented hydroxyl groups at the 7- or 12- positions (CDCA and DCA, 

respectively) or at the 6-position (HDCA) significantly diminished the cytotoxicity of 

the BA structure. Additionally, the inclusion of P-oriented hydroxyl groups to the 

molecule at the 12-position (UDCA) reduced the toxicity of the BA furthermore in each 

cell line, however, the addition of two a-oriented hydroxyl groups to both the 7- and 12- 

positions rendered the resultant BAs non-cytotoxic. Thus, the reduction of the 

hydrophobicity of the a- or P-surfaces of the steroid backbone is sufficient to neutralize 

the toxicity of the molecule (Goldberg et al., 2013).

In this thesis, OE33 cells treated with the DCA analogues were characterized by sub-Gl

accumulation and S phase inhibition, indicative of cell death and suppressed cellular

proliferation. Annexin V/PI flow cytometric analysis provided an indication of the

relative contributions of apoptotic and necrotic effects to the reduced viability observed

in the MTT assay (Walsh et al., 1998). This assay indicated that the cell viability

reductions observed previously with the MTT assay in OE33 cells treated with

compounds 7, 8, 18 and 19 were due to apoptosis. Although, necrosis was not a

prominent feature in cells treated with compounds 7, 8, and 18, there was a slight

increase in necrotic population of cells with compound 19. This finding has important

implications because apoptosis is anti-inflammatory and cancer chemopreventative,

however, uncontrolled necrosis is cancer promoting and less likely to selectively affect
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malignant populations (de Bruin and Medema, 2008). The oesophageal normal 

squamous (HET-IA) and adenocarcinoma (OE33) cell lines were more susceptible to 

BA analogue induced inhibition of cell growth, as oppose to the high grade (GOhTRT) 

and other adenocarcinoma (SKGT4) cell line. It is probable that these cell lines share a 

common target, which is most likely localized at the surface of the plasma membrane 

and is either activated or deactivated by BA analogues in order to elicit apoptosis. BAs 

have shown to elicit their effects on cells via various receptor-mediated alterations of 

gene transcription without intracellular uptake (Pols et al., 2011, WALTERS, 2000, 

Yoon et al., 2002). Nevertheless, the role of BAs and their transporters in oesophageal 

cancer cell lines have yet to be fully established. It would be interesting to block several 

well-known BA receptors on the cell surface, for instance, using an EGFR inhibitor and 

blocking TGR5 with siRNA to elucidate if it suppressed BA-induced growth inhibition 

and apoptosis. A feature of Barrett’s oesophagus is the development of BA transporters 

such as the apical sodium dependent bile acid transporter (ASBT), as well as associated 

intracellular transporters (Sharma et al., 2011).

Porphyrins have been conjugated with 3-a and P azido BAs to enhance substrate

activity towards ASBT, thus increasing selectivity for aberrant cells over normal cells

because of this specific distribution of transporter activity (Rogers et al., 2013).

Moreover, a previous study by Kralova and colleagues found that BA porphyrins were

efficiently taken up by 4T1 mouse tumour cells, and thus successfully ablated through

PDT (Kralova et al., 2008). Knisely et al. published data that a familial deficiency in a

BA export pump results in BA accumulation in hepatocytes, leading to HCC

development (Knisely et al., 2006). DCA has been observed to promote apoptosis

through multiple mechanisms in hepatocellular carcinoma (HCC) cells positive for Na^-
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dependent taurocholic cotransporting polypeptides (NTCPs)-positive. This offers a 

potential therapeutic option for patients with advanced HCC with different NTCP 

expression levels within the tumour (Wu et al., 2012).

Investigating the structure activity relationship (SAR) of the azido and amido group by 

reverse phase thin layer chromatography (RPTLC) could elucidate the relative polarity 

of the BA analogues, and this could be correlated with cell viability determined by 

MTT assays. RPTLC has been used broadly for lipophilicity determination, and was 

successfully predictive of BA toxicity in the oesophageal HET-IA cell line (Sharma et 

al., 2010, Posa and Kuhajda, 2010). This would then open up a possibility for using 

RPTLC as a predictor of BA cytotoxicity. In particular, the relatively high potency of 

compound 8 suggests that its interactions are specific. Although its binding partner is 

unknown, it would appear to be an interesting ligand for studies into the mechanism of 

BA cytotoxicity. In conclusion, new BA analogues capable of inducing apoptosis in the 

low micro-molar range have been produced by integrating azido and amido 

functionality. These results suggest that this group of compounds could represent ideal 

candidates for further in vivo evaluation and explored for development of potent 

anticancer drugs.
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4 Regulators of oesophageal cancer cell migration defined by siRNA 

library screening

4.1 Introduction

Poor survival in OAC patients is highly associated with frequent local invasion and 

distant metastasis, and > 50% of patients have either unresectable cancer or 

radiographically visible metastases at diagnosis (Enzinger and Mayer, 2003, Kimura et 

al., 1999). The absence of serosa and existence of extensive lymphatics in the 

oesophagus are perhaps some of the contributing factors to the high frequency of local 

invasion and metastasis in OAC (Kimura et al., 1999). To improve the overall outcome 

for patients it is important to understand these molecular mechanisms, thereby useful 

biomarkers and novel therapeutic targets can be discovered.

4.1.1 Cytoskeleton and Cell Migration

The dynamic assembly of the cytoskeleton regulates cell invasiveness/migration by 

controlling the formation of various migratory organelles, such as stress fibres, 

lamellipodia, filopodia, invadapodia and podosomes (Yamaguchi and Condeelis, 2007). 

The formation and turnover of focal adhesions, cell-substratum contact sites that attach 

integrins to the actin cytoskeleton, facilitate cells to migrate and transmit extracellular 

signals into cells (Figure 4.1) (Webb et al., 2003, Mitra and Schlaepfer, 2006). Cell 

migration is orchestrated by microtubules and the actin cytoskeleton, and together they 

provide cell shape and maintain structure and polarization. Actin provides the driving 

force during cell migration via the formation of contractile bundles (stress-fibres) 

through the cell body, creating lamellipodia at the leading edge. Microtubules provide

115



support to cell movement by filling in cellular extensions and activating molecules that 

provide positive feedback in the motility process (Waterman-Storer and Salmon, 1999, 

Etienne-Manneville, 2004). These activating molecules include members of the Rho 

GTPase family, and most knowledge of their role as regulators of cytoskeleton 

dynamics has been acquired from members Cdc42, Racl and RhoA (Ridley, 2001, 

Vega and Ridley, 2008). Cell migration is fundamental for embryonic development, 

wound healing, and the pathogenesis of human diseases such as cancer, autoimmune 

diseases and chronic inflammation. Therefore, targeted inhibition of molecules involved 

in cell shape and migration could be used to treat several human diseases. For instance, 

regulators of actin cytoskeletal dynamics such as formins and WASP/WAVE-related 

proteins are key targets of cell migration signalling (Campellone and Welch, 2010).
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Figure 4.1: Cell migration in a 3D matrix.
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When tumour cells migrate, several signalling pathways are initiated through receptor 

tyrosine kinases (RTKs), G protein-coupled receptors (GPCRs), integrins and other 

receptors. A prominent example of a RTK is the epidermal growth factor receptor 

(EGFR), which is activated by binding of its ligand, epidermal growth factor (EGF) 

(Jorissen et al., 2003). EGFR activation leads to the stimulation of one or more 

intermediate signalling network branches which regulate cell motility, such as the 

extracellular regulated kinase (ERK) pathway, the phosphoinositide 3-OH kinase (PI3K 

pathway, the Janus kinase (Jak) pathway, the c-Jun NH2 terminal kinase (JNK) 

pathway, and the p38 pathway (Klemke et al., 1997, Keely et al., 1997, Yue et al., 2012, 

Fluang et al., 2003, Wagner and Nebreda, 2009). MAPK activation is known to induce 

RhoA activation and epithelial to mesenchymal transition, while PI3K activation 

suppresses RhoA activity in colon cancer (Makrodouli et al., 2011). Furthermore, PI3K 

is recruited to adhesion complexes where activation via cadherin signalling impacts 

cadherin function to restore cell-cell adhesion (Pece et al., 1999, Kovacs et al., 2002, 

Gavard et al., 2004). It is worth noting that this could involve P13K induced Racl 

activation, as E-cadherin stimulated actin cytoskeletal reorganization requires Rac 

activation and P13P-activated GEF Tiaml (Kraemer et al., 2007).

A recent study using a combination approach of chemical biology and systems biology

demonstrated the consistency and variety in EGF induced signalling pathway for

regulating cancer cell migration between three cancer types. Notably, GSK-3 and p38

were shown to modulate p-Akt in oesophageal carcinoma EC 109 cells, however, JNK

regulated p38 and Fos related pathways in thyroid carcinoma TT cells (Magi et al.,

2014). These findings indicate that some cell type specific signalling pathways

regulating cell migration could be therapeutic molecular targets for cell type specific
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cancer metastasis. Further investigation is required to distinguish regulatory pathways 

for cell migration from that of other cellular responses such as cell growth, to 

understand the characteristics of cell migratory signalling and elucidate if differences 

exist between cancer types.

4.1.2 RNAi and High Content Screening

RNA interference (RNAi) mediated gene silencing has emerged as a powerful tool for 

functional analysis and therapeutic purposes, particularly as we continue to study gene 

mediated pathogenesis (Hannon and Rossi, 2004). In the last decade, short non-coding 

RNA molecules (20-30 nt) have surfaced as critical regulators of both the expression 

and function of eukaryotic genes. RNAi is the mechanism of specific post- 

transcriptional engineered gene silencing by small RNAs, including exogenous small 

interfering RNA (siRNA), short hair pin RNA (shRNA) and endogenous microRNA 

(miRNA) (Wang et al., 2011b, Cartel and Kandel, 2006). As described previously, 

RNAi is initiated when double stranded small RNAs are separated once they have been 

introduced into the RNA-indueed silencing complex (RISC). One strand guides RISC to 

the complementary or near-complementary region of target mRNA, whereby either the 

mRNA is degraded or its translation is blocked, thus suppressing gene function 

(Martinez et al., 2002, Zamore et al., 2000). siRNA has a short (21-bp) double-stranded 

RNA with phosphorylated 5’ ends and hydroxylated 3’ ends with two overhanging 

nueleotides. This well-defined synthesized structure is directly incorporated into the 

RISC, and cleaves the complementary mRNA with a perfect match. Once the cleaved 

mRNA is released, the guide strand bound RISC starts a new round of cleavage 

(Elbashir et al., 2001, Robb et al., 2005).
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High-content screening (HCS) is a methodological tool largely driven by the demand for 

comprehensive spatial and temporal information from cultured cells exposed to a range 

of chemical and/or genomic perturbations. The technology is established around 

automated fluorescence microscopy in combination with advanced imaging processing 

and analysis tools. Together, this data can provide quantitative information as a first- 

level description of complex cellular events. High-content screening and analysis are 

particularly powerful when combined with perturbation techniques such as RNAi, as 

this allows large families of genes to be investigated with respect to a biological 

pathway or process of interest. Epithelial cell migration is a process that is characterized 

by dynamic cytoskeletal assembly, remodelling, and disassembly of the actin and 

microtubule cytoskeletons, and cell morphology assays are an example where many 

different cell shapes can result from RNAi screens or drug treatment.

Ceils in culture are widely used to characterize morphogenetic events, for example the 

dynamics and organization of filamentous actin (F-actin) and microtubules (a-tubulin) 

in adherent and motile cells. In accordance with a previous study, this thesis utilized 

more than one intracellular cytoskeletal stain (F-actin and a-tubuIin) for morphological 

analysis to increase sensitivity in discriminating key cell shape changes (Freeley et al., 

2010). In this thesis, RNAi and HCS approaches were established to assess the 

morphology and cytoskeleton in GOhTRT cells. This chapter describes the siRNA 

down-regulation of the human druggable genome in 96-welI plates, and the automated 

image analysis routine used to quantify and identify conserved proteins that alter cell 

shape and actin filament distribution.
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4.2 Objectives

This chapter aims to implement an image based semi-automated siRNA screen to 

identify potential genes that modulate oesophageal cell shape and tumorigenesis. These 

aims were achieved by;

• Examining appropriate screen negative and positive controls for cell viability.

• Determining the effect of cell number on morphological readouts for 

appropriate range determination.

• Implementation of an image based druggable genome siRNA library screen, 

which contains 6022 individual siRNA gene targets.

• Identify regulators of cell morphology through statistical analysis of the siRNA 

screening results
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4.3 Results

4.3.1 Optimization of siRNA screening controls

The high grade dysplastic GOhTRT cell line was chosen for the high throughput screen 

because of its predictive proliferative behaviour, adequate transfectability, and 

suitability for immunofluorescence imaging. Also, owing to inherent genomic 

instability of tumourigenic cells such as the SKGT4 cell line (Altorki et al., 1993), the 

ability of siRNA targeting genes to promote transformation of a pre-malignant high 

grade dysplastic cell line was determined. Following the manufacturer’s protocol for 

optimisation, the optimal complexing time for the GOhTRT cell line was 0.2 pL of 

Dharmafect 4 transfection reagent and 25 nM of siRNA complexed for 20 min. 

Following the addition of cells to this transfection complex, the plates are incubated at 

37°C for 96 h. The outcome of high-throughput screening is dependent on the use of 

effective reproducible positive and negative control siRNAs for proper interpretation of 

screening results. Both Bcl-xL and GATA6 targeting siRNA controls were utilised 

during siRNA screening but GATA6 provided the most important information due to its 

effects on both cell viability (Figure 4.2 B), but also importantly on cell morphology 

(Figure 4.2 A) with distinct polarisation which takes place prior to cell death. 

Experiments performed in this laboratory identified GATA6 and Bcl-xL as two positive 

controls which decreased cell viability by (66%, *p < 0.0001 ) and (58%, *p < 0.0001) 

respectively (Figure 4.3). RT-PCR confirmed knockdown of Bcl-xL (54%,/? = 0.0027) 

and GATA6 (70%, p = 0.001) as shown in figure 4.2.
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Figure 4.2: Efficacy of positive controls on GOhTRT cell line. (A) GOhTRT morphology 

change after siRNA targeted inhibition of GATA6. After 96 h, cells were fixed with 4% PFA, 

stained for DNA (blue), F-actin (red) and a-tubulin (green), and image acquisition and analysis 

carried out on the InCell 1000 platform. (B) 96 h post-transfection, cell viability was 

significantly reduced following knockdown of GATA6 (66%) and Bcl-xL (58%) compared to 

the non-targeting negative control. Values represent the mean±SEM of three experiments 

performed in triplicate (**** = p-value < 0.0001 as determined by Student’s t-test).
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Figure 4.3: Verification of Bcl-xL (A) and GATA6 (B) knockdown in GOhTRT cell line.
siRNA (25 nM) was incubated for 96 h and processed for RT-PCR. Values represent the 

mean±SEM of three experiments performed in triplicate. Percentage knockdown for Bcl-xL 

(54%) and GATA6 (70%) compared to the non-targeting negative control. (* = p-value < 0.05; 

** = p-value < 0.01 as determined by Student’s t-test).
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4.3.2 Image analysis set-up

The importance of using more than one cytoskeletal stain in order to increase the 

sensitivity in discriminating morphological behaviour in the cell has been previously 

detailed (Freeley et al., 2010). Therefore, intracellular staining of F-actin and a-tubulin 

were utilised in this screen to enable quantitative detection of key cell shapes. 

Fluorescent images were taken of 9 fields per well under lOX magnification. Pre

defined algorithms were used to quantify changes in cell shape for each image using the 

IN CELL analysis software (GE Healthcare, Piscataway, NJ, USA). Due to the very 

large amount of image data that will be accumulated from this screen, a major challenge 

involves analyzing cell morphology in an automated manner. The first computational 

challenge is to reliably outline the cell boundaries. In order to develop a protocol for 

image analysis, parameters that will be used for image segmentation must be specified. 

Segmentation is the process of dividing an image into a number of individual objects or 

contiguous regions, differentiating them from each other and from the image 

background (Figure 4.4).

In this screen. Multi Target Analysis is selected as an assay type in order to obtain 

various assay-specific spatial measurements (such as nuclear and cell area) that are used 

to establish thresholds for object detection. Typically Top Hat segmentation is used for 

identification of nuclei. A minimum area measurement of the nuclei is obtained from 

images using the Circle Outline feature of Image Tools. The objective is to enter a 

minimum area value that is slightly smaller than the smallest valid nucleus you see. 

Consequently, the analysis software will automatically filter out any nuclei having areas 

smaller than the value that is entered. The sensitivity of nuclei detection is then set, 

which determines which pixel clusters will qualify as objects (nuclei) based on their
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intensity relative to local backgorund. The lower the sensitivity setting, the brighter a 

cluster of pixels must be in order to be differentiated from the background. Hence, the 

detection of dull objects will increase as the percentage sensitivity increases. The Collar 

segmentation feature establishes a ring-shaped cytoplasmic sampling region by dilating 

outwards a defined distance from the established nuclear region. This feature outlined 

a-tubulin in representative images. Furthermore, Organelle Segmentation preset to 

Multiscale top-hat provides an efficient means of identifying objects (F-actin) that are 

heterogenous in size and shape, adjusting the mask and sensitivity accordingly.

saoEXi .^JC]

A BO ||SuTvn«vbvMc>s 3^ ^ r V

Q ajji» y • •• tJJlM-r
OMatr ?01 D'.iO OWrII; H l|Hrt SJ

Wil Cal NucAraa Nuc l/FoToFactofl Nuc C’ltplaceniari
J B 3IM1) Siaiwnaiv 200302 1 320 0801

B a(W3t leans 1 243 0848
B 3IIU3) 201 SOB 1 263 0733
B aiiu4) 118 723 1 234 0 037
B 3tM5) mere 1 220 0031

1 2 3 4 S 6 7 a 9 10 n 1?

OOOOOOOOOOOO
oo«««#«#oooooommm^mmoooooommmmmmoooooommmmmooooooommmmmooooooommmmmooooo
OOOOOOOOOOOO

M«AT«gMAni^M nlMimo

!0>3- 8-3indS«wH0536.SO< HQ620.6l]MlH Mcpu» Am« D*v«lDeMni

Figure 4.4: Automated image analysis of GOhTRT morphology. Raw images of cells 

acquired from a well of a screening plate by automated microscopy. Fluorescent labelling 

combined with image analysis algorithms enabled automated quantification of cellular 

morphological changes. Cellular boundaries were overlaid on top of the raw image (blue:- 

nucleus, yellow:- a-tubulin. green:- F-actin) so that the cell surface area could be automatically 

measured.
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4.3.3 The influence of cell density on cell morphology parameter 

readouts

The shape of cells in culture can be affected by the density of cells around them, 

therefore gross changes in cell growth can affect cell shape indirectly. Therefore, the 

affect of cell number on morphological parameters was first determined to enable final 

selection of siRNA hits where specific alterations in cell shape are unaffected by cell 

density. Thus, the oesophageal cell line, GOhTRT, was seeded at a range of cell 

densities (2,000-50,000/well) in 96 well plates and left to adhere overnight. The plates 

were fixed after 24 h, and subsequently stained with Hoechst (blue), anti-a-tubulin 

(green) and phalloidin-TRITC (red). The plates were imaged on the InCell 1000 system 

as per methods section. Nuclear displacement, cell area (F-actin; denoted A), organelle 

area (a-tubulin: denoted T), A-T area, and total cell count were examined following 

digitisation of images. These parameters were able to identify hits by “flagging” or 

identifying cells which appeared different from non-targeting siRNA control transfected 

cells based upon the selected parameters.

Also, it was observed that subtracting the area of F-actin (A) to the area of a-tubulin (T)

gave rise to a novel metric (A-T) which accurately measured cells with overall diverse

cytoskeletal distribution and pronounced displacment of the F-actin stain and a-tubulin

stain (Figure 4.5). Thus, the A-T metric was chosen as the predominant parameter used

to carry out statistical analysis for hit selection. In the case of nuclear displacement, cell

area and organelle area, there was a downward trend with increasing cell density,

indicating that the cells had less space to spread out (Figure 4.5). The F-actin stain is

noticeably more intense where there are 2,000 and 5,000 cells per well (Figure 4.7),

thus implying that the cells have adequate space to elongate and migrate, evident from
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the actin rich protrusions at the leading edge of the cell. The A-T graph has a normal 

distribution curve with an upwards trend at a cell density of 5,000 (corresponds to an 

arbitrary cell count value of -570) and downwards trend at a cell density of 20,000 cells 

(arbitrary cell count value of -2,700) (Figure 4.6). Hence, the A-T morphological 

metric was defined as the variable least affected by cell density, and the affects 

recognized would not impinge the siRNA screening appraoch to be utilised. Therefore, 

it was rationalized that siRNA gene hits from siRNA screening of cell morphology 

could be selected from the A-T area to cell counts from -570 to -2,700. This provides a 

suitable plateau in the data from this morphological parameter from which to select 

siRNA/gene silencing mediated affects, with confidence that cell shape was affected by 

specific gene inhibition and not cell confluency.

DNA
a-tubulin

F-actin

Figure 4.5: Schematic showing the displacement of F-actin and a-tubulin to give the A-T 

morphology metric (black arrows). The A-T parameter and cell count were applied to the R 

statistical software package to identify hits.
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Figure 4.6: The effect of cell confluency on cell shape and morphology parameter 

readouts. Cells were seeded at different densities and fixed with 8% PFA after 24 h. The cells 

were stained for F-actin and a-tubulin, imaged on the InCell 1000, and analyzed on the InCell 

workstations. Graphs depict the mean±SEM of n=3 experiments performed in triplicate wells.
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Figure 4.7: The effect of cell confluency on cell shape. Cells were seeded at different 

densities and fixed with 8% PFA after 24 h. The cells were stained for F-actin and a-tubulin, 

imaged on the InCell 1000.
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4.3.4 Screen implementation

Following optimisation of controls and parameters to be utilised, the siRNA library 

screen targeting the druggable genome could be carried out using a semi-automated 

siRNA transfection protocol as described in the methods section. The design of the 

druggable library plates were provided by the manufacturer. The plates contained 6022 

siRNAs leaving column 1 and column 2 empty for addition of controls (Figure 4.8). In 

order to maximise the performance of the siRNA screening set up, reverse transfection 

was utilised to reduce hands on time for transfection, and provide a stable tool for the 

high-throughput analysis of gene knockdown (Fujita et al., 2007).

Drawing from previous optimization experiments carried out in our laboratory, 5,000 

cells per well were seeded in 96-well plates using the Matrix Wellmate robot. 

Simultaneously, the transfection reagent, DharmaFECT 4, was made up using a volume 

of 0.2 pL per well; and the ready-made daughter plates were thawed. Each component, 

siRNA and transfection reagent, were added at specific time points and allowed to 

complex, then added to the pre-plated cells. All transfection plates were then incubated 

for 96 hours post transfection. 4% PFA was added (100 pL) to each well and incubated 

for 30 min. The wells were washed with PBS-Tween (100 pL) and stained accordingly. 

The images were scanned, and the following metrics quantified on the InCell 1000 

system: A-T, F-actin area, a-tubulin area, nuclear displacement and cell count. The A-T 

and cell count metrics were run through the R statistical software package to determine 

statistically significant hits. Figure 4.9 shows a workflow of the screen from start to 

finish.
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Figure 4.8: Plate layout for screen. The druggable genome library has siRNAs filling columns 

3-12, leaving columns 1 and 2 for controls.
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Figure 4.9: Workflow of the high content siRNA screen.
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Figure 4.10: Normalization of control raw values to the median of negative controls.
Boxplot showing separation between sample data, negative controls and positive controls 
generated using RNAither.

Firstly, the A-T parameter was normalised to the median of the non-targeting negative 

controls (n=6) per plate with nine fields per well (total of 54 images). Normalisation 

identifies outliers and reduces bias in an individual plate and corrects any batch effects 

caused by systemic areas (Figure 4.10). Two outlier plates (plate 22 and plate 75) were 

identified in the screen due to cell infection and systemic error. A clear division 

between the negative and positive controls can be seen in figure 4.11 A, as well as the 

majority of plate data having a z-factor below zero (Figure 4.11 B). This is indicative of 

a strong control when classifying assay quality, and confirms the robustness of the 

screen.
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Figure 4.11: Z-factor of all 76 plates. A) Line graph shows the separation between negative 

and positive controls. B) Scatterplot shows majority of values in or around zero, indicating 

strong controls.
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Figure 4.12: Scatterplot of A-T signal versus cell count data in all wells of the screen 

before and after lowess normalization. The black dots represent the data values, the green 

spots represent the positive control for cell death and morphology (GATA6), and the red spots 

represent the negative non-targeting control. (A) Plotting of the A-T signal revealed biases with 

respect to the average cell counts. Consequently, the data were normalized using lowess 

regression to remove this biases. (B) The same plot post lowess normalization showing 

standardization of the curves.

Data was further rescaled by performing a robust Z-score, as this statistical analysis is 

suitable for high-throughput screens without multiple plate replicates. Normalization of 

the difference in A-T analyzes the separation between the negative and positive 

controls. It provides information on the strength of each siRNA relative to the rest of 

the sample distribution. A robust z-score is preferable for RNAi screens as it substitutes 

the outlier-insensitive median and median absolute deviation (MAD) for mean and 

standard deviation as follows:

Z Score = (x- Median)/MAD,
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where x is a parameter value, Median is the median of all the values for one parameter, 

and MAD is the median absolute deviation of all of the values for one parameter 

(Birmingham et al., 2009). Figure 4.12 shows a scatterplot distribution of A-T area and 

cell count. This siRNA data is multiparametric, and the different readouts depend on 

each other causing systematic bias. A lowess (locally weighted least squares regression) 

normalization performs intra-plate corrections and was applied to correct for non

linearity in the dataset. Data points nearer to the estimated fit are weighted higher than 

more distant points. The normalized A-T signal intensities are the difference of the 

signal intensity values and the corresponding point on the curve (Richer et al., 2009). 

For example, lowess normalization is applied in this instance to remove the correlation 

between A-T signal intensities and cell count by adjusting the signal intensities for the 

effect of unequal cell numbers in wells.

Next, a Z-score cut-off of 2 was also applied to the dataset, and this corresponds to a 

significance level of 1%. This stringent cut-off resulted in a total of 127 high 

confidence hits, which is 2% of the siRNA’s in the entire screen. Table 1 shows the 

high confidence hits ranked by the Z-Score of the A-T parameter, as it was most rigid in 

terms of representing this parameter and accompanying fluorescence images. A portion 

of the top gene hits were visually inspected to confirm that the A-T metric and cell 

count readouts corresponded to the immunofluorescent images. Visual inspection also 

detected a broad spectrum of distinct defects in cytoskeletal organization and cell 

morphology, including subtle effects in the localisation and level of F-actin and a- 

tubulin. Analysing the screen images confirmed the validity of the screen, particulary in 

relation to the A-T parameter that identified the hits. A number of phenotypes were 

observed, however, the A-T metric was suitable as the readout for a high-throughput
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screen such as this one. It allowed the automatic recognition of subtle subcellular 

changes regardless of whether the cytoskeletal area increased or decreased, as it was the 

displacement between to the two stains that were measured. Therefore, it represented a 

suitable starting platform to base our first avenue of investigation.

Gene Name Mean Raw 
Actin-Tubulin

Mean Normalised 
Actin-Tubulin

Mean Actin- 
Tubulin Z-Score

Cell
Count

KIFll 513.075 2.056215033 7.308437603 909

RRM2 445.325 1.784998517 5.543783267 571

NUBP2 436.941 1.801038726 5.062553476 1337

P66BETA 472.428 1.773351751 4.908729972 813

DUXl 476.241 1.746500515 4.828510353 803

UBE3A 419.722 1.356830672 4.342211592 2916

ITGB8 462.268 1.583451224 4.313734342 1334

GASl 385.689 1.466581744 4.022154369 2358 “

CSNl 470.275 1.70864943 4.019264084 1056 '

SERPINIl 363.276 1.591647352 3.982812029 1320~

PRCl 381.481 1.569060614 3.915313273 1870

RNF32 366.689 1.501377771 3.882302693 1760

FBX032 396.136 1.28058447 3.733854458 2742

MTVRl 364.763 1.617459515 3.661001529 1844

HMGNl 381.064 1.195911361 3.640493525 1592

CASP8AP2 442.91 1.913987044 3.622500684 1065

PRDM8 367.293 1.510704282 3.57172305 1781

SPRYl 444.474 1.379000732 3.535346244 1561
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NOLI 449.241 1.437161896 3.5163809 1492

RAGl 386.435 1.249224155 3.483635152 1585

XRCC2 455.208 1.370516057 3.470393873 1130

WNT7B 344.976 1.346494772 3.358068211 1626

BRE 343.929 1.421816994 3.30673726 2100

KCNQ4 370.873 1.339191444 3.266804615 1331

HOXD3 362.318 1.137079893 3.235963074 2380

TRIM32 353.663 1.339531096 3.188627515 1450

CYLD 374.551 1.210806879 3.177109409 2007

PLXNAl 349.23 1.436409778 3.134292108 1845

CDC25B 348.898 1.398254276 3.13161694 613

CPOX 327.752 1.51286679 3.126070673 1907

SERPINFl 331.463 1.45226276 3.124663515 1426

ACOX2 397.514 1.593210557 3.112717909 1827

GBPl 342.974 1.472376888 3.099221342 1969

LHB 378.872 1.738630836 3.085946475 2208

RDH8 348.257 1.395920347 3.08453004 1259

GABPA 398.719 1.585761046 3.075146331 1209

TMEM4 331.234 1.508138651 3.064031495 1788

CRLF2 333.808 1.420653025 3.036027268 1536

TM4SF4 329.061 1.498244783 3.005917325 2232

HOXA4 394.99 1.570930293 3.002542563 1444

CD24 349.209 1.720156643 2.99703094 1231

CSTF3 347.525 1.538688025 2.990405653 1835
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TFRC 344.282 1.379987334 2.983821963 1215

TNNT2 358.372 1.543416281 2.975138033 1792

AQP8 352.681 1.150563242 2.969890362 2644

HOXB13 393.18 1.56373167 2.967301796 1124“

HMGN4 348.93 1.095063693 2.947055911 1786

RNF144 327.494 1.340897087 2.931634181 2333

FSCN2 350.232 1.35230976 2.919772382 1332

DPF2 364.066 1.176912136 2.906668276 2319“

ZFP64 351.391 1.322191869 2.898435242 921

DNMT3B 324.182 1.441340583 2.89231734 1919

FGA 338.069 1.285506778 2.888140213 1661

NFKBIB 339.448 2.558049104 2.884830014 2015

USPll 362.25 1.I7I04I572 2.859827924 2957

CD79A ^ 321.618 1.409128151 2.859096856 1787”

SALL3 338.622 1.308502006 2.853522571 1887

C90RF100 335.864 1.277122269 2.835630737 1259

AGL 380.819 1.52629807 2.83473274 1765

NR1D2 337.234 2.541364602 2.832380282 2181

CDC6 339.605 1.503621745 2.824960779 1497

DIABLO 389.599 1.683609398 2.766515994 1910

KRT18 382.24 1.309323587 2.763440055 1778

BTG4 344.66 1.383704358 2.755236113 1756

FRAGl 322.871 1.374106261 2.742395717 1997

AQP3 346.808 1.252294737 2.741288374 1739
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NCOA7 369.129 1.229397306 2.721235341 1576

TCOFl 353.285 1.111934685 2.721142976 1214

DAXX 334.397 1.480563009 2.716168241 951

LGALS3BP 358.124 1.643418963 2.689966331 1756

IL27RA 321.306 1.254107095 2.680442682 2008

ARHGDIG 309.509 1.323304445 2.680094196 1816

COL18A1 365.224 1.422765875 2.679132857 2026

SERPINI2 314.708 1.378852869 2.672701161 2089

TNFRSF13B 321.024 1.253006405 2.672369577 1887

MDSl 383.775 1.472410644 2.657424712 1416

LRP8 332.505 1.153425884 2.620654642 1584

SMARCAl 394.484 1.223904491 2.61611687 2117

TNFSFll 330.441 1.283714696 2.615864964 1574

DBI 345.213 1.15327026 2.613490732 1485

EPB42 332.017 1.262935871 2.610987409 1896

RINGl 327.604 1.24083024 2.602546998 1904

HOXA7 374.213 1.488297267 2.598013603 949

ACYl 327.454 1.287617475 2.580799779 1701

HSF2 379.244 1.45502678 2.57959456 1238

PSMB4 335.079 1.232701186 2.561602248 1619 '

MLL 357.337 1.341334965 2.545270816 1659

RSUl 390.874 1.314688561 2.541003303 1424

TNG 336.499 1.266157192 2.539760158 1736

ACADVL 325.077 1.278270615 2.515623774 1589
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CDC42EP3 324.231 1.435552427 2.50380554 647

SPINKS 308.403 1.351228318 2.502625205 1927

ABCC3 340.191 1.070722426 2.50072314 1148

XPMC2H 304.575 1.318906162 2.488423302 1676

CTGF 322.996 1.430084389 2.478007002 944

NGFRAPl 388.902 1.244132071 2.469497955 1031

NR4A1 321.851 2.42543972 2.467956513 2056

AXINl 306.844 1.344397758 2.460571531 2470

CCNB3 369.63 1.597315552 2.445885012 2544

GPR135 311.447 1.325486875 2.435689415 2378 ^

THRAP5 290.273 1.597944444 2.42723271 2662

TOP2A 331.145 1.426156576 2.407785209 1674

PHFl 350.388 1.315250522 2.402569148 1048

SRP72 382.626 1.187114509 2.398068822 1670 ‘

TAF6L 320.051 1.33692156 2.397992669 1023 "

LBP 350.191 1.40917395 2.397918051 1471

SKP2 305.243 1.249792208 2.391939703 1796

CDYL 306.034 1.393400749 2.390088982 1860

POLR2B 347.475 1.492686384 2.384309126 2079

NR4A3 317.817 2.395039865 2.372390922 2169

PMF-1 299.106 1.295223661 2.366847574 1902

ILF2 312.223 1.295907525 2.365540583 2494

CFSl 308.341 1.274694701 2.358158831 1160

HLA-B 308.075 1.31 1135984 2.345159508 2730
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GSTT2 373.803 1.358137862 2.332346485 1535

FGD6 314.096 1.194349488 2.317251481 2361

GGT2 333.368 1.173764858 2.314837034 1892

MK-STYX 315.886 1.24483169 2.290792909 1627

PARC 300.99 1.232378652 2.288783862 1928

MMP25 307.288 1.319177982 2.282282511 2041

APOCl 325.644 1.1758733 2.279122336 2044

SPINT2 299.972 1.314288969 2.275200878 1989

MY09B 308.577 1.280774499 2.273596093 2541

CAMKIINALPHA 305.009 1.260920072 2.269346217 985

PAFAH1B3 322.173 1.18522211 2.267112228 1575

ZIC3 325.089 1.223224364 2.264949339 1709

RXRA 332.538 1.134732848 2.262735432 1196

SUPT6H 294.356 1.274654657 2.261255197 1029

Table 4.1: High Confldence gene hits determined by Z-score and eell count. The above 

table displays 127 high confidence hits with the mean raw, normalized and Z-score values for 

the actin-tubulin (A-T) parameter, along with the cell count. The genes have been ranked by Z- 

Score, and those highlighted in red have been chosen for further validation.
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4.3.5 Bioinformatics

A typical outcome of statistical analysis from high-throughput RNAi screens is a list of 

gene products that significantly differ from other genes in the same study, relative to a 

given readout. Bio-informatic analysis was performed on a selection of gene hits to 

enable identification of any trends in the dataset and to identify cellular mechanisms, 

functions, pathways and possible relationships between the genes in the list of high 

confidence hits derived from this screen. Normalised morphological parameter values 

were clustered using KNIME, a modular open-source data manipulation and 

visualization programme (www.knime.org'). The clustering was generated using the 

“new hierarchial clustering” mode, and the data visualised using the “dendrogram with 

heat map” version 0.3.0.

Four predominant phenotypes were revealed (elongated, enlarged, cortical actin, 

retracted), and could reflect a functional interaction between members of each group 

(Figure 4.13). The most commonly observed phenotypes involved changes in actin 

organization and cell shape. Specific siRNA phenotypes in group 1 were 

characteristically elongated or protrusive, with increased cell spreading led by defects in 

F-actin and polarized (asymmetric or uneven) distribution of F-actin. In addition to the 

spindle-shaped morphology in siRRM2 cells, this group had a variety of cell membrane 

extensions such as neurite-like outgrowths in siMAFK cells and actin-rich lamellipodial 

protrusions like in siNOLl cells (Figure 4.14).
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Figure 4.13: Clustering of GOhTRT morphological and fluorescence intensity distribution 

profde heat following siRNA inhibition reveals 4 major groups. Following PFA fixation and 

subsequent staining for F-actin and a-tubulin, image acquisition and processing were carried 

out. Different morphology and fluorescence intensity parameters for each test siRNA, 

comprising measurements from F-actin (A) and a-tubulin (T) staining, were normalised to the 

respective parameter values of the non-targeting negative control, and a heirarchial clustering 

was performed. Four major phenoprofiles were identified: 1. Elongated; 2. Enlarged; Cortical 

Actin and 4. Retracted phenotype.
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Elongated modes of migration on rigid 2D surfaces are known to involve actin 

assembly based protrusions at the front and actomyosin-contractility driven cell 

retraction at the rear (Ridley et al., 2003). RNAi phenotypes in group 2 were visibly 

larger than the control cells, and this is presumably by promoting cell spreading through 

changes in cortical F- actin and filamental a-tubulin distribution (Figure 4.14). Also, 

cells targeted with siRNA for DUX I had a visible asymmetric distribution of F-actin. 

Multinucleate cells were observed as the phenoprint for siPRCl, so perhaps the cells 

were enlarged to allow for efficient cell division.

The discernible phenotype for group 3 were increased levels of cortical actin filaments, 

and thus altered membrane morphology (Figure 4.15). This included cells depleted in 

1TGB8 and P66BETA with an observable increase in F-actin-rich lamellae around the 

cell periphery, as well as an increase in cell spreading. The phenoprofile for 

representative cells in group four were defects in cell spreading, prompting cells to 

round up and perhaps detached from the plate (Figure 4.15). The top hits were also ran 

through the Gene Ontology Panther Classification System, and the main biological 

processes highlighted within the dataset included nucleic acid binding, transcription 

factors, receptor signalling, enzyme modulators and cytoskeletal proteins (Table 4.2).
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(1) Elongated phenotype

* ' \

• Diffuse a-tubulin
• F- actin patches

, siRRM2
Spindle-like morphology

(2) Enlarged phenotype

Cortical F-actin 
Peri-nuclear and 
filamental a-tubulin

• Polar F-actin
• Filamental a-tubulin

Multi-nucleate (*) 
Filamental a-tubulin

Figure 4.14: Predominant phenotypes evident in the High Content siRNA screen include 

(1) elongated, (2) enlarged, (3) cortical F-actin, (4) retracted and (5) cellular debris. The

cells were stained for DNA (blue), F-actin (red) and a-tubulin (green) and imaged on the InCell 

1000 system.
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(3) Cortical actin phenotype

High actin:tubulin ratio 
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(4) Rounded / retracted phenotype

Figure 4.15: Predominant phenotypes evident in the High Content siRNA screen include 

(1) elongated, (2) enlarged, (3) cortical F-actin, (4) retracted and (5) cellular debris. The

cells were stained for DNA (blue), F-actin (red) and a-tubulin (green) and imaged on the InCell 

1000 system.
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GO Biological Processes

extracellular matrix protein (PC00102)

protease (PC00190)

cytoskeletal protein (PC00085)

transporter (PC00227)

transferase (PC00220)

oxidoreductase (PC00176)

cell adhesion molecule (PC00069)

ligase (PC00142)

nucleic acid binding (PC00171)

signaling molecule (PC00207)

enzyme modulator (PC00095)

defense/immunity protein (PC00090)

hydrolase (PC00121)

transcription factor (PC00218)

receptor (PC00197)

# Genes From High 
Confidence Hits

6

10

10

13

39

20

20

7

19

29

22

Table 4.2: Gene Ontology Panther Classification system highlights the main biological 

processes of the top hits.
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4.3.6 Candidate Gene Selection

The validity of this screen is reinforced by the presence of high confidence hits that are 

associated with processes effecting cell migration directly or indirectly, and these genes 

are described in greater detail in this chapter’s discussion. RRIV12, CSNl, 1TGB8, 

NOLI, SPRYl and MY09B were selected for further verification. Although MY09B 

was further down the list of high confidence hits, it was considered a strong hit as 

previous studies have also established this equivalent phenotype in different cell lines, 

for instance, both lVlyo9b'^' macrophages, bone marrow-derived dendritic cells 

(BMDCs) and HeLa cells had defective spreading and polarization, and these 

phenotypic changes were accompanied with impaired cell velocity and directionality 

(Li et al., 2003, Strahl and Allis, 2000, Guan and Xiong, 2011). Upon extensive 

inspection of these signature RNAi mediated shape changes, it was rationalized that 

these genes represented the most distinct and diverse phenotypes within the screen. 

Likewise, the roles of these genes were less defined in the literature and had not been 

examined in the context of cytoskeletal integrity. The most important reported functions 

of these candidate genes are described in Table 4.3.
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Ribonucleoside- 
diphosphate reductase 

subunit M2

G protein pathway 
suppressor 1

NOP2 nucleolar 
protein

SPRYl Sprouty homolog

plasma
membrane

Symbol Name Biological process; Cellular
molecular function components

RRM2 Ribonucleoside- DNA replication, cytoplasm,
oxidation reduction, cytosol
deoxyribonucleoside 

diphosphate metabolic 
process; 

ribonucleoside- 
diphosphate reductase 

activity, iron ion 
binding, protein 

binding, 
oxidoreductase 

activity
ITGB8 Integrin beta 8 receptor activity; cell

adhesion, cell-matrix 
adhesion, integrin- 
mediated signalling 
extracellular matrix 

organization
CSNl G protein pathway JNK cascade, cell

cycle, cullin 
deneddylation, MARK 
inactivation ;GTPase 

inhibitor
NOLI NOP2 nucleolar cell proliferation,

rRNA processing;
RNA binding, protein 

binding, S- 
adenosylmethionine- 

dependent 
methyltransferase 

activity
EGFR signalling, 

negative regulation of 
ERK1,ERK2, MAPK,

Ras GTPase, cell 
proliferation, EGFR,
FGF activity; protein 

binding
MY09B Myosin IXB Rho and NOT ARF

protein signal 
transduction, actin 

filament movement, 
regulation of small 
GTPase and Rho 
GTPase; protein 

binding, actin binding, 
metal ion binding, 

microfilament motor
Table 4.3: Overview of the main features of the candidate genes 

validation.

cytoplasm,
signalosome

nucleolus,
nucleus

cytoplasm,
cytoplasm,

plasma
membrane

cytoplasm, 
cytosol, cell 

cortex

Entrez
GenelD

6241

3696

2873

4839

10252

4650

chosen for further
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4.3.7 Verification of gene hit morphology phenotypes

This in vitro model of OAC cell morphology provided a snapshot of the diverse 

morphological phenotypes associated with gene specific knockdown. F-actin and a- 

tubulin were chosen as the primary parameters as they accurately quantified 

morphological differences in siRNA treated and non-targeting cells. To test for 

biological reproducility with independent siRNAs, six genes (RRM2, ITGB8, CSNl, 

NOLI, IV1Y09B and SPRYl) were selected for retesting to confirm the phenotypes 

produced. As in proceeding experiments GOhTRT cells were transfected using the same 

conditions of the screen, however, with independent up-to-date siRNA pools targeting 

the six siRNAs selected. GOhTRT cells were seeded in 96 well plates at a 5,000 cells 

per well (in 80 pi), with 20 pi of Dharmafect 4 transfection reagent complexed with the 

appropriate siRNA. The cells were fixed at 96 h with 4% PFA (100 pL) for 30 min. The 

wells were washed with PBS-Tween (100 pL) and subsequently stained with Hoechst 

(blue), anti-a-tubulin (green) and phalloidin-TRITC (red). Image acquisition and 

analysis was then carried out on the InCell 1000 system.

As per the original screen the nuclear displacement parameter was increased in RRM2 

silenced cells to 1.598 ± 0.076; t-test p <0.0001 in comparison to siNT= 0.643 ± 0.066 

(Figure 4.16 and Table 4.3). Furthermore, there is a statistically significant increase in 

A-T area (Figure 4.19). The values for F-actin and a-tubulin being 2338.4 ± 65.2; t-test 

p <0.0001 and 2024.9 ± 52.03; t-test p <0.0001 respectively, as oppose to 781.38 ± 

82.725 and 618.34 ± 56.34 for the non-targeting cell area and organelle area (Figure 17 

and 18). Additionally, there was a significant decrease in cell count (Table 3), with 

relative values of 490 ± 51.86; p =0.003 in siRRM2 cells versus 3751.5 ± 532.9 in siNT 

transfected cells. This is on the border of the z-score and cell count cut-off for the
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selection of high confidence hits, however, due to its highly distinctive morphology, it 

was chosen as one of the candidate genes for further experimental interpretation. 

Subsequent immunofluorescence staining using a larger number of cells showed that 

the elongated phenotype was not related to cell confluency, but indeed a result of 

targeting RRM2 in different subpopulations of cells at possibly different stages of the 

cell cycle (Figure 4.20). Figure 4.15 show that cells transfected with siRNA targeting 

RRM2 appeared polarized and elongated, as oppose to the non-targeting cells where the 

nuclei are positioned in the cell body centre. In RRM2 silenced cells the nuclei is 

positioned toward the leading edge of the cell, away from the cell body centre. The F- 

actin is distributed toward the leading edge of some of the polarized cells. As oppose to 

the F-actin, the a-tubulin staining is heterogenous, as there is less intense staining at the 

cell’s periphery.

In cells transfected with siRNA targeting 1TGB8, the F-actin (1044.6 ± 40.92; p = 

0.0291) and a-tubulin area (811.081 ±27.034; p =0.0215) has increased in comparison 

to the F-actin (781.38 ± 82.725) and a-tubulin (618.34 ± 56.34) area of the siNT 

transfected cells (Figure 4.17 and 4.18 ). The F-actin staining of 1TGB8 silenced cells is 

strikingly uniform at the cells outer edge in the composite images. There is also 

evidence of shrinkage of the a-tubulin around the perinuclear region (Figure 4.15). 

CSNl silenced cells appear more polarized in the immunoflurosecent image (Figure 

4.15). Although the F-actin area (918.297 ± 21.325; p =0.1601) and a-tubulin area 

(652.096 ± 5.672; p =0.5729) of CSNl-silenced cells does not significantly differ to 

that of the siNT F-actin area (781.38 ± 82.725) and a-tubulin area (618.34 ± 56.34), the 

A-T area is statistically significant at 266.201 ± 25.629; p =0.0326 (Figure 4.19). The 

incidence of cell polarity is also evident by the increase in the nuclear displacement
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parameter in siCSNl cells (0.845 ± 0.036; p =0.0369) compared to siNT cells (0.643 ± 

0.066) (Figure 4.16). It is discernible from the images that opposed to silTGBS cells, 

the F-actin staining in CSNl silenced cells is slightly more extended than the a-tubulin 

in a polarised manner (leading and trail edge). The F-actin is distributed and highly 

concentrated in the lamellipodia that protrude from the cells (Figure 4.15).

In siNOLl cells, the F-actin area (1078.809 ± 18.065; p =0.0126) and a-tubulin area 

(814.157 ± 4.457; p =0.0134) have significantly increased in comparison the siNT F- 

actin area (781.38 ± 82.725) and a-tubulin area (618.34 ± 56.34) (Figure 4.17 and 4.18). 

The image in figure 4.15 shows the F-actin staining at the cells membrane in a majority 

of cells, and the difference in A-T area (246.652 ± 13.904; p =0.0157), is higher than 

the A-T area of siNT cells (163.04 ± 27.098) (Figure 4.19). These findings are 

indicative of either a-tubulin shrinkage or F-actin extension, although the extension in 

F-actin in siNOLl cells are not as pronounced as the highly concentrated F-actin 

protrusions in siCSNI cells (Figure 4.15). Likewise, siNOLl cells are polarized, 

indicative by the increase in nuclear displacement of 1.011 ± 0.046; p =0.0038 (Figure 

4.16) by comparison to siNT cells (0.643 ± 0.066).

MY09B silencing resulted in a heterogenous population of cells, with the majority of 

cells displaying a characteristic round or ameboid profile, and others with an elongated 

phenotype (Figure 4.15). Separately, F-actin area (957.311 ± 9.916; p =0.0792) and a- 

tubulin area (707.376 ± 12.007; p =0.1732) in siMYOOB cells is not statistically 

different to siNT F-actin area (781.38 ± 82.725) and a-tubulin area (618.34 ± 56.34) 

(Figure 4.17 and 4.18). However, the displaced A-T metric of siMY09B cells was 

significantly higher at 249.935 ± 3.278; p =0.0190 in comparison to the A-T of siNT of
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163.04 ± 27.098 (Figure 4.19). Lastly, siSPRYl cells had a distinct morphology with F- 

actin staining highly visible at the cell’s membrane and significant a-tubulin shrinkage 

in comparison to the siNT (Figure 4.15), however, the A-T metric was not statistically 

significant to that of siNT cells (Figure 4.19).

Overall, the changes in subcellular cytoskeletal distribution associated with the 6 

siRNAs matched those to the original siRNA screen. The only contrast was in relation 

to the quantified A-T metric for ITGB8 and SPRYl (Figure 4.19), which when 

replicated with new siRlMAs were not deemed statisically significantly different to the 

A-T of the non-targeting control. On the contrary, the separate F-actin and a-tubulin 

area for both 1TGB8 and SPRYl were statistically increased in comparison to siNT 

cells. The verification of gene morphologies associated with the siRNAs confirmed the 

validity of the original screen, and thus, were chosen for futher analysis.
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Figure 4.16: Representative InCell images of gene hits. The cells were stained with F- 

actin/a-tubulin and imaged on the InCell 1000. Gene hits represent diverse morphology 

phenotypes following inhibition of certain genes. These images are representative of n=3 

experiments performed in triplicate.
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Figure 4.17: Nuclear displacement values between non-targeting control and the 

candidate genes in the GOhTRT cell line. 96 hours post reverse transfection of the genes 

above the cells were fixed with 8% PFA and stained with Hoechst for the nucleus (blue), a- 

tubulin for the tubulin (green) and Phalloidin-TRITC for the actin (red). Values are normalised 

relative to untreated control and represent the mean±SEM of three experiments performed in 

triplicate (* = p-value < 0.05 as determined by Student t test).
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Figure 4.18: Cell Area (F-actin) values between non-targeting control and the candidate 

genes in the GOhTRT cell line. 96 hours post reverse transfection of the genes above the cells 

were fixed with 8% PFA and stained with Hoechst for the nucleus (blue), a-tubulin for the 

tubulin (green) and Phalloidin-TRITC for the actin (red). Values are normalised relative to 

untreated control and represent the mean±SEM of three experiments performed in triplicate (* = 

p-value < 0.05 as determined by Student t test).
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Figure 4.19: Organelle Area (a-tubulin) values between non-targeting control and the 

candidate genes in the GOhTRT cell line. 96 hours post reverse transfection of the genes 

above the cells were fixed with 8% PFA and stained with Hoechst for the nucleus (blue), a- 

tubulin for the tubulin (green) and Phalloidin-TRITC for the actin (red). Values are normalised 

relative to untreated control and represent the mean±SEM of three experiments performed in 

triplicate (* = p-value < 0.0 as determined by Student t test).
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Figure 4.20: A-T (F-actin area- a-tubulin area) values between non-targeting control and 

the candidate genes in the GOhTRT cell line. 96 hours post reverse transfection of the genes 

above the cells were fixed with 8% PFA and stained with Hoechst for the nucleus (blue), a- 

tubulin for the tubulin (green) and Phalloidin-TRITC for the actin (red). Values are normalised 

relative to untreated control and represent the mean±SEM of three experiments performed in 

triplicate (* = p-value < 0.0 as determined by Student t test).
159



Parameter Description Resting siNT siRRM2 silTGBS sfCSNl sINOLl siMYOSB slSPRYl

Nuclear Distance between the 0.638± 0.6801 1.5391 0.8991 0.8371 0.9741 0.9011 0.921
Displacement nucleus's centre of 

gravity and the cells' 
centre of gravity, 
divided by the 
gyration radius of the 
nucleus

0.058 0.078 0.066 0.062 0.049 0.038 0.086 0.041

Cell Area Tubulin area of the 761.65± 839.141 2282.11 1034.361 916.071 1060.91 963.231 1098.41
(a-tubulin) identified celt body 103.71 83.77 1 46.43 56.03 29.99 5 3.87 11.25 49.62

Organelle Actin area of the 604.89± 659.011 1996.41 799.541 651.291 810.171 716.561 865.191
Area identified cell body 66.01 55.14 165.51 34.57 7.94 2.81 10.94 44.75

(F- actin)

Cell Area- Area between the 156.751 180.121 285.701 234.821 264.781 250.791 246.671 233.251
Organelle actin and tubulin 38.25 29.75 35.48 21.51 36.19 1.47 0.38 35.14

Area

Cell Count Cell number calculated 3907.51 3523.11 472.51 20431 2566.6671 1850.171 1526.831 17391
by nuclear stain 720.62 654.06 68.98 337.36 186.73 35.26 131.1 93.86

Table 4.4: Summarised table of parameter results quantified by InCell 1000™ analyser 

software. Values represent the mean±SEM of three experiments performed in triplicate.
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Non-targeting siRRMZ

Figure 4.21: Cell confluency does not effect the cell phenotype specific to RRM2 depletion.
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4.4 Discussion

The majority of OAC-related deaths result from metastatie processes, but effective 

therapies upon metastasis is negligible. Cell motility plays a crucial role in the process 

of metastasis; therefore agents that inhibit cell motility could be utilised as novel anti

metastatic agents. The discovery of such novel agents is critically dependent on cellular 

assays that are high-throughput and recapitulate at least some facet of the metastatic 

cascade. Imaged based high-content RNAi screens allow the detection and 

quantification of cellular and subcellular changes, as well as the classification of sub

phenotypes that may correspond to specific biological functions.

An image-based druggable genome RNAi screen, implemented in this thesis, 

successfully identified regulators of OAC cell morphology and potentially of migration. 

The InCell 1000 HCA platform (GE Healthcare, USA) enabled image acquisition and 

analysis in a high-throughout manner and generated an abundance of biological data. 

Recent studies using this HCA platform have discriminated lymphocyte morphology in 

response to different inhibitors (Freeley et al., 2010), as well as screening phototoxic 

effects of porphyrin compounds in oesophageal cell lines (Vaz et al., 2013). The robust 

z-score method was adopted for hit selection in the siRNA screening approach, which is 

insensitive to outliers commonly associated with RNAi HTS experiments. Additionally, 

for hit selection in RNAi screens without replicates the major interest is the size of 

effect in a tested siRNA, which is defined by the magnitude of the difference between 

the siRNA and a negative reference group with no specific inhibition or activation 

effects. Therefore, six negative control wells were allocated per plate (Zhang, 2011). 

The stringent Z-score cut-off of 2, identified 127 genes whose inhibtion resulted in 

altered cellular shape and movement, which represents 2% of the siRNA’s in the entire
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screen. These hits/genes were ranked by the robust Z-score of the A-T metric, the most 

rigid in terms of representing subcellular changes of accompanying fluorescence 

images. This RNAi screen and others holds distinct advantages over drug therapies, as 

identification of highly selective and potent sequences is rapid, synthesis is easy from a 

chemistry standpoint and all targets can be inhibited and lead compounds rapidly 

identified and optimised (Vaishnaw et al., 2010, Bumcrot et al., 2006). Although 

mounting publications have demonstrated that the possibilities of genome-wide RNAi 

libraries are almost limitless, they are not perfect tools. Major disadvantages associated 

with RNAi library screening include off-target effects, the inability of some cell types 

to be transfected or electroporated, and the transient nature of protein expression.

Furthermore, siRNA libraries have to be re-ordered/re-synthesized due to their finite 

‘lifespan’, and they require an array format as they are not particularly suitable for 

pooling strategies. Another concern associated with library screening is the fact that not 

all of the RNAi reagents have been validated to generate a significant knockdown, 

however, some companies are in the process of generating validated libraries (Mohr et 

al., 2014, Campeau and Gobeil, 2011, Perwitasari et al., 2013). Therefore, RNAi-based 

library screening requires careful designing, planning and execution of the screen. 

Extensive optimization and validation of time-points and endpoint assays are essential, 

as well as rigorous validation using independent secondary assays and additional time 

points to help narrow down real candidate genes. Addressing challenges such as 

delivery methods and small molecule specificity will significantly strengthen 

development of novel therapeutics.

RNAi technology is now extensively used to silence cancer-related gene targets, and a

growing number of preclinical studies have successfully inhibited tumour cell growth,
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angiogenesis, metastasis and chemo-resistance by adopting this gene silencing 

technique. For instance, one such in vivo study illustrated that an siRNA targeting a 

heterodimer glycoprotein Clusterin (Clu) significantly slowed the growth of orthotropic 

primary tumours derived from MDA-MB-231 cells (Niu et al., 2012). Additionally, 

Huang et al. utilized specific oligo siRNA that targeted a cell surface glycan N- 

acetylglucosaminyl transferase V (GnT-V) associated with malignant tumours. Huang 

et al., showed a significant decrease in proliferation of BGC823 cells when GnT-V was 

silenced, as well as the down regulation of E-cadherin, vimentin and matrix 

metallopeptidase 9 (MMP-9) (Huang et al., 2013).

Initial high content screens examined the effect of knocking down a limited set of genes 

on cell shape in Drosophila melanogaster tissue culture cells. Major drawbacks at the 

time included manual image acquisition on the microscope and image analysis by 

laborious visual inspection (Kiger et al., 2003, Rogers et al., 2003). In addition, Bakal et 

al. took an important step in automated, computational analysis, and used computational 

methods and neural networks to classify phenotypes in a screen with 249 genes 

predicted to play a role in cell morphology (Bakal et al., 2007). Since then, 

technological advances in robotic microscopy have allowed fully automated image 

acquisition, making it possible to obtain images from a whole genome RNAi screen in 

only a few weeks. Accordingly, the image analysis has now become the rate-limiting 

step, and in most cases, the amount of image data exceeds what can be reasonably and 

reliably analysed through visual inspection. Developing new approaches for automated 

quantitative image analysis now represents a greater complexity than collecting the 

image data.
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In this HCA RNAi screen, the InCell 1000 platform and robotic arm permitted high 

speed image acquisition of thousands of high resolution cellular images. Accompanying 

analytical IN CELL software (GE Healthcare, Piscataway, NJ, USA) provided 

predefined algorithms which were tailored to interpret the specific cell line (GOhTRT) 

used in this screen. A major challenge involved in high-throughput screens involves 

analyzing cell morphology in an automated manner, so the first computational 

challenge was to reliably outline cell boundaries detected by the cytoskeletal stains. 

Parameters used for image segmentation were specified in order to develop a protocol 

for image analysis. The protocol Multi Target Analysis was selected as an assay type to 

detect assay-specific spatial measurements (such as nuclear and cell area) used to 

establish thresholds for object detection. Top Hat segmentation identified the nuclei by 

manually adjusting the minimum area value to that smaller than the smallest valid 

nucleus seen visually. The sensitivity of nuclei detection is then set, which determines 

which pixel clusters will qualify as objects (nuclei) based on their intensity relative to 

local background. The Collar segmentation feature detected a-tubulin by establishing a 

ring-shaped cytoplasmic sampling region dilating outwards a defined distance from the 

established nuclear region. Furthermore, Organelle Segmentation preset to Multiscale 

top-hat provided an efficient means of identifying objects (F-actin) that are 

heterogenous in size and shape, adjusting the mask and sensitivity accordingly.

Visual inspection of a portion of top hits detected a broad spectrum of distinct defects in

cytoskeletal organization and cell morphology, including subtle effects in the

localisation and level of F-actin and a-tubulin. Five predominant phenotypes were

revealed (elongated, enlarged, cortical actin, retracted and condensed/cellular debris),

and could reflect a functional interaction between members of each group. Group 1
165



phenotypes included characteristically elongated or protrusive, with increased cell 

spreading led by defects in F-actin and polarized (asymmetric or uneven) distribution of 

F-actin. In addition, this group had a variety of cell membrane extensions such as 

neurite-like outgrowths in siMAFK cells and actin-rich lamellipodial protrusions like in 

siNOLl cells. Elongated modes of migration on rigid 2D surfaces are known to involve 

actin assembly based protrusions at the front and actomyosin-contractility driven cell 

retraction at the rear (Ridley et al., 2003).

RNAi phenotypes in group 2 were visibly larger than the control cells, and this is

presumably by promoting cell spreading through changes in cortical F- actin and

filamental a-tubulin distribution. Multinucleate cells (siPRCl) were also observed, so

perhaps the cells in this group were enlarged to allow for efficient cell division. The

discernible phenotype for group 3 were increased levels of cortical actin filaments, and

thus altered membrane morphology. This included cells depleted in 1TGB8 and

P66BETA with an observable increase in F-actin-rich lamellae around the cell

periphery, as well as an increase in cell spreading. The phenoprofile for representative

cells in group four were defects in cell spreading, prompting cells to round up and

perhaps detached from the plate. The remaining group 5 noted morphological defects

accompanied by a decrease in cell number, with a condensed morphology coinciding

with cellular debris. Analysing the screen immunofluorescent images confirmed the

validity of the screen, particulary in relation to the A-T parameter that identified the

hits. A number of phenotypes were observed, however, the A-T metric was suitable as

the readout for a high-throughput screen such as this one. It allowed the automatic

recognition of subtle subcellular changes regardless of whether the cytoskeletal area

increased or decreased, as it was the displacement between to the two stains that were
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measured. Therefore, it represented a suitable starting platform to base our first avenue 

of investigation, as it gave a birds eye view to various remodelling of cytoskeletal 

architecture in oesophageal cancer, and changes in cell integrity that occur as a result.

Biological functions of gene hits generated by the GO Panther Classification system 

included transcription factors, nucleic acid binding, signalling molecules, enzyme 

modulators, receptor signalling molecules, cell adhesion molecules and cytoskeletal 

proteins. The list of biological processes are not entirely exclusive to regulating cell 

shape, hence, the screen gave an insight into potential novel gene functions. A recent 

screen identified a subset of genes that contributed to the size and topology of shape 

space, including the tumour suppressor PTEN. This was achieved by applying high- 

throughput imaging and computational methods to data sets generated by systemic 

RNAi screens in Drosophila Kc cells (Yin et al., 2013). Likewise, Sepp et al. performed 

an automated high content whole genome screen to identify genes that regulate neurite 

outgrowth using algorithms designed to analyse neurite formation, and likewise, Liu et 

al. examined kinases that influenced cell morphology (Sepp et al., 2008, Liu et al., 

2009).

Modem cell biology seeks to understand how proteins involved in cell shape

determination are regulated, as different cell types adopt a vast array of morphologies.

Many of the extensively studied proteins involved in cell shape determination are

components or direct regulators of the actin cytoskeleton, although many other sets of

proteins contribute to the determination of morphology in different cell types (Faix and

Rottner, 2006, Randazzo et al., 2007, Liu et al., 2009). Morphological plasticity is
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integral to organism development, as shown by the reversible conversion of embryonic 

non-migratory epithelial cells to motile mesenchymal cells required for tissue 

organization (Thiery et al., 2009). As cell movement is orchestrated by microtubules 

and the actin cytoskeleton, image based screening of the siRNA draggable genome may 

highlight novel genes that target these networks, thus uncovering gene specific 

molecular signalling as a target for cancer therapy. The objective of this thesis is to 

regulate OAC cell migration and invasion by modulating the cytoskeletal and adhesive 

machinery. Several groups have investigated the contribution of proteins to cell 

migration using scratch wound assays adapted for high-throughput RNAi screening. An 

RNAi screen for scratch-wound closure in MCFIOA breast epithelial cells revealed that 

cell speed in this model was increased by knockdown of kinase and phosphatase genes 

that reduced cell-cell adhesion (Simpson et al., 2008). Another siRNA screen targeting 

over 5,000 genes in SKOV3 ovarian cancer cells identified five genes that potently 

reduced cell migration (Collins et al., 2006). Novel regulators of cell migration were 

investigated in a genome-wide RNAi screen in Caenorhabditis elegans, and 99 genes 

were identified that affected migration of the distal tip of cells during gonadogenesis 

(Cram et al., 2006).

As mentioned previously, this automated screen assigned high ranks to genes 

previously associated with the cell cycle, ubiquitination, spindle organization and 

cytokinesis, actin and microtubule maintenance, as well as cell adhesion and migration. 

The volume of hits in this screen represents numerous possible avenues of 

investigation, which go beyond the limitations of this thesis. Nevertheless, the validity 

of the screen is reinforced by the ranking of genes possibly associated with processes

effecting cell migration, whether directly or indirectly. For instance, kinesins have
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emerged as likely candidates for regulating microtubule polarity, and KlFll is 

specifically involved in the orientation and separation of chromosomes to form the 

spindle poles at the beginning of mitosis (Ferenz et al., 2010). The biological 

significance of KIFl 1 as the screen’s first high confidence hit is highlighted in a recent 

study published by Wang et al whereby KIFl 1 knockdown increased cell motility in a 

scratch wound assay yet impaired chemotactic invasion in MDA-MB-231 cells (Wang 

and Lin, 2014). The nucleotide-binding proteins 1 (NUBPl) is the third high confidence 

hit in this screen and studies have shown that NUBPl silencing qualitatively 

phenocopies silencing of another kinesin KIFC5A, resulting in significant centrosome 

amplification throughout the cell cycle and formation of multipolar spindles 

(Christodoulou et al., 2006). RNAi-mediated inhibition of NUBPl displayed aberrant 

morphology and additional cilia in sensory neurons in C.elegans. Additionally, NUBPl 

silencing markedly increases the number of microtubule based cilia in mouse quiescent 

NIH 3T3 cells (Kypri et al., 2014).

The UBE3A protein is an E3 ubiquitin ligase that transfers a single ubiquitin moiety 

from its E2 partner to a protein target for degradation (Huibregtse et al., 1993), and one 

study identified that both human and fly UBE3A proteins physically interacts with a 

master regulator of actin cytoskeletal remodelling ECF2 oncogene (epithelial cell 

transforming sequence 2) (Reiter et al., 2006). Additionally, Jensen et al. uncovered 

changes in protein expression under fluctuating UBE3A in Drosophila melanogaster, 

implicating the involvement of the gene in neuronal homeostasis, ATP 

synthesis/metabolism, as well as actin production and maintenance (Jensen et al., 2013). 

These findings are the first step in identifying new pathways regulated by UBE3A in 

humans that are responsible for the underlying defects in both Angelman syndrome and
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duplication 15q autism. In the context of this study, it highlights a potential upstream 

regulator of the actin cytoskeleton and thus a possible modulator of oesophageal 

tumorigenesis.

Down-regulation of GASl (Growth Arrest Specific 1) is evident in highly metastatic 

melanoma cells and tumour samples, and a study by Gobeil and colleagues 

demonstrated that it has all the expected properties of a melanoma tumour suppressor, 

including suppression of metastasis in a spontaneous metastasis assay and promotion of 

apoptosis following dissemination of cells to secondary sites (Gobeil et al., 2008). Also, 

the presence of the soluble form of GASl (tGASI) was shown to induce cell cycle 

arrest and reduce vascularization of implanted tumours by preventing the migration of 

endothelial cells (Jimenez et al., 2014). These results increase the potential use of GASl 

in the treatment of different tumours, namely by impeding the Artemin/ERKl/2 

signalling in a RET-independent manner (Jimenez et al., 2014).

Upon further inspection of signature siRNA shape changes and reviewing published 

literature, the following genes were chosen for verification; RRM2, CSNl, 1TGB8, 

NOLI, SPRYl and MY09B. These genes had the most distinct cell phenotypes in the 

entire screen, and upon verification of these hits the changes in subcellular cytoskeletal 

distribution and A-T measurements matched those to the original siRNA screen. The 

only contrast was in relation to the quantified A-T metric for ITGB8 and SPRYl, which 

when replicated with new siRNAs were not deemed statisically significantly different to 

the A-T of the non-targeting control. On the contrary, the separate F-actin and a-tubulin 

area for both 1TGB8 and SPRYl were statistically increased in comparison to siNT 

ceils. The verification of gene morphologies associated with the siRNAs confirmed the
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validity of the original screen, and thus, were chosen for futher analysis. An exciting 

potential therapeutic target for oesophageal cancer is the ribonucleotide reductase (RR), 

which is a rate-limiting enzyme that catalyzes the conversion of ribonucleotide 5’- 

diphosphates into 2’ -deoxyribonucleoside 5’ -triphosphates, necessary for DNA 

replication and repair (D'Angiolella et al., 2012). The enzymatic activity of RR is 

modulated by levels of its M2 subunit (RRM2), which is expressed during the GI -early 

S-phase when DNA replication occurs (Engstrom et al., 1985, D'Angiolella et al., 

2012). In this study, RRM2 silenced cells had a reduced proliferation rate and polarized 

phenotype with the F-actin distributed toward the leading edge. Knockdown of RRM2 

expression also appeared to have a more collapsed morphology in comparison to the 

more rigid siNT cells. Overexpression of RRM2 has been reported to have an active 

role in tumorigenesis (Ke et al., 2013). It has been identified as a diagnostic marker and 

indicator of poor patient survival in several cancers (Morikawa et al., 2010, Liu et al., 

2013, Jones et al., 2012), as well as regulating oncogenes that control malignancy (Kim 

and Jho, 2010).

RRM2 has shown to have a positive role in growth and tumour angiogenesis through 

the regulation of the expression of vascular endothelial growth factor (VEGF) and 

thrombospondin-1 (TSP-1) (Zhang et al., 2009b). Although there is a growing 

abundance of literature describing RRM2 as possessing proliferative and apoptotic 

affects, its malignant potential requires further elucidation. An early study indicated that 

the malignant potential of RRM2 was mediated through alterations in major Ras- 

regulated signal pathways, however, no connection was made between RRM2 and 

specific Ras-regulated actin cytoskeletal remodelling and cell motility (Fan et al..
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1996). Therefore, it is worth investigating if RRM2 elicits its malignant potential by 

remodelling the cytoskeleton.

CSNl is a member of the constitutive photomorphogenesis-9 (COP9) signalosome 

(CSN). This is a multifunctional protein complex which is a key regulator of critical 

biological responses such as embryonic development. T cell development, signal 

transduction in inflammation and cancer, DNA damage and cell cycle progression (Wei 

et al., 2008, Bech-Otschir et al., 2002, Clevers, 2006, Salic et al., 2000, Bosanquet et 

al.). CSNl was shown to directly associate inositol 1, 3, 4-Triphosphate 5/6-Kinase to 

the COP9 signalosome. This is an enzyme encoded by the ITPKl gene, and is involved 

in regulating the conductance of calcium activated chloride channels (Sun et al., 2002). 

Furthermore, findings suggest that CSNl is involved directly in Wnt/p -catenin 

signalling as the degradation of P-catenin was disrupted significantly in siCSNl HeLa 

cells (Huang et al., 2009c).

A possible connection exists between CSNl and cytoskeletal integrity as it stabilizes 

the microtubule end-binding protein 1 (EBl) towards degradation by the ubiquitin 

protease system (UPS). EBl holds importance for regulating microtubule growth and 

dynamics (Peth et al., 2007b). In this study, CSNl silenced cells are highly polarized, 

and this is clear by the increase in the nuclear displacement parameter, F-actin and a- 

tubulin area. It is discernible that F-actin is more extended than the a-tubulin, and 

redistributed as highly concentrated F-actin enriched protrusions at the ceil membrane. 

This implies that CSNl depletion elicits a highly motile cellular phenotype as a 

consequence of remodelling the cytoskeleton and adhesive system.
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Overall, an effective and unbiased screen was developed and implemented to analyse 

the effect of the 6,022 siRNAs contained in the druggable genome library on OC cell 

morphology. This body of work is one of the first attempts, to the best of our 

knowledge, to implement siRNA screening to investigate potential targets for 

cytoskeletal rearrangements in OAC. Dissecting the regulators of cancer cell 

cytoskeletal remodelling could elucidate novel signalling pathways in OC associated 

with cell shape and migration, which may be surrogates for metastasis. Increasing our 

understanding of cytoskeletal dynamics could then potentially lead to the development 

of novel therapeutics specifically targeted to prevent tumour dissemination.
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Chapter 5

Results

Investigating the potential role of CSNl 

and RRM2 in oesophageal 

adenocareinoma
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5 Investigating the potential role of CSNl and RRM2 in the motility 

of oesophageal adenocarcinoma

5.1 Introduction

OAC is the fastest rising malignancy and leading cause of cancer mortalities worldwide 

(Vallbohmer et al., 2010, Klein and Stoecklein, 2009). In OAC, post treatment tumour 

recurrence with distant metastasis in the lungs and liver are the leading cause of patient 

mortality (Pennathur et al., 2013). A large proportion of patients initially experiencing a 

pathologic CR (30%), still experience recurrence from metastatic OC leading to 

mortality (Kleinberg et al., 2003). Re-organization of the cytoskeleton and controlled 

formation of cell-matrix adhesions play essential roles in cell migration (Matunis et al., 

1996). Epithelial cell migration is characterized by dynamic cytoskeletal assembly, 

remodelling, and disassembly of the actin and microtubule cytoskeletons, thus cell 

culture assays stained with F-actin and a-tubulin can efficiently characterize 

morphogenetic events associated with shape change driven motility. The druggable 

genome siRNA screen performed in this thesis, identified genes that gave rise to distinct 

phenotypes as a consequence of cytoskeletal remodelling.

Firstly, the influence of 6 siRNAs (CSNl, RRM2, ITGB8, NOLI, MY09B, and 

SPRYl) on oesophageal tumorigenesis (migration and proliferation) was evaluated as 

these gave rise to distinct phenotypes in the screen. However, CSNl and RRM2 were 

chosen for further follow up experiments due to their striking morphologies and effects 

on cell motility. Furthermore, investigating CSNl and RRM2 represents a more novel 

avenue as little is known of the effects silencing these genes on the cytoskeletal

architecture, though the other genes have previously been implicated in promoting cell
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growth, migration, invasion, adhesion or angiogenesis. The first gene investigated in 

this thesis is subunit 1 of the COP9 signalosome complex (CSNI). The COP9 protein 

complex is common to all eukaryotes and regulates CRLs to direct approximately 20% 

of proteasome-mediated protein degradation (Wei and Deng, 2003, Schwechheimer et 

al., 2001, Zhou et al., 2001, Soucy et al., 2009). The process by which the CSN 

inactivates the CRLs is known to have major biological significance, and act on three 

regulatory levels. Firstly, CSN maintains dynamic activation/deactivation cycles of 

CRLs by inducing their disassembly and biogenesis in response to the changing needs 

of the cell. Secondly, protein stability is controlled through deactivation of CRLs and 

subsequent inhibition of ubiquitination. The third regulatory effect involves protecting 

the CRL components themselves in order to avoid active CRLs from targeting their 

own elements for ubiquitination and subsequent degradation (Wei et al., 2008, Wolf et 

al., 2003a) (Duda et al., 2008, Saha and Deshaies, 2008, Cope et al., 2002, Lyapina et 

al., 2001). (Emberley et al., 2012, Enchev et al., 2012).

5.1.1 COP2 Signalosome Signalling

CSN plays a key role in the ubiquitin-mediated protein degradation in many tumour 

suppressors or oncogene products (Mdm2, Smad7, Runx3, Idl, Skp2 and HIFI); thus it 

is conceivable that CSN plays a significant role in cancer (Wei et al., 2008). CSN6 

overexpression in a xenograft cancer model lead to increased cell foci formation 

(transformation), tumour weight and tumour growth rate (Zhao et al., 2011b). 

Furthermore, CSN5 depleted HeLa and SW480 cells noted a reduction of P-catenin and 

phospho-P-catenin, although CSN5 was also shown to promote P-catenin degradation in 

SW480 cells. Additionally, CSNI is involved directly in Wnt/p -catenin signalling, as
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the degradation of P-catenin was retarded significantly in siCSNl HeLa cells, further 

supporting the involvement of the CSN complex in short term degradation of p-catenin 

(Rodriguez et al., 2003, Gao et al., 2014). These discoveries suggest that CSN could 

have a dichotomous effect on P-catenin and Wnt signalling that may be dependent on 

cell type and disease site (Rodriguez et al., 2003).

5.1.2 Wnt Signalling

Wnt ligands activate the transcriptional activity of the armadillo repeat-containing 

protein p-catenin, which then localizes to multiple subcellular locations, including the 

cytoplasm where its levels are controlled, the nucleus where it participates in 

transcriptional regulation and chromatin modifications, as well as adheren junctions 

(Dao et al., 2012, Chitalia et al., 2008). The WNT-P-catenin network is a highly 

interconnected pathway that controls a plethora of developmental processes, 

particularly in cell migration (Feijs et al., 2013, Ikeda et al., 2000).

One study indicated that reduced membrane expression or increased cytoplasm/nuclear 

expression of P-catenin was a useful biomarker for poor prognosis in OSCC and OAC 

(Yeh, 2009). Nuclear p-catenin acts as a transcription factor that drives the expression 

of target genes essential for EMT and metastasis (Schwarz-Romond et al., 2007a, 

Schwarz-Romond et al., 2007b). Accumulating data indicates a strong correlation 

between aberrant functioning of the CSN and multiple cancers, thus targeting CSN for 

cancer intervention represents a rational approach although the initiating molecular 

pathways remain elusive (Shackleford and Claret, 2010, Richardson and Zundel, 2005,
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Lee et al., 2011a). While studies have shown a molecular link between some CSN 

subunits and P-catenin degradation, no study has investigated this relationship in terms 

of cell survival and migration. Therefore, this study sought to affirm a potential 

interaction between CSNl and P-catenin in an oesophageal cell line, to determine if the 

polarized phenotype apparent in the siRNA screen influenced downstream migratory 

signalling.

5.1.3 Ribonucleotide Reductase

Further analysis has shown that RRM2 is not only a rate-limiting component for 

ribonucleotide reduction, but is also capable of cooperating with a number of oncogenes 

in the mechanisms of cellular transformation and tumorigenesis (Kim and Jho, 2010). 

RNAi mediated inhibiton of RRM2 reduced the invasion ability in MDA-MB-231 and 

ZR-75-1 breast cancer cells, which was consistent with previous studies on other 

cancers (Djiane et al., 2005, Koo et al., 2012). Also, RRM2 siRNA nanoparticle therapy 

significantly reduced tumour progression in head and neck squamous cell carcinoma 

(HNSCC) by inducing apoptosis (Rahman et al., 2012).

Cell adhesion is a feature affiliated with metastasis, and HCT-8 colorectal cancer cells 

treated with RR1VI2 siRNA had a reduced adhesion capacity (<50%) in conjunction with 

a significantly reduced proliferative rate (Kim et al., 2013b). The findings of this study 

has also been confirmed in an animal study (Mukai et al., 2010). Thus, dNTP pool 

expansion, increased cell proliferation, and improvement of metastasis ability may 

partly disclose why RRM2 expression increases cancer aggressiveness and causes poor

178



survival in many cancers. RRM2 is heavily implicated in tumour progression and 

knockdown of its expression elicited a mesenchymal (EMT) like phenotype in the 

siRNA screen in this thesis.

5.1.4 Epithelial to Mesenchymal Transition

EMT is the process by which cancer cells acquire the ability to invade (Latres et al., 

1999), and is identified by the loss of diverse key epithelial features, such as epithelial 

biomarkers, normal “cobblestone” like morphology, loosening of tight cell-cell 

junctions and changes in apical-basal polarity (Gerard et al., 2012). The loss of 

epithelial marker E-cadherin expression and upregulation of mesenchymal marker 

vimentin are the most well-defined features of EMT. E-cadherin is considered a 

suppressor of tumour invasion and persistently, loss or partial loss of E-cadherin, has 

been connected with metastatic dissemination and poor prognosis in several solid 

tumours. Actin-rich invadapodia facilitate invasion by exerting a proteolytic function 

degrading ECM (Cohen, 2001, Aberle et al., 1997). Studies have causally linked both 

increased migration and invasion to EMT, demonstrating in vitro that some post-EMT 

cells are more migratory and invasive than their pre-EMT counterparts (Chitalia et al., 

2008, Wolf et al., 2002, Levy et al., 2004, Ge et al., 2009, Ishitani et al., 2003, Ishitani 

etal., 1999).
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5.2 Objectives

High Content Analysis (HCA) enabled the image based, multiparametric detection of 

cells in a high-throughput RNAi screen, and identified a panel of genes associated with 

distinct cytoskeletal remodelling. The main aim of this chapter was to elucidate 

potential migratory signalling and morphological phenotypes regulated by CSNl and 

RRM2. This was achieved through:

• Optimising a scratch wound assay in GOhTRT cells to assess cell migration, 

and analysing the migrations effects following specific gene inhibition.

• Analysis of cell proliferation following siRNA mediated inhibition of genes 

regulating cellular phenotype using the MTT proliferation assay and HCA 

nuclear count.

• Confocal microscopy of cytoskeleton architecture and cortactin localisation in 

both CSN1 and RRM2 depleted GOhTRT cells.

• Assessing the effect of siRNA mediated silencing of CSN 1 and RRM2 on cell 

cycle distribution by flow cytometry.

• Analysis of the effect of CSN 1 knockdown on P-catenin stabilisation by 

western blot analysis and immunofluorescence staining.

• Analysis of the effect of RRM2 knockdown on EMT markers by western blot 

analysis.
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5.3 Results

5.3,1 Loss of CSNl, MY09B and SPRYl increases the rate of wound 

closure in GOhTRT cells.

Dynamic reorganization of F-actin and a-tubulin cytoskeleton are evident in fluorescent 

images in the previous chapter, and these rearrangements are surrogates for pro- and 

anti-migratory signalling. By dissecting cytoskeletal dynamics following RNAi 

mediated gene depletion, we reasoned that important insights into cell motility and 

metastatic development can be realized. Furthermore, the ability of cells to escape from 

the epithelial sheet is another property associated with tumour-cell dissemination. The 

in vitro scratch wound assay is a method to study cell migration and mimics to some 

extent migration of cells in vivo. Monitoring the movement of treated cells with a series 

of control cells under the same experimental conditions, allows the determination of the 

role of a particular gene in the regulation of directional cell migration using this assay.

Thus, 96 well plates were seeded with GOhTRT cells at a density of 1.9 x 10^ cells/ml 

(in 80pl) with 20 pi of Dharmafect 4 transfection reagent complexed with the 

appropriate siRNA targeting RRM2, CSNl, NOLI, MY09B and SPRYl and the non

targeting control. Control wells were incubated with a number of growth conditions- 

serum free media (negative control (Neg Ctrl) for migration); 10 ng/ml of Epidermal 

Growth Factor (Positive Control (Pos Ctrl) for migration). 48 h post transfection the 

wound was introduced with sterile 200 pi pipette tips. Images were captured using the 

InCell 1000 automated microscope immediately after introducing the wounds at T= 0 h 

and again at T= 24 h. The level of wound healing was measured by Java’s Image J
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software, by calculating the average decrease in distance between the edges of the 

wounds in three different fields, which made up the entirety of the individual wells. 

Negative control cells and non-targeting (siNT) control cells had respective wound 

closure rates of 16.9% ± 1.1% and 44.9% ± 1.4%.The positive control cells (10 ng/ml 

EGF) however, has an enhanced rate of cell wound closure 83.8% ±2.1% (Figure 5.1) 

The most pronounced effect on cell mobility and migration was observed in CSNl 

silenced cells (86.98% ± 3.097%; p=0.0022), in comparison to non-targeting treated 

GOhTRT cells, in which a lower rate of wound closure (44.88% ± 1.439%) was noted 

after 24 h.

Additionally, the rate of wound closure was greater in cells transfected with MY09B 

and SPRYl siRNA, in comparison to the wound closure of the non-targeting control 

(75.78% ±5.454% and 72.97% ± 5.463% (p =0.0022), respectively). However, NOLI 

suppression in GOhTRTs did not show any significant difference (55.28%±4.643% {p 

=0.0931)) on wound closure rate compared with its negative control. Sufficient cell 

monolayers, a prerequisite for scratch wound assays, could not be achieved in RRM2 

and ITGB8 silenced cells as their growth and cell adhesion was hindered following 

RNAi specific silencing (images not shown).

182



B

Figure 5.1: Loss of CSNl, MY09B and SPRYl increases the rate of wound closure of 
GOhTRT cells (A) Representative images of the wound closure of 48 h post transfected 

GOhTRT cells that were wounded and incubated for an additional 24 h under a number of 

growth conditions- serum free media (negative control (Neg Ctrl) for migration); 10 ng/ml of 

Epidermal Growth Factor (Positive Control (Pos Ctrl) for migration); Untreated resting control; 

non-targeting siRNA control (siNT Ctrl); and specific inhibition of CSNl, MY09B, SPRYl 

(siCSNl, siMY09B, siSPRYl). Images were taken at T=0 and T=24 h using the InCell 

Analyzer 1000. (B) Specific inhibition of CSNl, MY09B and SPRYl resulted in a significant 

increase in the rate of wound closure in comparison to the non targeting siRNA control. Values 

are percentage of wound closure relative to siNT control, expressed as the mean±SEM of three 

experiments performed with six replicates (** = p-value < 0.05 as determined by Mann 

Whitney U Test).
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5.3.2 Cell viability determined by MTT and nuclear cell count in 

GOhTRT cells following gene inhibition by siRNA mediated 

silencing.

In monolayer experiments wound closure may occur by cell proliferation (outgrowth) 

or directed cellular migration. To delineate between wound closure induced by either 

cell proliferation or migration, we examined the cell proliferation rates following 

siRNA mediated silencing of identified genes. The MTT cell proliferation assay 

(ATCC, Manassas, USA) and nuclear cell count were chosen to examine cell growth in 

these experiments, as MTT may be associated with functional issues such as over- 

confluency and medium overconsumption. Thus, 96 well plates were seeded with 

GOhTRT cells at a density of 6.25 x 10“* cells/ml (in 80pl) with 20 pi of Dharmafect 4 

transfection reagent complexed with the appropriate siRNA targeting RRM2, ITGB8, 

CSNI, NOLI, MY09B and SPRYl. After 96 h, the cells were incubated with 10 pi of 

MTT reagent for 4 h, followed by 100 pi of solubilizing agent overnight. The plate was 

then read on the spectrophotometer. Plates were also fixed with 4% PFA, stained with 

Hoechst, and the nucleus masked to quantify the number of cells on the InCell 1000.

Cell viability, as measured by MTT (Figure 5.2 A), was decreased considerably in the 

GOhTRT cells transfected siRRM2 (0.2492 ± 0.02798; p < 0.0001) and siMY09B 

(0.4048 ± 0.04663; p < 0.0001) in comparison to siNT cells (1.046 ± 0.07712). Cells 

treated with siRNA targeting 1TGB8 and NOLI inhibited the cell proliferation rate to a 

lesser extent with absorbances of 0.7670 ± 0.06846 p = 0.0221, and 0.7382 ± 0.05765 

respectively p = 0.0095. However, no significant difference in cell viability absorbance 

values were noted in CSNI (0.9037 ± 0.06575; p = 0.1905) and SPRYl (0.9088 ±

184



0.09849; p = 0.2985) silenced cells, which suggests that the increased rate of wound 

closure observed in section 5.3.2.1 is by virtue of migratory signalling as oppose to an 

increase in cell proliferation. The nuclear count (Figure 5.2 B) also confirmed no 

observed difference in cell proliferation in CSNl and SPRY I silenced cells with cell 

counts of 11,255 ± 1538; p= 0.0891 and 17,803 ± 2155; p = 0.6570, respectively, in 

comparison to 16,622 ± 768 for non-targeting siRNA control cells. In contrast to the 

MTT assay, the HCS platform revealed that cells treated with siRNA targeting NOLI 

did not considerably increase the cell proliferative rate (10,525 ± 1810; p = 0.0902). 

Figure 5.2 shows that both assays have similar cell proliferation measurements, 

however, the MTT measurements are more sensitive.
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Figure 5.2: Similar trends in GOhTRT cell viability following RNAi knockdown were 

observed in A) MTT assay and B) Nuclear Area Count. The effect of silencing CSNl and 

SPRYl had no significant effect on cell viability, however, RRM2 and MY09B targeted 

inhibition reduced cell proliferation. Values are expressed relative to the non-targeting control, 

and represent meaniSEM of three experiments performed in triplicate. (* = p < 0.05; ** = p < 

0.005; *** = p < 0.0001) as determined by Student t-test).
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5.3.3 CSNl is a potential modulator of oesophageal tumorigenesis

5.3.3.1 CSNl knockdown elicits a migratory phenotype with F-actin 

and cortactin rich protrusions

CSNl and RRM2 represented the most novel genes to continue further analysis, as their 

roles were less defined in the literature and neither had previously been examined in the 

context of cytoskeletal integrity. Thus, as CSNl knockdown gave rise to a polarized 

cell phenotype, F-actin, a-tubulin and CTTN subcellular localisation were examined in 

GOhTRT cells by siRNA mediated silencing. Cortactin (CTTN) is an actin binding 

scaffolding protein that enhances new adhesion formation in lamellipodial protrusion, 

the first step in cell migration (Wang et al., 2012). GOhTRT cells were seeded in 24 

well plates at a density of 1.25 x 10^ cells/ml (in 400pl), with 100 pi of Dharmafect 4 

transfection reagent complexed with the appropriate siRNA. The cells were fixed at 72 

h, and subsequently stained with Hoechst (blue), anti-a-tubulin (green) and phalloidin- 

TRITC (red), detecting a-tubulin and F-actin polymerization respectively, to visualise 

membrane ruffling and leading edge formation. The mounted slides were imaged using 

the Zeiss confocal microscope.

In the non-targeting control cells, the network of cytosolic F-actin bundles appeared

well organized, and the a-tubulin appeared evenly radiated from the perinuclear area

toward the cell periphery (Figure 5.3). Also, the control cells displayed uniform

adherence to the cell plate. GOhTRT cells cultured with siRNA targeting CSNl

assumed a well-polarised phenotype with depleted cell-cell and cell-substratum

adhesion (Figure 5.3). A polarized a-tubulin arrangement at the front of cells (red

arrow), behind the F-actin protrusions (white arrow) is also evident. Additionally, the F-
187



actin filaments no longer appeared as a complex cytosolic network, but had distributed 

as highly concentrated protrusions at the cell’s leading edge. Furthermore, it is 

discernible that the F-actin is slightly more extended than the a-tubulin. Figure 5.4 

shows that siRNA targeting CSNI induced prominent cortactin (green) distribution and 

colocalization with cortical F-actin at the cell periphery. Additionally, the red F-actin 

stain merges with the green cortactin stain, resulting in a yellow colocalization stain 

(white arrow). This is in stark contrast to control siRNA cells where cortactin is 

diffusely visualized in the cytoplasm, however, its expression has receded from the cell 

periphery.
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Figure 5.3: Confocal microscopy images showing cytoskeletal rearrangement in CSNl 

depleted GOhTRT cells. GOhTRT cells were fixed 72 h post transfection with 4% PFA and 

stained accordingly for nucleus (blue), a-tubulin (green) and F-actin (red). The cells were then 

imaged on the Zeiss Confocal microscope. The white arrow denotes actin rich protrusions, and 

the red arrow highlights a-tubulin bundling behind the leading edge structure.
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Figure 5.4: Confocal microscopy images showing cytoskeletal rearrangement and 

cortactin localisation in CSNl depleted GOhTRT cells. GOhTRT cells were fixed 72 h post 

transfection with 4% PFA and stained accordingly for nucleus (blue), cortactin (green) and F- 

actin (red). The cells were then imaged on the Zeiss Confocal microscope. The white arrow 

highlights where F-actin and cortactin have co-localised.
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5.3.3.2 CSNl knockdown has no effect on cell cycle distribution

To further define a mechanistic explanation for the increase in wound closure in CSNl 

silenced cells, a more comprehensive analysis of cell growth and viability were carried 

out with propidium iodide in a FACs assay. For cell cycle analysis 24, 48, 72 and 96 h 

post transfection, cells were washed in ice cold PBS, and fixed on ice with 70% (v/v) 

ethanol solution in PBS. Samples were stored at -20°C for at least 24 h prior to staining 

with propidium iodide (5pg/ml) for DNA content analysis.

Figure 5.5 shows the sub-Gi phase distribution in siNT transfected cells over 24, 48, 72 

and 96 h was 2.5%, 5.2%, 7.7% and 7.9% respectively (SD 1.03%, 7.7%o, 1.8%, and 

0.4%). In CSNl silenced cells no discernible differences were observed with 2.4%. 

4.2%, 5.6% and 9.2% for their respective time points (SD 1.2%, 0.3%, 0.02%, 0.6%). 

Likewise, no significant change in Gq/Gi cell population were evident between siNT 

cells with 52.2%, 44.5%, 73.3% and 66.4% for 24, 48, 72 and 96 h respectively (SD 

1.7%,0.8%, 0.2%, 0.1%), and siCSNl with 79.9%, 70.3%, 80.3% and 67.5% for 24, 48, 

72 and 96 h respectively (SD 0.7%, 0.5%, 0.9%, 0.02%).

A very minor increase of cells in S phase exist between distributions of NT with 17.7%, 

18.3%, 9% and 11.5% for 24, 48, 72 and 96 h respectively (SD 4.4%, 6.1%, 1%, 2%) 

and siCSNl with 6.1%, 9.9%, 4.9% and 10.9% (SD 0.2%, 2.1%, 0.1%, 2.4%) for 24, 

48, 72 and 96 hr respectively. Additionally, a similar trend exists for cells in G2/M 

where the cell distributions for NT and siCSNl at 24, 48, 72, and 96 h respectively are 

26.8%, 32.3%, 12.9% and 17.1% (SD 5.2%,5.7% 2.5% 0.7% ) and 7.6%, 14.1%, 7.4% 

and 12.6% (SD 2.3%, 1.9%, 1.2%, 1.1%). Overall, statistically significant differences in 

cell cycle distribution were not evident between CSNl-silenced cells and control non-
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targeting cells, hence this validates our previous findings that increased wound closure 

is in consequence of migratory signalling, as oppose to enhanced proliferation.
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Figure 5.5: Knockdown of CSNl does not effect the cell cycle distribution in GOhTRT 

cells. GOhTRT cells were fixed 24, 48, 72 and 96 h post transfection with 70% (v/v) ice cold 

ethanol solution in PBS. Samples were stored at -20°C and stained with propidium iodide 

(5pg/ml) for DNA content analysis on the fiow cytometer. Values represent the cell cycle 

distribution mean±SEM of three experiments performed in triplicate.
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5.3.3.3 CSNl knockdown stabilises p-catenin degradation

A molecular link has been established of CSN mediated degradation of P-catenin 

(Rodriguez et al., 2003, Gao et al., 2014); therefore, the impact of CSNl on P-catenin 

stability was investigated by monitoring cytoplasmic P-catenin levels by western blot 

analysis. GOhTRT cells were seeded in 6 well plates at a density of 1.56 x 10^ cells/ml 

(in 1600|il), with 400 pi of Dharmafect 4 transfection reagent complexed with either 

NT or CSNl siRNA. Cells were lysed at appropriate time points using for cytoplasmic 

fractions. Proteins were blotted onto a nitrocellulose membrane and blocked with 5% 

BSA, before probing with anti-CSNl, anti-P-catenin, or anti-P-actin overnight at 4°C. 

The membrane was then washed and incubated for 1 h at room temperature with the 

appropriate secondary antibodies (anti-rabbit and anti-mouse), before imaging on the 

LAS-3000 image analyser.

Transfection of GOhTRT cells with CSNl-specific siRNA led to a reduced level of 

CSN I protein of 36% (p = 0.0085) and 57% (p = 0.0392) for 48 and 72 h respectively, 

compared to the time matched non-targeting control (Figure 5.6). GOhTRT cells with 

down-regulated CSNl demonstrated significant stabilisation of cytosolic P-catenin of 

34% (p = 0.0035) and 58% (p = 0.0254) for 48 and 72 h respectively, compared to 

control cells at the appropriate time points. Further analysis by immunofluorescence 

staining conveyed a change from P-catenin membranous staining in siNT cells to an 

accumulation of nuclear P-catenin in CSNl knockdown (Figure 5.7). Additionally, a 

proportion of siCSNl cells conveyed subcellular localisation of p-catenin at the 

protrusion ends. These findings suggest that CSNl is involved in Wnt/ P-catenin 

signalling, and is necessary for the efficient degradation of p-catenin.
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Figure 5.6: Knockdown of CSNl significantly retards the degradation of p-catenin in 

GOhTRT cells. Immunoblots of lysates treated with NT and siCSNl for the indicated times 

were probed with CSNl and p-catenin-specific antibodies, as well as p-actin as a loading 

control. Relative abundance of protein expression compared with NT control samples were 

determined by semiquantitative densitometry of the immunoblots. Graphs shown are mean ± 

SEM of three independent experiments with ** = p < 0.05 as determined by Student t test.
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Figure 5.7: Confocal microscopy images showing p-catenin nuclear and leading edge 

localisation in CSNl depleted GOhTRT cells. GOhTRT cells were fixed 72 h post 

transfection with 4% PFA and stained accordingly for nucleus (blue), P-catenin (green) and F- 

actin (red). The cells were then imaged on the Zeiss Confocal microscope. The white arrows 

highlight p-catenin localisation at the membrane in siNT and nuclear and leading edge 

accumulation insiCSNl cells.
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5.3.4 RRM2 plays a role in epithelial to mesenchymal transition in an 

oesophageal cell line

5.3.4.1 RRM2 knockdown in GOhTRT cells redistribute the 

cytoskeleton giving rise to a spindle like morphology

In previous experiments RRM2 gene knockdown was observed to hinder cell migration, 

result in cytoskeletal reorganization and increased cell polarization. Therefore, F-actin 

and a-tubulin staining and localisation were examined in GOhTRT cells transfected 

with non-targeting siRNA and RRM2 siRNA. GOhTRT cells were seeded in 24 well 

plates at a density of 1.25 x 10^ cells/ml (in 400pl), with 100 pi of Dharmafect 4 

transfection reagent complexed with the appropriate siRNA. The cells were fixed at 72 

h, and subsequently stained with Hoechst (blue), anti-a-tubulin (green) and phalloidin- 

TRITC (red), detecting a-tubulin and F-actin polymerization respectively. The mounted 

slides were imaged using the Zeiss confocal microscope.

Visually, RRM2 knockdown appeared to induce dissolution of epithelial cell-cell 

junctions and apical-basal polarity, as well as distinctly reorganizing the cytoskeletal 

architecture (Figure 5.8). The control cells displayed a dense meshwork of unpolarised 

actin filaments around the cells periphery; however, RRM2 knockdown caused a 

significant increase in F-actin containing stress fibres. These modifications gave rise to 

an elongated spindle-like morphology with additional microtubule extensions.
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Figure 5.8: Confocal microscopy images showing cytoskeletal rearrangement in RRM2 

depleted GOhTRT cells. GOhTRT cells were fixed 72 h post transfection with 4% PFA and 

stained accordingly for nucleus (blue), a-tubulin (green) and F-actin (red). The cells were then 

imaged on the Zeiss Confocal microscope.

198



5.3.4.2 Knockdown of RRM2 induces Gl/S phase arrest and 

accumulation of cells in sub-Gl indicative of cell death

As the inhibition of RRM2 clearly had an additional inhibitory effect on cell growth in 

this study, these observations was further investigated using flow cytometry based cell 

cycle analysis of GOhTRT cells treated with RRM2-specific and control siRNA. For 

cell cycle analysis 24, 48, 72 and 96 h post transfection, cells were washed in ice cold 

PBS, and fixed on ice with 70% (v/v) ethanol solution in PBS. Samples were stored at - 

20°C for at least 24 h prior to staining with propidium iodide (Spg/ml) for DNA content 

analysis (Figure 5.9). The Gq/Gi phase population of cells diminish to 59% ± 3.9%; p = 

0.0350 and 55% ± 2.9%; p = 0.0145, for 72 h and 96 h respectively, in comparison to 

siNT cell populations of 79% ± 0.7% and 80.3% ± 0.98%. A persistent increase in sub- 

Gi phase population is evident with 28% ± 2.6%; p = 0.0229 and 31% ± 3.5%; p = 

0.0216 for 72 and 96 h respectively, in comparison to the matched time control samples 

of 7.7% ± 1.8% and 7.9% ± 0.35%. Small interfering RNA-mediated inhibition of 

RRM2 thus increased the apoptotic fraction significantly in a time dependent manner, 

and the proportion of cells remaining that we have stained are stalled in S-phase. This is 

consistent with the role of RRM2 in DNA synthesis and spindle assembly.
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Figure 5.9: Knockdown of RRM2 induces Gl/S phase arrest and accumulation of cells in 

sub-Gl fraction in GOhTRT cells. GOhTRT cells were fixed 24, 48, 72 and 96 h post 

transfection with 70% (v/v) ice cold ethanol solution in PBS. Samples were stored at -20°C and 

stained with propidium iodide (Spg/ml) for DNA content analysis on the flow cytometer. 

Values represent the cell cycle distribution mean±SEM of three experiments performed in 

triplicate.
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5.3.4.3 RRM2 protein expression levels in oesophageal cell lines

RRM2 gene expression analysis for normal (non-neoplastic or benign) vs cancer were 

analysed using Oncomine, and showed that expression of RRM2 was upregulated in all 

cancers. The basal RRM2 protein levels of a number of oesophageal cell lines were 

determined using Western blot analysis. These cells represent the oesophageal 

carcinogenic sequence, spanning normal squamous (HETIA), low grade dysplasia 

(QhTRT), high grade dysplasia (GOhTRT), squamous cell carcinoma (OE2I) and 

adenocarcinoma (SKGT4 and OE33). Cells were grown to 70-80% confluency in T25 

flasks and lysed using the NE/PER kit. Proteins were blotted onto a nitrocellulose 

membrane and blocked with 5% BSA, before probing with anti-RRM2 and anti-P-actin 

overnight at 4°C. The membrane was then washed and incubated for 1 h at room 

temperature with the appropriate secondary antibodies (anti-rabbit and anti-mouse), 

before imaging on the LAS-3000 image analyser.

Oncomine analysis conveyed that RRM2 is widely expressed in a diverse range of 

cancers (Figure 5.10). Figure 5.11 illustrates that the lowest RRM2 expression level 

was evident in the QhTRT cells. Additionally, the highest level of RRM2 protein was 

observed in the OE21 cells (1.901, p = 0.0035) and OE33 cells (1.587, p = 0.0007) 

when compared with the expression of 0.3310 in the normal squamous HET-IA cell 

line. This data reveals varying degrees of RRM2 expression levels from cells ranging 

across the carcinogenic sequence, and appeared proportionally correlated with the 

tumorigenic capability of cells such as OE21, SKGT4 and OE33. This suggests a 

possible role for RRM2 in malignancy associated with oesophageal cancer.
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Figure 5.10: Oncomine analysis of RRM2 expression. RRM2 is upregulated in a large 

proportion of cancers suggesting that its expression is not cell or tissue type specific.
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Figure 5.11: Basal levels of RRM2 protein expression levels in oesophageal cell lines.

Immunoblots of cell line lysates were probed with an RRM2-specific antibody, as well as (3- 

actin as a loading control. Relative abundance of protein expression was determined by 

semiquantitative densitometry of the immunoblots. Values are expressed relative to the non

targeting control, and represent mean±SEM of three experiments performed in triplicate. (** = 

p < 0.005; *** = p < 0.0001) as determined by Student t-test).
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5,3.4.4 Knockdown of RRM2 induces epithelial to mesenchymal 

transition in GOhTRT cells

Cancer cells acquire the ability to invade at least in part by a process known as EMT 

(Latres et al., 1999), and GOhTRT cells sustained in S-phase arrest lost their epithelial 

characteristics and adopted more mesenchymal traits following siRNA mediated 

targeting of RRM2. Therefore, the impact of RRIVI2 knockdown on epithelial and 

mesenchymal marker (E-cadherin and vimentin) protein levels were monitored by 

western blot analysis, from lysates of GOhTRT cells transfected with NT and RRM2 

siRNA. GOhTRT cells were seeded in 6 well plates at a density of 2.5 x 10^ cells/ml (in 

IbOOpl), with 400 pi of Dharmafect 4 transfection reagent complexed with the 

appropriate siRNA. Cells were lysed at 72 h using the NE/PER kit. Proteins were 

blotted onto a nitrocellulose membrane and blocked with 5% BSA, before probing with 

anti-RRlV12, anti-E-cadherin, anti-vimentin, or anti-P-actin overnight at 4°C. The 

membrane was then washed and incubated for 1 h at room temperature with the 

appropriate secondary antibodies (anti-rabbit and anti-mouse), before imaging on the 

LAS-3000 image analyser.

GOhTRT cells treated with RRM2-specific siRNA exhibited 52% (p = 0.0155) RRM2 

protein knockdown in comparison to the non-targeting control cells (Figure 5.12). The 

expression of the epithelial marker E-cadherin was significantly down-regulated by 

34% (p = 0.0203) in RR1VI2 silenced cells in comparison to control cells. An increase in 

vimentin protein expression of 36% (p = 0.0181) was observed compared to untreated 

cells. These findings demonstrate that RRM2 plays a role in inducing an epithelial to 

mesenchymal phenotype in the high grade dysplastic cell line, GOhTRT.
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Figure 5.12: Knockdown of RRM2 induces epithelial to mesenchymal transition in 

GOhTRT cells. Immunoblots of lysates treated with NT and siRRM2 for the indicated times 

were probed with RRM2, E-cadherin and vimentin-specific antibodies, as well as P-actin as a 

loading control. Relative abundance of protein expression compared with NT control samples 

were determined by semiquantitative densitometry of the immunoblots. Values are expressed 

relative to the non-targeting control, and represent mean±SEM of three experiments performed 

in triplicate. (* = p < 0.05 as determined by Student t-test).
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5.4 Discussion

OAC is an aggressive cancer associated with a universally poor survival rate 

(Vallbohmer et al., 2010, Klein and Stoecklein, 2009), with distant metastasis in the 

lungs and liver as the leading cause of patient mortality (Pennathur et al., 2013). 

Progression of epithelial tumours follow a shift of multiple cellular traits such as 

dissolution of cell-cell contacts, formation of focal adhesions and increased motility 

enabling metastatic dissemination. The verification of distinct cytoskeletal remodelling 

in the 6 genes (RRM2, 1TGB8, CSNI, NOLI, MY09B, SPRY I) identified as hits were 

in agreement with the original druggable genome siRNA screen. Therefore, since 

adequate organization of the cytoskeleton play essential roles in cell migration (Matunis 

et al., 1996), the influence of these genes on cell migration were evaluated by wound 

healing assay to identify prominent hits to carry forward for functional analyses. 

Numerous routes were available to explore at this stage, however, CSNI and RRIVI2 

induced the most distinct cytoskeletal remodelling and pro-migratory and anti- 

migratory effects respectively, therefore both genes were brought forward in order to 

elucidate their respective tumorigenic signalling.

The most pronounced effect on cell migration was observed in CSNI silenced cells, 

with a significant increase in wound closure in comparison to non-targeting treated 

GOhTRT cells. This novel finding for the first time describes a putative direct 

association of CSN with coordination of migratory cytoskeletal arrangements and cell 

motility. CSN is best known to regulate the ubiquitin-proteasome pathway, modulating 

diverse cellular and developmental processes that control a large proportion of the 

proteome (p27, c-Jun, p53, COPl and 14-3-3), however, emerging studies are
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implicating CSN in tumour progression (Tomoda et al., 1999, Naumann et al., 1999, 

Bech-Otschir et al., 2001, Zhang et al., 2008a, Wei et al., 2008). A recent study by 

Korczeniewska and Barnes demonstrated that knockdown of CSNl and CSN3 with 

siRNAs resulted in enhanced interferon regulatory factor 5 (1RF5) degradation via the 

loss of the CSN/IRF5 interaction (Brossard et al., 2014). While silencing CSNl 

decreases 1RF5 expression and studies have shown that a loss of 1RF5 contributes to 

tumorigenesis and metastasis (Logan and Nusse, 2004, Cadigan and Peifer, 2009, 

Firestein et al., 2008), the two findings have never been connected in the context of cell 

migration.

The dynamics observed of F-actin and a-tubulin localisation to the cell’s leading edge 

and increased rate of wound closure may be as a result of changes to the microtubule 

end-binding protein 1 (EBl). EBl regulates microtubule polymerization and dynamics, 

as well as being a functional component of the mammalian centrosome, anchoring 

microtubule minus ends to the sub-distal appendages of the mother centriole (Stamos 

and Weis, 2013, Liu et al., 2002). Depletion of EBl has shown to attenuate lamellipodia 

protrusion and decrease cell migration velocity (Schreiber et al., 2006). The study by 

Peth and colleagues described CSN as a potential regulator of cytoskeletal dynamics, as 

permanent silencing of both CSNl or CSN3 in HeLa cells significantly accelerated 

degradation of EBl with an approximate half-life of 8h (Peth et al., 2007b). In this 

thesis, CSNl silencing was observed to regulate lamellipodia formation which incurred 

an increase in cell velocity as determined by wound healing closure.
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In this study, enhanced wound closure in CSNl depleted cells occurred independently 

of cell proliferation, and had no effect on the cell cycle distribution over a 96 h 

transfection period. CSN harbours both positive and negative cell cycle regulators 

(Dajani et ah, 2003). For example, CSN5 has shown to act as a transcriptional co

activator for MYC, which in turn is fundamental for the transcriptional activation of 

genes involved in cell proliferation (Claret et ah, 1996, Bae et ah, 2002, Adler et ah, 

2006). This is evident when apoptosis and defective cell-cycle progression in CSN5- 

depleted hepatocellular carcinoma cells (HCC) were paralleled by coordinated 

dysregulation of CDK6, a key regulator in the Gl/S-phase transition (Lee et ah, 201 lb). 

Furthermore, mouse embryonic fibroblasts (MEFs) lacking CSN5/Jabl ceased to 

proliferate and altered the expression of cyclin E and p53 (Lee et ah, 2003).

On the contrary, CSN2 gene knockdown did not alter the cell cycle distribution in

human myeloid progenitor cell line K562, however siCSNS cells were associated with

cell cycle arrest. Additionally, no effect of CSN5 loss on the level of CSN2 protein was

observed (Salic et ah, 2000). For this thesis, it is noteworthy that either CSNl has an

independent function outside of the CSN complex, or that its loss initiates CSN

complex breakdown, resulting in a CSNl containing subcomplex. It would be of great

interest to investigate further a definite mechanism accounting for the divergent

phenotypes. Dynamic cytoskeletal remodelling affects not only cell motility but also

pivotal cellular processes associated with cell survival and aggressiveness, and

therefore constitutes a crucial aspect of tumour progression. Morphological changes in

siCSNl cell were then analysed under a higher resolution this time using a laser

scanning confocal microscope. In control cells, microtubule structures radiated out from

the centrosome, and thin actin bundles were visible throughout the cells. CSNl depleted
208



cells possessed a leading edge highly enriched in bundles of polymerized F-actin 

filaments. Consequently, it appears that the loss of CSNl results in a mechanical 

interaction between the adherent and free F-actin networks, initiating the mechanical 

forces necessary for F-actin polymerization in the leading edge/protrusion. Knockdown 

of CSNl also lead to the translocation of the actin scaffolding protein cortactin (CTTN) 

from cytoplasmic pools into lamellipodia, where it colocalized with cortical F-actin. 

This suggests that CSNl also enhances the rate of new adhesion formation in 

lamellipodial protrusion, which is the first step in cell migration, as studies have shown 

that CTTN overexpression is associated with lamellipodial persistence and its 

downregulation reduces cell motility and tumour growth in OSCC (Nusse and Varmus, 

2012).

Consistent in vivo evidence shows that the CSN complex is fundamental for CRL

activity (Lyapina et al., 2001). CSN associates with the ubiquitin ligase SCF^'^'^’’ E3 to

regulate the balance between (3-catenin and APC. (Choi et al., 2004, Papkoff et al.,

1996a). A functional molecular link was uncovered between CSN5 and Wnt/p-catenin

signalling in model and CRC cells. CSN5 depleted HeLa and SW480 cells noted a

reduction of p-catenin and phospho-P-catenin, although CSN5 was also shown to

promote P-catenin degradation in SW480 cells. A current study suggests that CSN5

affects P-catenin long-term stability by regulating the p53/SlAH-l-degradation pathway

in CRC cells (Jumpertz et al., 2014). In a different manner, knockdown of other CSN

components led to impaired p-catenin degradation rates, indicating that the CSN

complex promotes short term degradation of p-catenin also (Rodriguez et al., 2003, Gao

et al., 2014). These discoveries suggest that CSN could have a dichotomous effect on P-

catenin and Wnt signalling (Rodriguez et al., 2003). In this thesis, a significant increase
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in cytosolic P-catenin protein expression was evident upon time dependent CSNl 

knockdown. Further validation by immunofluorescence staining conveyed an 

accumulation of both cytoplasmic and nuclear P-catenin as a consequence of CSNl 

knockdown. Additionally, the highly motile siCSNI cells in this study conveyed 

localisation of p-catenin at the protrusion ends, which may represent a fraction of 

subcellular P-catenin with distinct activity. APC/p-catenin rich clusters at the 

membrane protrusions coordinate the migratory potential and mesenchymal 

morphology in mammary tumour cells, with no effect on proliferation or P- 

catenin/TCF-dependent transcriptional activation (Polakis, 2012).

P-catenin is an essential survival factor for aggressive cancers, regulating the

expression of anti-apoptotic genes such as survivin, as well as anti-apoptotic members

of the Bcl-family (Papkoff et al., 1996b, Gao and Chen, 2010). It is also implicated in

both the p-catenin /E-cadherin cell adhesion complex, and as a consequence of losing

E-cadherin interaction, P-catenin is released into the cytoplasm and nucleus to increase

P-catenin transcriptional activity (Flabas, 2006, Tauriello and Maurice, 2010, Gonzalez-

Sancho et al., 2013). In this work, silencing CSNl expression elicits a pro-tumorigenic

effect in an oesophageal cell line, through remodelling the cytoskeletal architecture and

stabilising lamellipodial protrusions. The distinct phenotype increases cell motility

evident by an increase in velocity and wound closure. Furthermore, the data clearly

suggests that CSNl gene knockdown promotes oesophageal cell migration by

attenuating COP 9 signalosome driven degradation of p-catenin. This is evident

through stabilisation of P-catenin expression at both the subcellular and protein level in

CSNl depleted cells. Thus, CSNl could represent a novel therapeutic target in OAC by

modulating p-catenin activity, as aberrant p-catenin expression correlates with
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unfavourable survival for OSCC and OAC patients in Asian and European cohorts and 

reduced membrane expression or increased cytoplasm/nuclear expression was revealed 

as an effective biomarker for poor prognosis in OAC (Yeh, 2009). Analysis was carried 

out simultaneously to elucidate the role of RRM2 in oesophageal tumorigenesis. There 

is a growing abundance of literature which describes RRM2 as regulating proliferative 

and apoptotic affects, however, its malignant potential requires further elucidation. As 

expected, siRNA targeted inhibition of RRM2 in the GOhTRT cell line lead to a 

significant decrease in cell viability. This finding is consistent with other in vitro and in 

vivo studies where cell proliferation is hindered considerably when treated with siRNA 

targeting RRM2 (Doble and Woodgett, 2003, Logan and Nusse, 2004).

Furthermore, we hypothesized that RRM2 knockdown depletes the pool of available

dNTPs for DNA synthesis, thus, cells depleted in RRM2 should not be able to replicate

their genomes and arrest in S-phase. To test this hypothesis, cell cycle distribution of

GOhTRl’ high grade oesophageal cells were observed following siRNA inhibition of

RRIVI2. An increase in S-phase and near disappearance of the G2/M-phase population

were evident at 72 and 96 h. Zuckerman et al. reported growth inhibition in melanoma

cancer cells following siRRM2 treatment, mostly due to Gi/S-phase cell cycle arrest

and limited contribution from apoptotic events (Zuckerman et al., 2011). Cell cycle

arrest following RRM2 knockdown was also observed in renal carcinoma cell lines,

however in this report, RRM2 knockdown caused S-phase arrest with no particular

enrichment of the Gi-phase population of cells (Zeng et al., 2005). In contrast to these

reports, the observed S-phase cell cycle arrest evident in this thesis coincided with an

approximate 4-fold increase in sub-G| fraction, indicative that a proportion of cells had

undergone apoptosis. It would be worth investigating the effects of RRM2 gene
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knockdown in synchronized cells to clarify if the differences in sensitivity of the cell’s 

to arrest in S-phase or undergo apoptosis may be based upon the completeness of eell 

cycle arrest achieved after RRM2 knockdown.

Although increasing evidence indicates that RRM2 is an important factor for cell 

proliferation, very little attention has been given to alternative cellular responses of 

RRM2 inferring increased malignancy. It has been shown that the cell cycle phase is a 

fundamental event in determining the subsequent pathway-apoptosis or EMT, and it is 

widely known that cell growth arrest is a prerequisite for cells undergoing 

differentiation. For instance, in response to TGF-P treatment, hepatocytes in G2/M 

phase undergo apoptosis, while cells in G|/S phase transferred to EMT (Yang et al., 

2006). As mentioned previously, this thesis mantained regular cell cultures without 

synchronization, giving rise to a highly heterogenous population in terms of the cell 

cycle phases. Hence, it is plausible that cells will respond differently to treatment 

leading to a variety of cell fates. Cells that survived RRM2 depletion under the same 

condition arrested in the S phase and induced a striking shift in cell morphology to a 

mesenchymal phenotype.

Visualised under high resolution by confocal microscopy, RRM2 knockdown appeared

to induce the dissolution of epithelial cell-cell junctions and apical-basal polarity, as

well as distinctly reorganizing the cytoskeletal architecture. Given the role of RRM2 in

malignant potential, we speculated that the surviving proportion of the cell population

had undergone epithelial to mesenchymal transition (EMT). Consequently, these

modifications gave rise to a spindle-like morphology. It is likely that silencing RRM2
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ceased the cell cycle in S-phase to facilitate cellular changes prior to undergoing 

apoptosis or transformation, which has never been studied before in oesophageal 

carcinogenesis. Following siRNA mediated targeting of RR1VI2, GOhTRT cells lost 

their epithelial characteristics and adopted more mesenchymal traits, and this was 

confirmed by western blotting with a decrease in expression of the epithelial marker E- 

cadherin and increase in expression of the mesenchymal marker vimentin. This data not 

only conveyed that silencing RRM2 induces apoptosis but also provided a new insight 

into the mechanism through which the same gene induces concomitantly different 

cellular fates in the same cell type. RRM2 depletion has previously shown to attenuate 

invasion (Djiane et al., 2005, Koo et al., 2012), and studies causally link both increased 

migration and invasion to EMT, demonstrating in vitro that some post-EMT cells are 

migratory and invasive than their pre-EMT counterparts (Chitalia et al., 2008, Wolf et 

al., 2002, Levy et al.. 2004, Ge et al., 2009, Ishitani et al., 2003, Ishitani et al., 1999).

TWIST is a critical EMT inducer that permits the acquisition of mesenchymal

phenotype, enabling tumour invasion (Cadigan et al., 1998, Zhang et al., 2009a,

Haglund and Dikic, 2012), and two recent studies have reported that an immortalized

human epithelial cell line expressing TWISTI (HMLE-TWISTI) was less migratory

than the control cells (HMLE-vector) (Mahmoudi et al., 2009, Shitashige et al., 2010).

In light of the above data, Schaeffer and colleagues e.stablished that acquisition of a

mesenchymal cell state is not a prerequisite of a more migratory phenotype, and that

migration and invasion can act individually during carcinoma-associated EMT in vitro

and in vivo. (Du et al., 2012). Furthermore, the epithelial adheren junction protein E-

cadherin was strongly downregulated in the post-EMT cells; however, OB-cadherin

(CDH2) and N-cadherin (CDHll) are 2.6-fold and 14.04-fold upregulated in HMLE-
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TWISTl cells, respectively (Wang and Jones, 2006). Therefore, it is clear that other 

cell-cell adhesion proteins may be responsible for the cell-cell and cell-ECM contacts. 

EMT can induce stem-cell generation by normal and tumour cells (Yang et al., 2010, 

Mani et al., 2008). Essentially, this data and that of others suggests a reassessment of 

the current phenotypes associated with pre- and post-EMT cells (Mahmoudi et al., 

2009, Shitashige et al., 2010).

Varying degrees of RRM2 protein expression levels were identified in this thesis in cell 

lines representing a model of multistep oesophageal carcinogenesis. OE21, SKGT4 and 

OE33 cell lines expressed the highest level of RRM2 protein, and these cells represent 

late stage OAC. This suggests that RRM2 is implicated in OAC, however, the lack of in 

vitro invasion assays using these cell lines limit our observations of potential 

transformation. Thus far, only one study demonstrated that RRM2 levels are higher in 

oesophageal/gastric cancer when compared with pancreatic cancer. OAC specimens 

also had a higher expression when compared to cholangiocarcinomas as well (Huang et 

al., 2009a). The differences in RRM2 expression were significant in Kolessar et al, and 

implied that relative RRM2 overexpression may play a role in tumour development in 

OAC, although confirmatory studies with a greater number of tumour samples are 

required to validate this assumption. Analysis of gene expression of RRM2 for normal 

(non-neoplastic or benign) vj' cancer were analysed using Oncomine, and showed that 

expression of RRM2 was upregulated in all cancers. This indicates that RRM2 is not 

cancer specific and thus represents not only an important indicator for cancer cell 

proliferation and but also a biomarker for invasive phenotypes.
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Ultimately, there were many interesting avenues that could have been pursued from the 

genes identified in the siRNA screen that modulated cell migration. For instance, this 

work was in agreement with a recent study whereby induced Spryl expression in 

SKOV-3 cells attenuated cell motility, and Spryl knockdown in 1A9 cells promoted 

migration and invasion (Yang, 2004), however, an increase in cell growth and 

proliferation were not observed in the findings of this study. Sprouty (Spry) proteins 

have been shown to act as inhibitors of the receptor tyrosine kinase (RTK) including 

epidermal growth factor receptor (EGFR) (Huang et al., 2012). Attributable to their 

regulatory function, the contribution of deregulated Sprouty proteins have been studied 

in different malignancies (Kubota et al., 2011), for example, carcinomas of the breast 

and prostate have been associated with Spryl downregulation (Carter and Vousden, 

2008, Lundby et al., 2012).

As seen in the previous chapter, GOhTRT cells depleted in MY09B displayed a

“contracted” morphology which was characterized by a paucity of lamellipodia and

cytoskeletal polarization. Previous studies have also established this equivalent

phenotype in different cell lines, for instance, Myo9b'^' macrophages, bone marrow-

derived dendritic cells (BMDCs) and HeLa cells had defective spreading and

polarization, and these phenotypic changes were accompanied with impaired cell

velocity and directionality (Li et al., 2003, Strahl and Allis, 2000, Guan and Xiong,

2011). Our data however shows that in an oesophageal cell line, siRNA targeted

inhibition of MY09B increases the rate of cell motility in a scratch wound assay. In

light of this, monolayers of Caco-2 cells depleted in MY09B displayed dramatically

decreased staining of tight junction components claudin, occludin and zonula occludins-

1 (ZO-1). These knockdown cells form stress fiber-Iike arrays of actin and nonmuscle
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myosin-11 along the leading edge. Thus MY09B appears to act as a motorized RhoGAP 

which inhibits Rho activity and processes such as nonmuscle myosin-ll-mediated 

contraction, yet its absence may allow myosin 11 to generate enough tension to support 

dynamic actin at the leading edge (Chandhoke and Mooseker, 2012). It is also probable 

that another RhoGAP could compensate for the loss of MY09B resulting in a number 

of specific cellular consequences, such as defects in epithelial cell function. 

Dysfunction of MY09B at the cellular level in inflammatory bowel disorder (IBD) has 

often been attributed to problems with cells of the sub-mucosal immune system 

(Kamada et al., 2005, Franchimont et al., 2004), and neutrophils from MY09B KO 

mice displayed defective cell migration (Hanley et al., 2010). Thus, intraepithelial 

infiltration of immune cells deficient in MY09B and Rho signalling would result in 

inflammation.

Moreover, if the intestinal epithelial barrier is defective, the combined effect of a leaky

intestinal barrier and immune cell migration would lead to adverse effects at the tissue

level. In an oesophageal context, the homozygous G/G group of the MY09B

polymorphism is associated with an increased risk for both BO and OAC. In addition,

strong cytoplasmic MY09B expression was evident in this study at the basement

membrane in reflux oesophagitis biopsy specimens, and a strong expression in

columnar epithelium of BO and OAC (Menke et al., 2012). In conclusion, since cellular

processes such as proliferation, survival, migration and invasion are central to

malignant conditions, an in-depth understanding of pertinent regulatory mechanisms

and their functional significance could lead to the development of novel approaches for

enhanced management of cancer. This body of work provided evidence that CSNl

downregulation may contribute to the tumorigenic property in OC, as cytoskeletal
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rearrangements elicited a pro-migratory phenotype by attenuating the degradation of (3- 

catenin. However, the exact role of CSNl in the initiation and progression of OC is 

unclear, and further research is warranted. WNT/p-catenin pathway is aberrantly 

activated in various cancers, thus, the modulation of P-catenin in cancer therapeutics is 

paramount, and may possibly provide an attractive option of targeting various aspects 

of the carcinogenic process. Additionally, the biomarker and malignant potential of 

RRM2 was investigated in an oesophageal context, with RRM2 knockdown hindering 

proliferative and migration in GOhTRT cells. Intriguingly, partial EMT was induced in 

the surviving S-phase population of cells, an avenue that has yet to be studied in 

oesophageal carcinogenesis.
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Chapter 6

Final Discussion
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6 Final Discussion

OAC is currently one of the cancers that is rapidly increasing in incidence in Europe 

and the US, and is considered the leading cause of cancer-related deaths worldwide. 

Despite progress in surgical techniques and chemotherapy treatments, prognosis and 

median overall survival (OS) in patients with metastatic OAC remains poor and does 

not surpass 8-10 months (Reddy and Wainberg, 2011). Cytotoxic chemotherapy is 

associated with inherent adverse effects, and is contraindicated in severe cardiac and 

liver disease, a common existence in the affected elderly population. Recent advances 

have been made with regard to the route of administration, with the encapsulated pro

drug (capecitabine) that enzymatically converts to 5-FU in the body, an effective 

substitute to infusing 5-FU. This reduces the morbidity frequently associated with 

central venous catheterisation (Gong et al., 2000, Bahler et al., 1998, Keld and Ang, 

2011). However, failure of traditional therapeutics mainly occurs due to tumour 

resistance, and attempts to overcome resistance by administering higher doses of 

radiation and chemotherapeutics inevitably result in a high degree of toxicity and 

damage to normal cells. (Spange et al., 2009). Therefore, novel strategies are required 

to investigate anti-cancer agents that have an improved potency and less injurious 

effects on the body.

6.1 Novel toxic bile acids

Currently, greater than half of available drugs are natural compounds or are related to 

them, and in relation to cancer, this proportion surpasses 60% (Jurgen Dohmen, 2004, 

Gareau and Lima, 2010). Hence, there exists a potential strategy to discover effective 

compounds from natural products for cancer treatment. One of the key mechanisms

219



employed by cytotoxic drugs to kill cancer cells is apoptosis, and defective apoptosis is 

believed to play a major role in both the survival and proliferation of cancer cells 

(Soucy et al., 2009). Indeed, it has been demonstrated that natural and synthetic BA 

analogues have cytotoxic effects aside from their role in the digestion of lipids. Various 

studies have shown that BAs have both anti-neoplastic and anti-carcinogenic properties 

in a multitude of cancer cell models, such as neuroblastoma, prostate cancer, colon 

cancer and tamoxifen-resistant breast cancer (Kubota et al., 2011, Carter and Vousden, 

2008, Lundby et al., 2012, Yang, 2004). Newly discovered physiological functions has 

led to the resurgence in BA biology and the development of a variety of medicinal 

chemistry programmes with different therapeutic targets, all using BAs as lead 

structures. An understanding of the structural basis for BA induced apoptosis is 

important to ongoing efforts to exploit this property pharmacologically, in the design of 

selective cytocidal and cytoprotective agents (Liu et al., 2008, Choi et al., 2001, El 

Kihel et al., 2008, Carter and Vousden, 2008, Choi et al., 2003). These BA analogues 

constitute a starting point towards a new platform development of this type of therapy, 

which could readily be synthesized in large amounts for biological evaluation.

In this thesis, the decision to investigate BA derivatives was driven by the desire to 

produce analogues with increased potency, as well as serve as a useful tool for further 

characterising the BA derivative’s mechanism of action. A combined medicinal 

chemistry and cellular biology approach allowed the investigation of nineteen novel 

BAs in human oesophageal cancer cell lines. This study exploited the known 

cytotoxicity of BAs, DCA, CDCA and LCA, which have a greater effect on cell 

viability and mitochondrial activity than other BAs. In addition, these BAs reside in the 

toxic/hydrophobic end of the spectrum of common BAs, however, their toxicity may
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not be attributable to their hydrophobicity alone (Kerscher, 2007, Krahenbuhl et al., 

1994). Most of the synthetic BA derivatives decreased cell viability significantly in all 

the cell lines. The effect of replacing hydroxyl with azide was significantly amplified by 

primary amido or CPA substitution at C24. The most toxic analogues were the Sp* and 

3a-azides of the DCA cyclopropyl amide (compound 8 and 19). These are among the 

most potently cytotoxic BAs to be reported to date. Therefore, it seems that azido 

substitution in BAs influences lipophilicity and toxicity depending on orientation and 

ionizability. Furthermore, this thesis highlighted selective toxicity as HET-IA and 

OE33 cell lines were more susceptible to BA analogue induced inhibition of cell 

growth, in contrast to GOhTRT and SKGT4 cell lines. It is probable that these cell lines 

share a common target, which is most likely localized at the surface of the plasma 

membrane and is either activated or deactivated by BA analogues in order to elicit 

apoptosis. Nevertheless, the role of BAs and their transporters in oesophageal cancer 

cell lines have yet to be fully established. However, a feature of BO is the development 

of BA transporters such as the apical sodium dependent bile acid transporter (ASBT), as 

well as associated intracellular transporters (Sharma et al., 2011). In addition, profiling 

the expression of xenobiotic-metabolizing enzymes as well as efflux transporters may 

convey differences in cytotoxicity in different oesophageal cell lines (Bourgine et al., 

2012).

This study showed that cell growth inhibition in OE33 cells treated with compounds 7, 

8, 18 and 19 were characterized by sub-Gi accumulation and S phase inhibition, 

indicative of cell death and suppressed cellular proliferation. Intriguingly, given the 

potent toxicity at low micro-molar concentrations, necrosis was not a prominent feature 

in cells treated with these compounds. A dose-dependent increase in early and late
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apoptotic population of cells were clearly evident, and this finding has important 

implications because apoptosis is anti-inflammatory and cancer chemo-preventative, 

however, uncontrolled necrosis is cancer promoting and less likely to selectively affect 

malignant populations (de Bruin and Medema, 2008). To elucidate pathways by which 

cells have undergone apoptosis, future experiments would involve analysing the 

expression levels of two of the most important members in the Bcl-2 family, the pro- 

apoptotic protein Bax, and the anti-apoptotic protein Bcl-2, as the stability of the 

mitochondrial transmembrane potential relies on the cooperation of both pro- and anti- 

apoptotic members (Ghobrial et al., 2005). Cell death is executed primarily via the 

activation of caspases, however, apoptosis can occur without caspase activation through 

the action of apoptosis inducible factor (AIF) released from the mitochondria (Spierings 

et al., 2005). Therefore, in order to determine whether the apoptosis induced by the 

toxic BA compounds is caspase-dependent, further investigation using a general 

caspase inhibitor (z-VAD-FMK) could determine this. Intrinsic and extrinsic apoptotic 

pathways converge to caspase-3, with caspase-9 upstream of caspase-3 in the intrinsic 

pathway and caspase-8 upstream of caspase-3 in the extrinsic pathways (Ghobrial et al., 

2005). Western blotting could evaluate the levels of respective cleaved- and pro- 

caspases after exposure of cells to the toxic BA compounds in future experiments, to 

characterize if apoptosis occurs intrinsically or extrinsically.

In conclusion, new BA analogues capable of inducing apoptosis in the low micro-molar

range have been produced by integrating azido and amido functionality. Further

investigation of the structure activity relationship (SAR) of the azido and amido group

would be of further benefit. In particular, the relatively high potency of compound 8

suggests that its interactions are specific. Although its binding partner is unknown, it
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would appear to be an interesting ligand for studies into the mechanism of BA 

cytotoxicity. Another interesting avenue to explore would be the relative polarity of the 

BA analogues by adopting a reverse phase thin layer chromatography (RPTLC) 

approach, and correlate this with cell viability using MTT assays. RPTLC has been 

used broadly for lipophilicity determination, and was successfully predictive of BA 

toxicity in the oesophageal HET-IA cell line (Sharma et al., 2010, Posa and Kuhajda, 

2010). This would then open up a possibility for using RPTLC as a predictor of BA 

cytotoxicity. As mentioned previously, hydrophobic BA derivatives are not necessarily 

toxic indicating that hydrophobicity alone does not govern cytotoxicity. Hence, this 

emphasizes the need to explore specific structural modifications in potentiating either 

cytocidal or cytoprotective effects.

Unfortunately, we were not able to fully elucidate the precise mechanisms of BA- 

induced intracellular signalling; however, it would be worth inhibiting several well- 

known BA receptors, such as EGFR and TGR5, to elucidate if it suppressed BA- 

induced growth inhibition and apoptosis. Also, the high potency of compound 8 

suggests that its interactions are specific and it would represent an interesting ligand for 

studies into the mechanism of BA cytotoxicity. Future experiments of chemical 

crosslinking (CC) in addition to standard affinity purification and mass spectrometry 

would aid protein capture within a proteomic assay. This would enable the 

identification of specific binding partners of the BA compounds under varied cellular 

and receptor states (Corgiat et al., 2014). Elucidating the interaction of these toxic 

compounds with their receptors would provide information integral to drug 

development and drug action, and aid in understanding the pathophysiology of diseases 

also.
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6.1.1 Bile acid: drug delivery

Besides severe adverse side effects and rapid resistance of cancer cells to 

chemotherapeutic drugs, further challenges and complications of chemotherapy include 

inefficiency of drug molecules crossing biological barriers and low accumulation of 

drugs inside cancer cells (Sorkin, 2009). To overcome these barriers, more effective 

drug delivery systems need to be developed for efficient delivery of chemotherapeutic 

drugs (Kravtsova-lvantsiv and Ciechanover, 2012). Besides their distinct cytotoxic 

capability, BAs represent a novel chemotherapeutic approach as they also exhibit ideal 

building blocks for drug delivery applications. This is due to their availability and low 

cost, however, as described previously, they offer structural advantages with their rigid 

steroidal backbone, facial amphiphilic character, chemically different hydroxyl groups, 

and enantiomeric purity (Fuchs et al., 2004). Wang and colleagues synthesized a 

biocompatible amphiphilic telodendrimer system on cholic acid and delved into its self- 

assemblies for efficient delivery of paclitaxel in different tumour models (Zhou et al., 

2002). Covalent linkage of drugs to an effective carrier adds advantages to its delivery 

and intratumoral accumulation, and endogenous BAs offer such advantages as it has 

good drug conjugating capacity and can be modified with different head groups that aid 

in effective cellular interactions.

For instance, in a recent study, a free amine head group based cholic acid-tamoxifen 

conjugate (CA-Tam3-Am) appeared the more potent anticancer conjugate in breast 

cancer cell lines, in comparison to the parent drug tamoxifen, and the other acid and 

amine based BA-tamoxifen conjugates (Sreekanth et al., 2013). These findings 

suggested that the enhanced cytocidal activities were due to more favourable
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irreversible electrostatic interactions, followed by intercalation of these conjugates in 

the hydrophobic core of the lipid membranes, thus increasing membrane fluidity. 

Subsequently, both intrinsic and extrinsic apoptotic pathways were initiated in estrogen 

receptor (ER) +ve MCF-7 cells, but only an intrinsic pathway was initiated in ER -ve 

cells by the cholic acid conjugate. Also, in vivo evaluation in the 4T1 tumour model 

showed that Ca-Tam3-Am was more potent than tamoxifen (Sreekanth et al., 2013). 

This study reaffirms that BAs provide an efficient scaffold for drug delivery, and that 

this strongly depends on both the charge and hydrophobicity of molecules controlling 

its interaction with the cell’s membrane. Overall, this thesis underlines the versatility of 

BAs in providing an excellent scaffold for potent cytotoxic compounds, as well as 

exemplifying the importance of chemical structure in understanding its vast biological 

effects. Furthermore, increasing publications highlighting BA drug delivery 

applications cement their relevance as ideal candidates for further exploration in 

developing anticancer therapy for OAC.

In addition to the evaluation of novel cytotoxic compounds, the future of cancer

therapeutics lies in drugs targeting hallmarks of cancer, thus specifically modulating

critical factors that enable them to express their protective potential. This thesis also

investigated cancer cell shape change associated with motility, yet another fundamental

hallmark associated with the metastatic processes contributing to the high mortality rate

in OAC. Therefore, understanding the molecular mechanism of oesophageal cancer cell

motility might facilitate the development of possible inhibitors of migration and

invasion as a novel approach for treatment. Standard cytotoxic agents that target the

cytoskeleton are primarily used to obstruct the mitotic machinery leading to tumour cell

death, however, sub-toxic concentrations of microtubule-targeting agents that do not
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affect endothelial cell proliferation can inhibit migration and invasion (Bijman et al., 

2006). Likewise, another study suggested that targeting the actin cytoskeleton might 

provide a means to prevent metastasis formation in ovarian cancer cells (Bijman et al., 

2008).

6.2 Image based siRNA library screen

As cell movement is orchestrated by microtubules and the actin cytoskeleton, a 

combinatorial cell biology approach was developed and implemented for the first time 

in an oesophageal setting in this thesis, coupling RNAi methodology with an image- 

based HCS platform. Several groups have investigated the contribution of proteins to 

the cell cycle or cell migration in high-content RNAi screens. An RNAi screen for 

scratch-wound closure in MCFIOA breast epithelial cells revealed that cell speed in this 

model was increased by knockdown of kinase and phosphatase genes that reduced cell

cell adhesion (Simpson et al., 2008). Another siRNA screen targeting over 5,000 genes 

in SKOV3 ovarian cancer cells identified five genes that potently reduced cell 

migration (Collins et al., 2006). This thesis adopted a different approach and aimed to 

identify novel genes that target the cytoskeletal and adhesive machinery, thus 

uncovering gene specific molecular signalling as a target for cancer therapy.

Thus, screening of the siRNA druggable genome would highlight novel genes that 

target these networks, thus uncovering gene specific molecular signalling as a target for 

cancer cell based metastatic therapeutics. The robust z-score method was adopted for 

hit selection in the siRNA screening approach, which is insensitive to outliers
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commonly associated with RNAi HTS experiments. The stringent Z-score cut-off of 2, 

identified 127 genes whose inhibtion resulted in altered cellular shape and movement, 

which represents 2% of the siRNA’s in the entire screen. These hits/genes were ranked 

by the robust Z-score of the A-T metric and cell count. This is the first instance of a 

high content screen adopting this metric. This novel A-T metric was chosen as an assay 

read-out because it successfully recognized subtle subcellular changes regardless of 

whether the cytoskeletal area increased or decreased, as it was the displacement 

between the F-actin and a-tubulin area that was measured. Systems biology analysis 

identified pathways associated with cell death and survival, cellular growth and 

proliferation, cell morphology and cell cycle. This HCS siRNA screen identified genes 

with visible loss-of-function phenotypes that affected aspects of cytoskeletal 

organization, cell-cycle progression, cytokinesis and cellular morphology, and included 

subtle effects in the localization and level of actin filaments and microtubules.

The six genes (RRM2, ITGB8, CSNl, NOLI, MY09B, and SPRYl) brought forward 

for functional analysis displayed distinct cytoskeletal remodelling following siRNA 

inhibition, although they were not extrinsically linked to metastasis in the published 

literature. Ultimately, there were many interesting avenues that could have been 

pursued from the genes identified in the siRNA screen that modulated cell migration. 

This work was in agreement with a recent study whereby induced Spry I expression in 

SKOV-3 cells attenuated cell motility, and Spryl knockdown in 1A9 cells promoted 

migration and invasion (Yang, 2004), however, an increase in cell growth and 

proliferation were not observed in the findings of this study. Attributable to their 

regulatory function, the contribution of deregulated Sprouty proteins have been studied

in different malignancies (Kubota et al., 2011), for example, carcinomas of the breast
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and prostate have been associated with Spryl down-regulation (Carter and Vousden, 

2008, Lundby et al., 2012).

From the list of genes brought forward for validation, MY09B is another well 

characterized gene in cell migration and displayed a “contracted” morphology which 

was characterized by a paucity of lamellipodia and cytoskeletal polarization. Previous 

studies have also established this equivalent phenotype in different cell lines, for 

instance, Myo9b'^' macrophages, bone marrow-derived dendritic cells (BMDCs) and 

HeLa cells had defective spreading and polarization, and these phenotypic changes 

were accompanied with impaired cell velocity and directionality (Li et al., 2003, Strahl 

and Allis, 2000, Guan and Xiong, 2011). This thesis showed that siRNA targeted 

inhibition of MY09B in an oesophageal cell line increases the rate of cell motility in a 

scratch wound assay. The volume of hits in this screen represents numerous possible 

avenues of investigation, which go beyond the scope of this thesis. Nevertheless, the 

validity of the screen is reinforced by the ranking of genes possibly associated with 

processes effecting cell migration, whether directly or indirectly.

CSN1 and RRM2 represented the most interesting and novel genes to continue further 

analysis, as their roles were less defined in the literature and neither had previously 

been examined in the context of cytoskeletal integrity. Their inhibition induced the 

most distinct cytoskeletal remodelling and pro-migratory and anti-migratory effects 

respectively, therefore both genes were brought forward in order to elucidate their 

respective contribution to metastatic signalling. The most pronounced effect on cell 

migration was observed in CSNl silenced cells, with a significant increase in wound

closure in comparison to non-targeting treated GOhTRT cells. This novel finding for
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the first time describes a putative direct association between CSN1 expression and the 

coordination of migratory cytoskeletal arrangements and cell motility. In this study, 

enhanced wound closure in CSNl depleted cells occurred independently of cell 

proliferation, and had no effect on the cell cycle distribution over a 96 h transfection 

period. The COP9 signalosome complex is composed of 8 subunits within higher 

organisms, termed CSNl to CSN8, and a recent study highlighted that its catalytic 

function is dependent on the integrity of the complex (Echalier et al., 2013). For this 

thesis, it is noteworthy that either CSNl has an independent function outside of the 

CSN complex, or that its loss initiates CSN complex breakdown, resulting in a CSNl 

containing sub-complex. It would be of great interest to investigate further a definite 

mechanism accounting for the divergent phenotypes.

CSNl depleted cells possessed a leading edge that was highly enriched in bundles of

polymerized F-actin filaments. Consequently, it appears that the loss of CSNl results in

a mechanical interaction between the adherent and free F-actin networks, initiating the

mechanical forces necessary for F-actin polymerization in the leading edge/protrusion.

Knockdown of CSNl also lead to the translocation of the actin scaffolding protein

cortactin (CTTN) from cytoplasmic pools into lamellipodia, where it co-localized with

cortical F-actin. This suggests that CSNl also enhances the rate of new adhesion

formation in lamellipodial protrusion, which is the first step in cell migration, as studies

have shown that CTTN overexpression is associated with lamellipodial persistence and

its down-regulation reduces cell motility and tumour growth in OSCC (Nusse and

Varmus, 2012). Yamada et al found that CTTN is overexpressed in oral squamous cell

carcinoma patient biopsies and is localised at the invasive front. Its overexpression is

more frequently found in tumours with high T and N classification and correlates to
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regional invasion in these patients (Yamada et al., 2010). Only one study provided a 

potential link between CSN and the cytoskeleton, as permanent silencing of both CSNl 

or CSN3 in HeLa cells significantly accelerated degradation of microtubule end-binding 

protein EBl (Peth et al., 2007b). EBl regulates microtubule polymerization, growth, 

dynamics and function, as well as being a functional component of the mammalian 

centrosome, anchoring microtubule minus ends to the sub-distal appendages of the 

mother centriole (Stamos and Weis, 2013, Liu et al., 2002). Additionally, CSNl has 

shown to be involved direetly in Wnt/p -catenin signalling, as the degradation of P- 

catenin was retarded significantly in siCSNl HeLa cells (Rodriguez et al., 2003, Gao et 

al., 2014). Therefore, the effect of silencing CSNl on p-catenin expression in GOhTRT 

cells was examined, since P-catenin is associated with aggressive tumour growth and 

regulates the transcription of Wnt target genes that mediate proliferation and migration 

(Klaus and Birchmeier, 2008, Gavert and Ben-Ze'ev, 2007).

In this thesis, a significant increase in P-catenin protein expression was evident upon

time dependent CSNl knockdown. Further validation by immunofluorescence staining

conveyed an accumulation of nuclear p-catenin as a consequence of CSNl knockdown.

Additionally, the highly motile siCSNl cells in this study conveyed localisation of P-

catenin at the protrusion ends, which may represent a fraction of subcellular p-catenin

with distinct activity. APC/p-catenin rich clusters at the membrane protrusions

coordinate the migratory potential and mesenchymal morphology in mammary tumour

cells, with no effect on proliferation or P-catenin/TCF-dependent transcriptional

activation (Polakis, 2012). Silencing CSNl expression elicits a pro-tumorigenic effect

in an oesophageal cell line, through remodelling the cytoskeletal architecture and

stabilising lamellipodial protrusions. The distinct phenotype increases cell motility
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evident by an increase in velocity and wound closure. Furthermore, the data clearly 

suggests that CSNl gene knockdown promotes oesophageal cancer cell migration by 

attenuating COP 9 signalosome driven degradation of P-catenin. This is evident 

through stabilisation of P-catenin expression at both the subcellular and protein level in 

CSNl depleted cells. It would be interesting to see if depleting CSNl in normal 

oesophageal cells established a more migratory phenotype, or if its mechanism is 

confined to cancer cells primed for migration and invasion.

Analysis was carried out simultaneously to elucidate the role of RRM2 in oesophageal

tumorigenesis. As expected, siRNA targeted inhibition of RRM2 in the GOhTRT cell

line lead to a significant decrease in cell viability. Furthemore, an increase in S-phase

and near disappearance of the G2/M-phase population were evident at 72 and 96 h, with

an approximate 4-fold increase in sub-Gi fraction, indicative that a proportion of cells

had undergone apoptosis. The remaining population of siRRM2 treated cells arrested in

S-phase appeared to induce the dissolution of epithelial cell-cell junctions and apical-

basal polarity, as well as distinctly reorganizing the cytoskeletal architecture,

phenotypes associated with EMT. Following siRNA mediated targeting of RRM2,

GOhTRT cells lost their epithelial characteristics and adopted more mesenchymal traits,

and this was confirmed by western blotting with a decrease in expression of the

epithelial marker E-cadherin and increase in expression of the mesenchymal marker

vimentin. RRM2 depletion has previously shown to attenuate invasion (Djiane et al.,

2005, Koo et al., 2012), and studies causally link both increased migration and invasion

to EMT, demonstrating in vitro that some post-EMT cells are migratory and invasive

than their pre-EMT counterparts (Chitalia et al., 2008, Wolf et al., 2002, Levy et al.,

2004, Ge et al., 2009, Ishitani et al., 2003, Ishitani et al., 1999). These findings propose
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a multifunctional role for RRM2, as silencing its expression not only induced apoptosis 

but also EMT in the surviving population of cells. It is likely that the arrest in S-phase 

provides cells a precondition for undergoing EMT. An avenue worth investigating in 

the future is silencing RRM2 in cells previously synchronized in order to clarify if the 

different fate of cells is associated with cell cycle progression, as regular cell cultures 

without synchronization are highly heterogeneous in terms of cell cycle phases. Cell 

lines representing late stage OAC (OE2I, SKGT4 and OE33) expressed the highest 

level of RRM2 protein. This suggests that RRM2 is implicated in OAC, however, the 

lack of in vitro invasion assays using these cell lines limit our observations of potential 

transformation. However, analysis of gene expression of RRM2 for normal (non

neoplastic or benign) vs cancer were analysed using Oncomine, and showed that 

expression of RRM2 was up-regulated in all cancers. This indicates that RRM2 is not 

cancer specific and thus represents not only an important indicator for cancer cell 

proliferation but also a biomarker for invasive phenotypes.

6.3 RNAi delivery

The silencing of target gene expression via siRNA technology has been demonstrated in 

this study as a powerful in vitro research technique for characterising the contribution 

of a single gene to a phenotype. RNAi has facilitated the identification of components 

of survival and apoptotic pathways, thus enabling the establishment of specific gene 

targets for improving the effectiveness of cancer therapies. The major obstacle in the 

development of RNAi therapies is the delivery of these macromolecules to the target 

cells, as siRNAs do not readily traverse the cellular membrane due to their large size 

and negative charge (Aagaard and Rossi, 2007). Using non-viral delivery systems, it is
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now possible to alleviate the major disadvantages of synthetic siRNA; that is inefficient 

in vivo delivery and transient gene silencing. For instance, chemical modifications can 

help to enhance siRNA stability and avoid immune response and off-target effects 

without hindering their silencing capability (Gavrilov and Saltzman, 2012).

Liposomes are the most commonly used delivery vectors for siRNA, and consists of a 

phospholipid bilayer with an aqueous compartment inside (Guo et al., 2010). Liposome 

delivery systems are very convenient as they only require mixing and incubation of 

components, and furthermore, neutral lipids are highly non-toxic and do not trigger the 

immune response. 1, 2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1, 2-oleoyl-sn- 

glycero-3-phosphocholine (DOPC) and 1, 2-dioleoyl-sn-glyero-3-phosphoethanolamine 

(DOPE) are commonly used liposome delivery vectors (Zhang et al., 2012). 

Lipofectamine is a frequently used cationic liposome-based reagent, and its derivative, 

Lipofectamine 2000 has become a standard transfection reagent for siRNA delivery in 

vitro (Dalby et al., 2004). Furthermore, polymeric nanoparticle gene delivery is 

considered more stable with a larger capacity as it enables a very limited volume to 

provide an enormous surface area for transport, chemical reactions and communication 

with biological systems (Guo et al., 2010). Recent studies have described the successful 

administration of chitosan-siRNA nanoparticles to silence target genes in vitro and in 

vivo, such as inducible HspTO in human leukaemia cells, platelet-derived growth factor 

B in rabbit injured arteries, and p-glycoprotein in brain endothelial cells (Matokanovic 

et al., 2013, Xia et al., 2013, Malmo et al., 2013).
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In the interest of the binary approach to OAC treatment explored in this thesis, a recent 

study showed that polyethylenimine modified with the BA deoxycholic acid (PEIi g- 

DA) formed a stable nanocomplex based delivery system with SHP-1 siRNA via 

electrostatic and hydrophobic interactions. Cardiac administration of PEli g-DA/SHP-1 

siRNA polyplexes enhanced cardiac delivery efficiency in comparison to conventional 

gene carriers, and substantially improved SHP-1 gene silencing (Kim et al., 2013a). The 

same research group utilized this delivery system to silence MMP-2 expression, 

inhibiting cell migration in vascular smooth muscle cells (SMCs) (Kim et al., 2012). 

Furthermore, cancer chemotherapy is often limited due to the inherent complexity of 

cancer pathogenesis, in which more than one causes are involved. Thus, a combination 

of therapeutic drugs would be a promising approach to overcome the complexity of 

tumours. A conjugate (DA3) of DCA and polyethylenimine (PEI 1.8 kDa) was 

employed for simultaneous delivery of paclitaxel and XIAP siRNA. The biomimetic 

micelle-forming PEl-bile acid conjugate displayed significant silencing of XIAP gene 

expression and enhanced the extent of tumour growth inhibition in colorectal cancer in 

vitro and in vivo models (Figure 6.1) (Jang et al., 2012). This suggested combined 

delivery system could be considered as a potential candidate for clinical combination 

cancer therapy.
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Figure 6.1: A schematic diagram demonstrating a biomimetic DCA based carrier system
that mediates simultaneous delivery of siRNA and a water-insoluble anticancer agent.
Modified from (Jang et al., 2012).
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6.4 Applications of RNAi in cancer researchThis RNAi screen and others 

holds distinct advantages over drug therapies, as identification of highly selective and 

potent sequences is rapid, synthesis is easy from a chemistry standpoint and all targets 

can be inhibited and lead compounds rapidly identified and optimised (Vaishnaw et al., 

2010, Bumcrot et al., 2006). RNAi technology is now extensively used to silence 

cancer-related gene targets, and a growing number of preclinical studies have 

successfully inhibited tumour cell growth, angiogenesis, metastasis and chemo- 

resistance by adopting this gene silencing technique. For instance, one such in vivo 

study illustrated that an siRNA targeting a heterodimer glycoprotein Clusterin (Clu) 

significantly slowed the growth of orthotropic primary tumours derived from MDA- 

MB-231 cells (Niuet al., 2012).

Additionally, Huang et al. utilized specific oligo siRNA that targeted a cell surface 

glycan N-acetylglucosaminyl transferase V (GnT-V) associated with malignant 

tumours. Huang et al., showed a significant decrease in proliferation of BGC823 cells 

when GnT-V was silenced, as well as the down regulation of E-cadherin, vimentin and 

matrix metallopeptidase 9 (MlVIP-9) (Huang et al., 2013). Targeted siRNA inhibition of 

an important pro-angiogenic growth factor, basic fibroblast factor (bFGF) significantly 

reduced bFGF mRNA levels and showed inhibitory effects on endostatin secretion in 

different pancreatic cancer cell lines (Yan et al., 2013). Clinical trials are undergoing to 

evaluate RNAi-based drugs for cancer treatment, such as Calando Pharmaceuticals’ 

CALAA-01 (ClinicalTrials.gov Identifier NCT00689065; Study ID Numbers CALAA- 

01-ST-001) investigating tumour growth and/or tumour size inhibition using siRNA 

targeting RRM2. Anlylam Pharma’s ALN-VSP02 (NCT00882180; ALN-VSP02-001)
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clinical trial is now complete and comprised of lipid nanoparticle-formulated siRNAs 

targeting VEGF-A and kinesin spindle protein (KSP). A news release from Alnylam 

Pharmaceuticals, Inc. reported that ALN-VSP02 was well tolerated and exhibited anti

tumour activity, as well as the pharmacodynamics data being consistent with an anti- 

VEGF effect.

6.5 High Throughput High Content Screening

High content screening in a high-throughput manner has proven advantageous in 

performing phenotypic cellular assays, generating biologically relevant and 

multiparametric data sets. This automation has evolved considerably to enable not only 

medium throughput assays for either target identification or secondary screen, but high 

throughput assays for primary hit identification using large compound libraries, and has 

been a huge driving force behind the success of recent drug discovery schemes. (Xu et 

al., 2008, Ibig-Rehm et al., 2011). In this screen, the adherent GOhTRT cell line proved 

well suited to HCA as the cells are large and have separate nuclei. This enabled 

accurate analysis as the cells were not clumped together and the cytoplasmic region was 

readily discriminated by the software. Furthermore, the separate nuclei allowed the 

analytical software to meticulously count the number of cells, allowing the 

normalisation of A-T signal to cell number to account for cell density changes, and 

delineate subtle changes in cell shape.

Cells were fixed 96 h post transfection as it enabled high throughput flexibility when 

using plate preparation platforms and cell imagers without loss of fluorescence
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intensity. The only major disadvantage of fixed cell analysis is that information is only 

given at a single cell point. Living cells are required for kinetic studies, and prove 

advantageous when studying processes like apoptosis, where cells are responding non- 

synchronously (Antczak et al., 2009), or mitosis which is a rare event at any given time 

(Neumann et al., 2010, Schmitz et al., 2010). Quantitative analysis of cell velocity and 

persistence for each siRNA treatment is currently underway in this lab. Automated 

image analysis requires a certain amount of cells per treatment in order to achieve 

reasonable statistics, and this was achieved by acquiring nine images per well. The IN 

Cell Analyser 1000 software tool was used in our laboratory as it has an intuitive 

interface and user-adaptable parameters. Its predeveloped image analysis range from 

generic analysis tools (cell cycle and morphology) to highly specialised multiparametric 

applications (neuronal function and protein trafficking). The image analysis software of 

the InCell was used in this screen because no transfer of the images or image 

conversion step was required, so from a technical standpoint the integrity of the images 

were maintained. Furthermore, the screening time was brisk and additional image 

storage space was not necessary.

HCA of cell-based assays holds a promising future of increased physiologic relevance

toward human clinical trials by addressing a number of issues at once, such as

membrane permeability, compound solubility and toxicity through simultaneous

measurements of physiologic parameters in each cell, thus quantifying its desired

therapeutic effect. For instance, HCS was applied to phosphoinositide-3-kinase

signalling pathways in CHO cells stimulated with lGF-1, and both translocation and

compound toxicity were deduced from the high resolution images (Wolff et al., 2006).

A recent study identified compounds within a chemical library that had adverse cellular
238



effects. HCA in this instance identified changes in nuclear morphology, cell shape and 

proliferation using DAPI, TOTO-3 and phosphohistone H3, respectively (Martin et al., 

2014). The potential of HCS to enable complex cytotoxicity assays is becoming 

increasingly recognized as a means of circumventing candidate drug failure during 

approval for toxicity and clinical safety.

6.6 Animal models

Due to the complex signalling nature of oesophageal cancer, a tailored combinatorial 

approach for treatment that inhibits multiple genes and signalling proteins may prove 

useful and necessary to deliver effective responses. This thesis has established a number 

of potential avenues for future investigation in the development of a novel therapeutic 

for OAC. It would also be important to investigate if this mechanism is specific to 

dysplastic cells. Specific inhibition of the candidate genes in a number of cell lines 

spanning the oesophageal carcinogenic sequence would give a greater insight into 

specificity of these novel therapeutic genes. Accurate and reliable animal models are 

required in order to transfer these findings to clinical practice.

To assess the panel of toxic BA compounds in OAC, mice with 

esophagogastroduodenal anastomosis (EGDA) can be used. These models are 

accomplished by anastomosing the duodenum to the gastroesophageal junction, and 

mimics the development of human OAC by introducing mixed reflux of gastric and 

duodenal contents (Chen et al., 1999). Future experiments utilising severe combined 

immunodeficiency (SCID) mice could also assess both the toxic BA compounds and
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candidate genes. To investigate primary tumour growth in these mice, viable cells are 

injected subcutaneously into the back of the mice, and the rate of tumour growth 

calculated. Viable cells re-suspended in PBS can also be introduced into the circulation 

via tail-vein injection or elbows, and metastatic lung nodules or lymph nodes counted 

following excision after a number of weeks (Su et al., 2014, Irino et al., 2014). CSN6 

overexpression in a xenograft cancer model successfully lead to increased cell foci 

formation (transformation), tumour weight and tumour growth rate (Zhao et al., 201 lb).

Recently, technology adopting clustered regularly interspaced short palindromic repeats 

(CRISPR) and RNA-guided Cas9 nucleases has been used (Jinek et al., 2012, Cong et 

al., 2013, Mali et al., 2013). The CRISPR RNA-guided Cas9 nucleases use small base

pairing guide RNAs (gRNAs) to target and cleave in a sequence-specific manner 

foreign DNA elements (Wiedenheft et al., 2012). This technology can be utilised to 

generate mice carrying mutations in multiple genes in just one step, something which 

has not been achievable in previous methods to date (Wang et al., 2013). The study by 

Wang and colleagues reported multiple mutant mice by cytoplasmic microinjection of 

RNAs encoding Cas9 nuclease and guide RNAs, simultaneously disrupting five genes 

(Tetl, 2, 2, Sry, Uty -8 alleles) (Wang et al., 2013). Thus, CRlSPR/Cas-mediated gene 

editing could be utilised for subsequent analysis of the multiple genes identified in this 

screen, and greatly accelerate in vivo study of these otherwise functionally unknown 

genes and their interactions.
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6.7 Concluding remarks

In conclusion, since cellular processes such as proliferation, survival, migration and 

invasion are central to malignant conditions, an in-depth understanding of pertinent 

regulatory mechanisms and their functional significance could lead to the development 

of novel approaches for enhanced management of cancer. This thesis investigated novel 

therapeutics that would inhibit cancer cell growth (BA analogues) and modulate cancer 

cell motility (CSNl and RRM2). Additionally, this study is the first attempt to 

implement siRNA screening to investigate potential targets for cytoskeletal 

rearrangements in OAC. Dissecting the regulators of cancer cell cytoskeletal 

remodelling could elucidate novel signalling pathways in OAC associated with cell 

shape and migration. Increasing our understanding of cytoskeletal dynamics could then 

potentially lead to the development of novel therapeutics specifically targeted to 

prevent tumour dissemination. Lastly, using RNAi to target potential anti-migratory 

proteins may be a promising strategy for use in conjunction with chemotherapy and 

radiotherapy for treatment of OAC.
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8 Appendices

8.1 Appendix 1: Structural formulae of the BA analogues studied

0

1, X= OH
2, X= NH2

3, X= HN

CDCA 3-beta azide-7-acetate series 

0

7. X= NH

17, X= HN Ph
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8.2 Appendix 2: Reagents and Antibodies

Table of Reagents and Kits

DCA Sigma-Aldrich
Dimethylsulphoxide (DMSO) Sigma-Aldrich
Methanol Sigma-Aldrich
Acetic acid Sigma-Aldrich
Hanks Balance Salt solution Sigma-Aldrich
Trypsin-EDTA GIBCO
Soya Bean Trypsin Inhibitor Sigma-Aldrich
Fetal Calf Serum GIBCO/ Biosciences
PBS Tablets Lonza Group Ltd, Switzerland
Propidium Iodide Sigma-Aldrich
Triton-X Sigma-Aldrich
Hoechst 33342 Invitrogen, Carlsbad, CA, USA
Paraformaldehyde Sigma-Aldrich
Bovine Serum Albumin (BSA) Sigma-Aldrich
Phalloidin-TRITC Sigma-Aldrich
Isopropanol Sigma-Aldrich
Sodium Phosphate Sigma-Aldrich
Sodium Carbonate Sigma-Aldrich
Hydrochloric acid Sigma-Aldrich
Sodium Hydroxide Sigma-Aldrich
P-mercaptoethanol Sigma-Aldrich
Ethanol Sigma-Aldrich
Sodium Bicarbonate Sigma-Aldrich
Sodium Azide Sigma-Aldrich
Trifluoroacetic acid Sigma-Aldrich
Sodium nitrite Sigma-Aldrich
Potassium hydroxide Sigma-Aldrich
Sodium chloride Sigma-Aldrich
Epidermal Growth Factor (EGF) Sigma-Aldrich
L-glutamine-penicillin-streptomycin Sigma-Aldrich
RNaseA solution Lonza
siGenome-SMARTpool Medical Supply Company
Dharmafect transfection reagents Fischer Scientific
SMARTpool: ON-TARGETplus NT,
GATA6, RRM2, CSNl, ITGB8, NOLI, 
MY09B, SPRYl siRNA

Fischer Scientific

Tween20 Sigma-Aldrich
Annexin V-FITC antibody ImmunoTools
Tissue Culture Grade Water Sigma-Aldrich
Fluoromount Aqueous Mounting Medium Sigma-Aldrich
Laemmli 2X concentrate sample buffer Sigma-Aldrich
Trizma Base (Tris) Sigma-Aldrich
Pre-stained Molecular Weight Marker Sigma-Aldrich
Sodium borohydride powder Sigma-Aldrich
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Gluteraldehyde Grade 11 Sigma-Aldrich
PVDF membrane VWR
MTT Cell Proliferation Kit LGC Standards
Micro BCA Protein Assay Kit Fischer Scientific
Supersignal West Dura Extended Duration 
Substrate

Fischer Scientific

Annexin V: FITC Apoptosis Detection Kit 
11

BD Biosciences

Marvel Dunnes Stores
Phenylmethylsulfonylfluoride (PMSF) Sigma-Aldrich
Leupeptin Sigma-Aldrich
Sodium dodecyl sulphate (SDS) Sigma-Aldrich
Ammonium Persulphate (APS) Sigma-Aldrich
MycoAlert Mycoplasma Detection Kit LONZA
RNeasy Plus Mini Kit Qiagen
RETROscript® kit Applied Biosystems

Table of Antibodies

Monoclonal IgGl mouse anti-a-tubulin 
antibody (Clone DM1 A)

Sigma-Aldrich

Alexafluor IgG (H+L) goat anti-mouse 
488 antibody

Molecular Probes

Monoclonal IgGl mouse anti-P-actin 
antibody (Clone AC-15)

Sigma-Aldrich

Monoclonal IgGl mouse anti-P-catenin 
antibody

Becton Dickinson

Monoclonal IgGl mouse anti-CSNl 
antibody

Santa Cruz Biotechnology

Monoclonal IgGl mouse anti-RRM2 
antibody

Abeam

Monoclonal lgG2b mouse anti-E-cadherin 
(34/E-Cadherin)

Becton Dickinson

Polyclonal IgG goat anti-vimentin 
antibody

Santa Cruz

Polyclonal IgG (H+L) goat anti-mouse 
antibody HRP conjugated

Cell Signalling

Monoclonal IgG mouse anti-cortactin 
antibody (Clone H-191)

Santa Cruz
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8.3 Appendix 3: Recipes 

10% APS

Dissolve 0.1 g APS in 1 ml distilled water 

Store at 4 degrees 

Prepare fresh weekly

1.5M Tris-HCL (pH 8.8)

Dissolve 90.83 g Trizma in 400 ml distilled water 

Adjust pH to 6.8 with HCL 

Add distilled water up to 500 ml 

Store at room temperature

10% w/v SDS

Dissolve 10 g SDS in 100 ml distilled water

5X SDS-PAGE running buffer

15.1 g TRIZMA

94 g Glycine

50 mis of 10% w/v SDS

Distilled water up to 1 litre

Dilute to IX before use with distilled water

IX SDS-PAGE sample buffer

1.51 g Trizma

20 ml Glycerol

35 ml distilled water

Adjust pH to 6.8 with HCL and then add:

4gSDS

0.002 g bromophenol blue
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Add distilled water to 180 ml 

Store at room temperature

Western Blot Transfer Buffer

5.8 g Trizma Base

2.9 g Glycine 

0.37 gSDS

200 ml Methanol

Add distilled water up to 1 litre

Western Blot Blocking Buffer

5% w/v Marvel in western blot wash buffer (TBST)

Western Blot Wash Buffer

1 X TBS with 0.1% v/v Tween-20 (TBST)

Western Blot Stripping Buffer

2% w/v SDS

50 mM Tris-HCL (pH 6.8)

100 mM 2-Mercaptoethanol

IPX TBS

24.2 g Trizma base 

80gNaCI

900 ml distilled water 

Adjust pH to 7.6 with HCL 

Add distilled water up to 1 litre

Store at room temperature and dilute to IX with distilled water before use
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8% paraformaldehyde (PFA)

Add 5.6 g PFA to 7 ml distilled water 

Add 700 |il IM NaOH dropwise

Add a magnetic stirrer and heat/mix to 60°C in the fume hood. Keep the lid of the 
container loose

Once dissolved, allow the PFA to cool to room temperature 

pH the solution to 7.0 and bring solution to 70 ml with PBS 

Aliquot and store at -20°C

10% acrylamide resolving gel

Components Volume
Distilled Water 7.9 ml

30 % Acrylamide 6.7 ml
1.5 M Tris-HCL(pH 8.8) 5.9 ml

10% w/v SDS 200 pi
10% w/v APS 200 pi

TEMED 8 pi

Stacking gel

Component Volume
Distilled Water 3.4 ml

30 % Acrylamide 0.83 ml
1.0 M Tris-HCL (pH 6.8) 0.63 ml

10% w/v SDS 50 pi
10% w/v APS 50 pi

TEMED 5 pi

8.4 Appendix 4: Addresses

Abeam

Becton Dickinson 

Becton Dickinson 

Cell Signalling 

Fischer Scientific 

GIBCO 

GIBCO

Abeam, Cambridge, UK 

BD, Oxford, UK

BD Transduction Laboratories, Heidelberg, Germany 

Cell Signalling Tehnology, Danvers, MA, USA 

Fischer Scientific, Ballycoolin, Dublin 15, Ireland 

GIBCO, Invitrogen Ltd., Paisley, UK 

GIBCO/ Biosciences, Dublin, Ireland
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Immunotools ImmunoTools GmbH, Friesoythe, Germany

Invitrogen Invitrogen, Carlsbad, CA, USA

LGC Standards LGC Standards, Middlesex, UK

Lonza Lonza Group Ltd, Switzerland

Lonza Lonza, Berkshire, England

MSC Medical Supply Company, Dublin, Ireland

Molecular Probes Molecular Probes, Invitrogen, Carlsbad, CA, USA

Santa Cruz Santa Cruz Biotechnology, Texas, USA

Sigma-Aldrich Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Sigma-Aldrich Sigma-Aldrich, Arklow, Wicklow, Ireland

Sigma-Aldrich Sigma-Aldrich, Poole, Dorset, UK

VWR International VWR: West Chester, Pennsylvania, USA
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8.5 Appendix 5: High Content Analysis of Top 1000 Gene Hits

Gene Name Mean Raw 
Actin-Tubulin

Mean
Normalised

Actin-Tubulin

Mean Actin- 
Tubulin Z-

score

Cell Count

KIFll 513.075 2.056215033 7.308437603 909
RRIVI2 445.325 1.784998517 5.543783267 571
NUBP2 436.941 1.801038726 5.062553476 1337

P66BETA 472.428 1.773351751 4.908729972 813
DUXl 476.241 1.746500515 4.828510353 803

UBE3A 419.722 1.356830672 4.342211592 2916
ITGB8 462.268 1.583451224 4.313734342 1334
GASl 385.689 1.466581744 4.022154369 2358
GPSl 470.275 1.70864943 4.019264084 1056

SERPINIl 363.276 1.591647352 3.982812029 1320
PRCl 381.481 1.569060614 3.915313273 1870

RNF32 366.689 1.501377771 3.882302693 1760
FBX032 396.136 1.28058447 3.733854458 2742
MTVRl 364.763 1.617459515 3.661001529 1844
HMGNl 381.064 1.195911361 3.640493525 1592

CASP8AP2 442.91 1.913987044 3.622500684 1065
PRDM8 367.293 1.510704282 3.57172305 1781
SPRYl 444.474 1.379000732 3.535346244 1561
NOLI 449.241 1.437161896 3.5163809 1492
RAGl 386.435 1.249224155 3.483635152 1585

XRCC2 455.208 1.370516057 3.470393873 1130
WNT7B 344.976 1.346494772 3.358068211 1626

BRE 343.929 1.421816994 3.30673726 2100
KCNQ4 370.873 1.339191444 3.266804615 1331
HOXD3 362.318 1.137079893 3.235963074 2380
TRIM32 353.663 1.339531096 3.188627515 1450
CYLD 374.551 1.210806879 3.177109409 2007

PLXNAl 349.23 1.436409778 3.134292108 1845
CDC25B 348.898 1.398254276 3.13161694 613
CPOX 327.752 1.51286679 3.126070673 1907

SERPINFl 331.463 1.45226276 3.124663515 1426
ACOX2 397.514 1.593210557 3.112717909 1827
GBPl 342.974 1.472376888 3.099221342 1969
LHB 378.872 1.738630836 3.085946475 2208

RDH8 348.257 1.395920347 3.08453004 1259
GABPA 398.719 1.585761046 3.075146331 1209
TMEM4 331.234 1.508138651 3.064031495 1788
CRLF2 333.808 1.420653025 3.036027268 1536

TM4SF4 329.061 1.498244783 3.005917325 2232
HOXA4 394.99 1.570930293 3.002542563 1444

CD24 349.209 1.720156643 2.99703094 1231
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CSTF3 347.525 1.538688025 2.990405653 1835
TFRC 344.282 1.379987334 2.983821963 1215

TNNT2 358.372 1.543416281 2.975138033 1792
AQP8 352.681 1.150563242 2.969890362 2644

HOXB13 393.18 1.56373167 2.967301796 1124
HMGN4 348.93 1.095063693 2.947055911 1786
RNF144 327.494 1.340897087 2.931634181 2333
FSCN2 350.232 1.35230976 2.919772382 1332
DPF2 364.066 1.176912136 2.906668276 2319

ZFP64 351.391 1.322191869 2.898435242 921
DNMT3B 324.182 1.441340583 2.89231734 1919

FGA 338.069 1.285506778 2.888140213 1661
NFKBIB 339.448 2.558049104 2.884830014 2015
USPll 362.25 1.171041572 2.859827924 2957
CD79A 321.618 1.409128151 2.859096856 1787
SALL3 338.622 1.308502006 2.853522571 1887

C90RF100 335.864 1.277122269 2.835630737 1259
AGL 380.819 1.52629807 2.83473274 1765

NR1D2 337.234 2.541364602 2.832380282 2181
CDC6 339.605 1.503621745 2.824960779 1497

DIABLO 389.599 1.683609398 2.766515994 1910
KRT18 382.24 1.309323587 2.763440055 1778
BTG4 344.66 1.383704358 2.755236113 1756

FRAGl 322.871 1.374106261 2.742395717 1997
AQP3 346.808 1.252294737 2.741288374 1739

NCOA7 369.129 1.229397306 2.721235341 1576
TCOFl 353.285 1.111934685 2.721142976 1214
DAXX 334.397 1.480563009 2.716168241 951

LGALS3BP 358.124 1.643418963 2.689966331 1756
IL27RA 321.306 1.254107095 2.680442682 2008

ARHGDIG 309.509 1.323304445 2.680094196 1816
COL18A1 365.224 1.422765875 2.679132857 2026
SERPINI2 314.708 1.378852869 2.672701161 2089

TNFRSF13B 321.024 1.253006405 2.672369577 1887
MDSl 383.775 1.472410644 2.657424712 1416
LRP8 332.505 1.153425884 2.620654642 1584

SMARCAl 394.484 1.223904491 2.61611687 2117
TNFSFll 330.441 1.283714696 2.615864964 1574

DBI 345.213 1.15327026 2.613490732 1485
EPB42 332.017 1.262935871 2.610987409 1896
RINGl 327.604 1.24083024 2.602546998 1904
HOXA7 374.213 1.488297267 2.598013603 949
ACYl 327.454 1.287617475 2.580799779 1701
HSF2 379.244 1.45502678 2.57959456 1238

PSMB4 335.079 1.232701186 2.561602248 1619
MLL 357.337 1.341334965 2.545270816 1659
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RSUl 390.874 1.314688561 2.541003303 1424
TNC 336.499 1.266157192 2.539760158 1736

ACADVL 325.077 1.278270615 2.515623774 1589
CDC42EP3 324.231 1.435552427 2.50380554 647

SPINKS 308.403 1.351228318 2.502625205 1927
ABCC3 340.191 1.070722426 2.50072314 1148

XPMC2H 304.575 1.318906162 2.488423302 1676
CTGF 322.996 1.430084389 2.478007002 944

NGFRAPl 388.902 1.244132071 2.469497955 1031
NR4A1 321.851 2.42543972 2.467956513 2056
AXINl 306.844 1.344397758 2.460571531 2470
CCNB3 369.63 1.597315552 2.445885012 2544
GPR135 311.447 1.325486875 2.435689415 2378
THRAPS 290.273 1,597944444 2.42723271 2662
TOP2A 331.145 1.426156576 2.407785209 1674
PHFl 350.388 1.315250522 2.402569148 1048
SRP72 382.626 1.187114509 2.398068822 1670
TAF6L 320.051 1.33692156 2.397992669 1023

LBP 350.191 1.40917395 2.397918051 1471
SKP2 305.243 1.249792208 2.391939703 1796
CDYL 306.034 1.393400749 2.390088982 1860

POLR2B 347.475 1.492686384 2.384309126 2079
NR4A3 317.817 2.395039865 2.372390922 2169
PME-1 299.106 1.295223661 2.366847574 1902
ILF2 312.223 1.295907525 2.365540583 2494
CESl 308.341 1.274694701 2.358158831 1160

HLA-B 308.075 1.311135984 2.345159508 2730
GSTT2 373.803 1.358137862 2.332346485 1535
FGD6 314.096 1.194349488 2.317251481 2361
GGT2 333.368 1.173764858 2.314837034 1892

MK-STYX 315.886 1.24483169 2.290792909 1627
PARC 300.99 1.232378652 2.288783862 1928

MMP25 307.288 1.319177982 2.282282511 2041
APOCl 325.644 1.1758733 2.279122336 2044
SPINT2 299.972 1.314288969 2.275200878 1989
MY09B 308.577 1.280774499 2.273596093 2541

CAMKIINA
LPHA

305.009 1.260920072 2.269346217 985

PAFAH1B3 322.173 1.18522211 2.267112228 1575
ZIC3 325.089 1.223224364 2.264949339 1709

RXRA 332.538 1.134732848 2.262735432 1196
SUPT6H 294.356 1.274654657 2.261255197 1029

TLE4 301.067 1.370785545 2.257252773 1713
SMURF2 299.045 1.22441501 2.241608195 1940
CCNBl 356.501 1.540580017 2.235080056 1202
CTSC 303.674 1.255401126 2.233762531 1697
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MTAl 313.626 1.192979653 2.225549148 2090
TFAP2BL1 312.835 1.306778783 2.219330114 1998

CSHl 284.272 1.312167944 2.218596025 2196
LCHN 318.376 1.196672818 2.21373472 1618

TWISTl 321.147 1.262375245 2.212046172 1254
CLTCLl 302.958 1.289358551 2.207780644 2406

ACP2 313.748 1.233722622 2.204988959 1411
PPPIRIO 311.127 1.202255918 2.20107663 1468
CDC42 306.876 1.511629969 2.199120717 2737
GLI2 353.67 1.406594893 2.198040631 2309

APOC4 321.677 1.161548794 2.1924935 1246
AVP 304.19 1.187300695 2.190445278 1496

ALPL 293.806 1.283046059 2.188370833 1559
ACADSB 313.141 1.231335771 2.18834536 1295
LOC94431 317.223 1.192339063 2.188342904 2147

CPT2 301.831 1.247782086 2.184638387 1566
TNFRSF21 303.563 1.184853417 2.172495502 1855

GSPTl 364.593 1.324675183 2.171299642 1515
PRDM13 309.229 1.271882596 2.165589506 2067
STAT5A 276.814 1.523853039 2.164240325 2331

ITGB1BP2 336.986 1.356036828 2.163412173 1208
DPEP3 338.161 1.237954906 2.159615697 1594
AQP2 320.151 1.156038536 2.159169678 1923

CCNDl 351.302 1.518113108 2.151602642 2219
RASAL2 286.474 1.224818398 2.145537353 2590

RAG2 302.984 1.326596378 2.141133883 1721
GRAP 300.386 1.27841238 2.13872877 2665
TIEG2 309.512 1.292897901 2.137055215 1650

C6ORF108 350.378 1.514120143 2.136766495 1898
CPN2 280.276 1.293722853 2.135195181 2508
GJB2 319.013 1.151929313 2.134318754 2543
P4HB 316.067 1.162759128 2.127785088 2267

IGHG3 310.937 0.975828445 2.127183649 2265
OXT 294.261 1.204827318 2.125573034 2694
OAS3 333.424 1.432325966 2.118377546 2238
NCFl 311.071 1.367808005 2.118310518 2042

SERPINGl 294.059 1.288381915 2.115699034 2216
PCOLCE 310.041 1.277966241 2.115292578 1958

NRGN 309.689 1.276515323 2.107117354 1494
FECH 290.364 1.290982896 2.101952527 2038

ARPP-19 305.757 1.187820986 2.088334351 2221
DRPLA 316.398 1.221670502 2.087673774 1691
IFNA7 308.967 0.9696459 2.084671914 1559
NRL 334.809 1.25677167 2.08264552 1447
GML 359.314 1.305495001 2.078990599 1204
CTSK 277.456 1.280706046 2.076338729 3014
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NPPA 305.104 1.185284177 2.074378854 2318
DACH2 303.671 1.344521779 2.074317332 1327

CMRF35 297.934 1.267976916 2.0728986 2551
XCL2 304.649 1.183516569 2.064654886 1999

DELGEF 276.852 1.27791805 2.063732596 2066
NR2F6 304.48 2.294533452 2.056436959 1803
NOS2A 307.532 1.352246694 2.05188809 2640
OLIG2 307.287 1.266614456 2.051330745 1451
APOA4 326.016 0.986384925 2.050000417 1842
GPR142 296.865 1.26342736 2.04419858 2295
ZNF160 315.871 1.188539456 2.042933027 1783
DNAIl 291.179 1.275763564 2.038011682 2483
NR5A2 320.685 1.094286377 2.035747585 2115
FGDl 315.453 1.186966632 2.032865462 1953

IGHG4 344.136 1.178802276 2.025293237 2249
BUB3 306.672 1.231194171 2.024280432 2395
BIA2 306.559 1.23074051 2.022106114 1918

RAB38 298.556 1.239181505 2.020887443 1964
SCNNIA 311.585 0.980687458 2.019179697 1315
FLJ10665 301.452 1.1462707 2.016149528 2846
UNC5B 298.091 1.163495353 2.015842908 2876
TCF12 304.512 1.27201183 2.013259099 2755
SUFU 304.47 1.271836387 2.012219211 1627
HSPB2 312.077 1.226722589 2.006325073 1743
ZNF74 314.21 1.18228955 2.002927701 1832

RBPSUH 297.7 1.235628606 1.999300914 2446
IL3 321.661 1.476091486 1.994061954 1484

USHIC 313.774 1.180648997 1.992426604 2014
FKBP8 303.994 1.218295635 1.989216024 2272
OSCAR 294.661 1.306607957 1.988593669 946
H2AFJ 312.288 1.205801041 1.986594231 757
UCP2 329.714 1.321472516 1.983793413 1500

HSPAIL 326.806 1.315072352 1.982626878 1770
IDEA 319.32 1.124302856 1.982132942 1686

SEMA4D 294.242 1.304749996 1.978597679 2745
PPP2R5C 303.344 1.195406647 1.963951873 1773

MS4A7 293.523 1.301561752 1,961444655 1955
SCAMP3 307.978 0.969334731 1.958460715 1514
SURB7 280.709 1.215558827 1.95788274 2067
PHF6 303.151 1.249566167 1.955271872 1324

ADAMTS17 283.705 1.238935155 1.95307767 2142
DRAPl 302.623 1.255874273 1.948475457 2645

NFATCl 328.207 1.23198976 1.947069694 1827
CDK2AP1 313.897 1.048651339 1.941403656 1757

TGFB3 315.756 1.077466951 1.94135603 1739
DBP 335.306 1.229654947 1.94035336 1630
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BGN 265.293 1.460430269 1.939116968 2702
IGFl 353.669 1.186120138 1.936079254 2133

CAPNIO 292.417 1.208864213 1.933713431 1250
TPO 294.991 1.224384676 1.930985603 2719

NKX3-1 326.865 1.226952298 1.919510961 1281
OTOA 357.191 1.142685763 1.919311425 1744
TBCD 288.259 1.312469551 1.914718817 2405

KDELR2 298.491 2.249400895 1.914557354 1883
HUSl 301.049 0.944796462 1.913804949 3071

DCTN3 263.982 1.453213252 1.913499685 2943
IL1F8 317.395 1.456514955 1.912644406 2113

PPAPDCl 300.76 0.94388948 1.907568456 2155
PPRCl 298.507 1.227782188 1.905935265 2285
MDK 298.116 1.034133955 1.904448173 2987

IMPA2 290.474 1.246995995 1.897369394 1966
CFLAR 277.957 1.203641796 1.896705851 1911
COL9A3 263.08 1.448247768 1.895874368 1865
KCNSl 316.857 0.95867371 1.89324479 1925

COL14A1 319.128 1.24319439 1.892548344 1852
CD48 294.806 1.305271454 1.889131876 1716

FOXD3 337.675 1.342980548 1.886617388 2247
WASPIP 309.256 1.163648952 1.883610191 1645

IL1F6 315.611 1.44832824 1.878596374 2523
DMWD 298.599 1.239174821 1.878145181 1941
UHRFl 284.027 1.162925052 1.877348986 2579
ABCC6 303.121 0.954047734 1.876699669 2222
FBXL5 295.303 1.118487236 1.876080641 2029

HMGCSl 314.725 1.10812419 1.873307821 1470
CSRP3 267.622 1.235313396 1.871092508 2145
MAP2 296.632 1.128337384 1.869389189 2147
MTRR 315.714 1.14716238 1.862734822 1842

TNFRSFllA 292.52 1.141750877 1.856356139 2519
CHD3 323.225 1.044885886 1.853250414 2922

FKBPL 288.339 1.237830505 1.848494081 2300
ARHGEF3 273.653 1.170002266 1.848009535 2295

TCFl 297.794 1.243949305 1.846926637 1972
ADAMTS14 300.606 1.182045535 1.844642703 1996

CCT8 285.604 1.300381094 1.843714159 2090
GDF15 347.457 1.165286595 1.840986336 1594

CRYBB3 260.196 1.432371431 1.839520253 2890
GDNF 347.276 1.164679565 1.838215599 2368
TTC4 303.712 1.308009682 1.836139781 1363
ALX3 304.493 1.196911151 1.834308666 1556

NR3C1 294.989 2.223010143 1.83159486 1817
KIF3A 297.749 1.193267982 1.830337223 1936

CRHBP 291.925 1.292515651 1.828949214 849
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IMPGl 333.967 1.143969418 1.828300402 1346
HNRPK 296.66 0.931022254 1.819092256 1602

RLF 329.553 1.184117768 1.816352584 2385
DAP 264.865 1.22258739 1.813550935 1611

KRTHA5 314.475 1.225068173 1.813149313 1555
CD160 312.168 0.944486802 1.812992892 2277
LTBP2 294.902 1.076614729 1.81206027 1232
HOXA9 333.617 1.326841316 1.807607977 931

JUN 334.031 1.281560289 1.802959243 2660
PL6 271.59 1.161181918 1.800134963 2392

UBE2M 301.957 1.300451347 1.799569311 2295
OSBPLIA 296.283 1.221256775 1.795762117 2651

LTBP4 292.88 1.015970806 1.795400016 2352
ADAM21 276.365 1.206881493 1.78209937 1660
SEC31L2 348.493 1.172141817 1.780414405 2377
MEF2B 332.688 1.276407667 1.779890186 1265
WIT-1 341.944 1.242384606 1.775257301 1893

DHODH 318.13 1.164624525 1.774678324 1179
PAX8 307.042 1.047731817 1.7744808 2411

KCNC3 309.846 0.937461424 1.773252029 1708
JUNB 332.206 1.274558401 1.771610749 1058

NUDT2 348.492 1.114856889 1.768383588 1821
RRMl 296.171 1.187143762 1.764912209 747

GIP 342.201 1.147659245 1.760527808 2181
TAFll 294.261 1.229191208 1.759452301 1780

SERFIA 347.642 1.078575063 1.754773754 1836
BDH 285.652 1.180897418 1.753396103 1734
UBRl 278.652 1.140917559 1.746979213 2035
TP53 271.191 1.174342874 1.746297846 1589

SHFMl 284.931 1.247552454 1.744838183 1540
SYTl 315.301 1.263706138 1.743805378 2037
ACE2 296.924 1.167567142 1.743684331 1267
DSPP 290.751 1.206605911 1.740980171 1472

RASSFl 291.447 1.126208528 1.73407768 1812
CDXl 325.191 1.192560592 1.733068385 1368
PCCA 313.024 1.344691453 1.732283727 1735
FUCA2 289.481 1.100750993 1.731074277 1402
THEA 294.747 1.181435935 1.728834649 1253

LOC90557 296.333 1.113820283 1.72829517 2555
CD84 281.728 1.387754298 1.725120616 2265

GLTSCRl 338.95 1.231506511 1.722903962 1956
TLE3 280.944 1.279163688 1.719088282 1971

DACTl 260.247 1.201271216 1.717168278 1523
MAPIA 308.469 1.201671212 1.71066262 1710

PPP2R5E 293.602 1.157015739 1.710078059 2864
RNF8 277.076 1.134464757 1.708753583 2708
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RABllB 286.178 1.187805587 1.708740185 1937
TUBAl 289.169 1.271502882 1.707238458 2338
MTBP 321.607 1.07112359 1.705673911 1905
IFNBl 338.341 1.13471374 1.701439163 1900

DOC-1 R 288.333 1.196571301 1.698719087 2278
CSAD 283.6 1.172414363 1.698701179 941

CDC91L1 280.166 1.380060096 1.695679382 2217
UBE2Q 272.532 1.190142844 1.69281329 2264

ALOX15B 288.38 1.268033576 1.692429954 1953
FGF5 287.689 0.997963757 1.687289056 2118

ADAMTS6 272.236 1.188850217 1.685918253 1792
SERPINAIO 266.602 1.139855745 1.684381999 2639

CDC20 279.554 1.377045466 1.684144148 2051
PTPN12 292.438 1.152428692 1.679744543 2672
CCL15 301.399 1.006898648 1.673178331 2131
USP28 316.222 1.022247365 1.672621014 2504
HICl 326.614 1.298989409 1.671259308 1834

TDRD7 342.85 1.096807629 1.670494767 935
SMAD9 293.464 1.103036636 1.665112932 2345

NFIC 314.434 1.180290086 1.664233304 2366
HLA-DQBl 282.7 1.203142556 1.663903169 2255

TAFIC 297.377 1.073803523 1.661845478 1748
PPARGCIB 301.11 1.027489814 1.66088155 2735

UMPS 271.149 1.184103305 1.660597624 2332
GTF3C2 335.308 1.218274038 1.65921964 2076
CHITl 271.408 1.206702917 1.658929421 1283
CLIC5 297.15 1.072983845 1.656888396 2069
RAB13 283.986 1.178707508 1.653462533 2169

ARHGAPl 276.724 1.212430829 1.648091311 2165
KRTHBl 324.595 1.111866601 1.64674697 1186

MGC26484 290.477 1.164124493 1.645330554 1753
PRDM4 321.742 1.156052042 1.64183134 1439

CPD 270.585 1.203043789 1.639694982 2016
FSTL3 285.519 1.085685495 1.636723918 2357

UBASH3A 291.009 1.16645289 1.634131054 1504
MTMR6 290.528 1.144901836 1.629970473 2626
SCAMP2 340.097 1.143902218 1.629735931 2077

T 288.927 1.206909948 1.627386605 1868
GYS2 304.003 1.070372796 1.619374644 1838

PDLIM3 312.96 1.162585951 1.618623689 1600
PPPIRIA 306.751 1.317743841 1.613559878 2363

CSTB 263.486 1.1265333 1.612071206 1627
RECK 263.459 1.126417861 1.611444636 1835
TULP2 292.916 1.261514079 1.611174082 1479
COMT 269.364 1.19761512 1.611158835 1939
CRYZ 269.302 1.197339463 1.609709825 2473
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PRODH2 293.326 1.079098685 1.608879344 1612
ADM 283.781 1.107641206 1.606175763 1467

TRAFl 292.606 1.260178988 1.604714341 1295
TTR 306.832 1.229762931 1.602789721 1321

CLDN3 280.395 1.193332709 1.602019588 2428
CG018 275.185 1.355524358 1.601795395 2701
HRG 293.867 1.155142119 1.593295171 1752

C110RF13 276.169 1.257422677 1.591386873 2444
C200RF103 283.94 1.139932152 1.586876922 2405

PDXP 305.222 1.311175548 1.584621768 2221
C20ORF28 283.808 1.139402212 1.584337011 1952

PYCRl 277.605 1.215476024 1.584019355 1632
NAB2 310.312 1.164817345 1.57958569 1529
PAP 286.965 1.182848663 1.57935095 2204

PPFIA3 304.915 1.309856735 1.578811435 2036
ARHGDIA 296.503 1.115662768 1.576453103 2032

TAPBP 282.17 1.240727631 1.575876329 1725
ALDH3A2 282.085 0.920255506 1.575622185 2063

RNF38 271.541 1.111802158 1.574503035 2433
POP? 288.629 1.156913124 1.573832885 1450
STCH 303.657 1.211608671 1.573383501 1169
RBBP6 281.781 1.067271419 1.571963801 2015
PDE8A 263.34 1.140345559 1.571770319 3191
CASQ2 309.457 1.149572983 1.569088774 1118
ATP5C1 283.008 1.136190457 1.568943609 1924
GIPC2 295.296 1.140191824 1.56870041 1454

PPP1R3A 262.994 1.13884727 1.564078748 2119
SCNIB 284.477 0.895367319 1.562853065 1465
RCEl 287.993 1.154363842 1.557719593 1614
PAXl 285.98 1.178788566 1.55647426 1701
MED6 245.691 1.352521827 1.556088755 2745

UBE2G2 287.889 1.153946978 1.555084715 1789
PPP1R2 303.58 1.304121829 1.553545001 2121

ADAMTS18 303.827 1.217719084 1.552754056 2525
CREBL2 316.356 1.160160333 1.552014232 2978
FBXOlO 280.889 1.063892887 1.551902255 2232

DDB2 278.614 1.233580391 1.550889023 992
FKBP4 275.276 1.181751446 1.549450424 1625
PROXl 314.265 1.046670797 1.548772854 3063
GPIBB 281.035 0.974881711 1.548708759 2936
GRSFl 294.454 1.136940708 1.54799263 1022

GUCAIC 328.907 1.195017295 1.54729121 1520
PTPN4 287.351 1.132382033 1.547178736 2267

CTNNA2 298.857 1.164226724 1.546642958 2288
CENPB 278.285 1.232123724 1.544016376 1387

B4GALT1 289.535 1.138512052 1.541082103 1445
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CACNAIA 296.279 0.896413487 1.5410538 1903
KIAA1856 319.13 1.093146809 1.540879545 1457
UBE2D3 287.291 1.151550012 1.539934166 2024
GABRBl 279.988 1.08771221 1.537615815 2414

BCLIO 294.943 0.985330768 1.534623146 1021
EFNA4 305.614 1.118805393 1.534157323 2048

HLA-DOB 277.848 1.182492935 1.533638902 2335
CMKORl 279.753 1.08679927 1.532593545 1499

USP19 310.595 1.004057025 1.527482984 2923
TLR8 294.133 1.003681915 1.527270295 2638
AFP 282.343 0.888650734 1.526930052 1635

ACTL7A 244.162 1.344104727 1.526211694 3135
NP 300.31 1.091191186 1.52297499 1715

IER3 282.786 0.887480817 1.519697426 2198
RAD51L3 274.654 1.202555256 1.519239617 1751
MAGEHl 286.758 1.077830942 1.517430782 2725

LIPE 286.748 1.077793355 1.517210559 1950
PDGFA 293.6 1.001863138 1.517063214 1449
TCLIA 273.265 1.2442005 1.513723022 1863
NKX2-5 307.007 1.152411375 1.511715634 1554
PITRMl 260.617 1.128554107 1.5112381 3053
RAB17 294.521 0.891094531 1.510965756 2041

CHRNA3 278.693 1.082681326 1.509939905 3116
ABLIMl 301.246 1.207374602 1.509778331 2256
UBE2V1 260.513 1.128103754 1.508926183 2203

PECI 281.873 1.15936527 1.503110358 1800
ADPRHL2 288.101 1.132873265 1.501762628 2393
ALDH3B2 288.09 1.132830011 1.501461015 1999

ENPEP 264.652 1.17666517 1.501034079 2176
NUP214 333.078 1.065546132 1.500950357 2031
TUBBS 278.168 1.223130466 1.500763993 1742
BPNTl 279.357 1.12153281 1.498691972 2082
RENTl 273.712 1.198430768 1.498561029 1939

MMP23B 273.01 1.172023577 1.497576205 1918
FZRl 278.428 1.054571623 1.49655308 2583

BCAS2 304.189 1.13000338 1.494595503 2010
TMP21 300.273 1.20347488 1.493577099 1085

TNFRSF12A 292.177 0.997007377 1.489812417 1657
UGT2B4 263.743 1.151761423 1.488081917 1523
SGNEl 289.195 1.136777267 1.487327257 2080

MTHFDl 311.261 1.036665867 1.484576344 1786
SET8 285.02 1.14244715 1.482397552 2547
SCAl 299.853 1.196430495 1.480289533 1559

CABCl 309.472 1.337349346 1.4799619 1356
GGPSl 298.052 1.049419751 1.478434862 1212

ARID3A 312.732 1.146870175 1.477748216 1340
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U5-200KD 276.911 1.217603321 1.477171738 1857
FLJ13710 278.765 1.060003422 1.475885371 2374

ELFl 312.449 1.14583234 1.471948745 1089
PSMD4 310.582 1.034404434 1.470065881 1557
CCNE2 308.845 1.334639834 1.469894515 2080
GALGT 302.205 1.106325574 1.46864629 1196
FOXDl 316.206 1.257595342 1.468615162 1841
AKAP2 302.01 1.121908816 1.463782891 1691
PDLIMl 281.897 1.16195874 1.461646315 1046
PCDHA3 281.843 1.161736155 1.460392161 1826
RASALl 288.006 1.132103507 1.460358967 2066

RERE 313.382 1.126013704 1.455043783 1469
MKI67IP 282.34 1.030753954 1.454815496 1193

SON 298.781 1.192153154 1.45405485 1131
RABL2A 271.657 1.18943308 1.453450097 2549
PPPICC 298.239 1.281177911 1.45246034 1367

DRD3 266.495 1.091141728 1.452113105 3678
PDIR 286.358 1.053464545 1.449883027 2168

THOCl 270.866 1.233277634 1.449564765 2407
DCLREIB 247.389 1.141920117 1.448807905 1745

DCL-1 290.863 0.971700508 1.44706039 1629
GABRA4 275.634 1.07079756 1,44456492 1977

CAMP 307.24 1.327704002 1.444123934 1286
SOX9 312.705 1.123581174 1.439917566 1247
ALF 287.072 1.128432109 1.439174457 1868
DEK 310.791 1.13975202 1.437971633 2099

TRPV4 276.976 0.871758555 1.436583843 1879
AUTS2 285.636 1.12318037 1.434173713 996
RPP14 329.123 1.106991622 1.432791485 1789

PLAGL2 312.324 1.122212201 1.43140488 1290
NFKBILl 329.056 1.052679397 1.431168571 1195
DNMT3A 261.604 1.163113504 1.42979888 1979

EYA4 261.583 1.163020136 1.429308087 1614
SSSCAl 329.922 1.02359796 1.428933696 2105
DHRSIO 300.086 1.098568244 1.427925293 1463
NCOA5 308.592 1.027776668 1.427538899 2194
CRSP2 277.829 2.093693952 1.425073903 2090
GLRA3 274.314 1.065669554 1.416354727 2574
SLC2A2 275.635 0.867537871 1.414009916 1730
FOXC2 313.389 1.24639174 1.413768067 1157

SAG 285.946 1.124005991 1.413635101 1575
BCL2L2 274.766 1.103101351 1.410353087 1693
DGATl 272.655 1.127167272 1.406968267 2344

SSR2 264.595 1.083362335 1.406028906 2178
SIX4 311.127 1.117911258 1.404660298 1230

PYCR2 284.371 1.046154695 1.404543521 935

297



PIP3AP 277.74 1.142365924 1.403021664 2880
SLCllAl 274.981 0.865479462 1.403000708 1747
PTTGl 285.462 1.122103467 1.402657261 1856
CPR8 245.164 1.131649765 1.402369747 1858
PELPl 277.709 1.142238419 1.402270939 2849
ITGB7 311.974 1.068634671 1.40225424 2456

C130RF22 305.652 0.988077843 1.399987465 1220
FRS2 267.324 1.171245931 1.394528426 2793

PINXl 278.978 1.149926836 1.393852347 1380
EIF2B3 255.295 1.105508163 1.392930178 2422
NGFR 269.665 1.195768815 1.392269643 1800
CEL 264.028 1.300566475 1.391503558 2824
EVL 288.065 1.112271611 1.390864357 822

FLJ20343 268.326 1.151915308 1.390348118 2649
FOLHl 298.063 1.091162355 1.389049135 2029

PCDHAll 278.713 1.148834525 1.387697704 1661
DUX3 308.336 1.130748892 1.387661736 2186
TNF 286.806 0.978679697 1.386956454 2341

INSM2 293.215 1.179901653 1.386088678 1552
MLYCD 294.052 1.068452435 1.384944802 1739
PPMID 280.237 1.123086356 1.384815113 2142
FRAME 276.966 1.139182403 1.384277738 1674
PDE4B 283.428 1.042685551 1.38302608 1804
MRAS 267.799 1.149652913 1.378283814 1897
NAT6 306.265 1.020026511 1.377810111 1709
TIC 268.126 1.220802164 1.376286888 1325

MKI67 279.49 1.020349304 1.373765695 964
FOXBl 311.324 1.238178947 1.373562441 1667
CDC34 272.934 1.033762594 1.372990151 1815

CLECSF8 287.302 0.959804098 1.370636132 2009
SDHB 272.756 1.13209646 1.370265433 2325
CIBl 279.651 1.120737885 1.369906709 1817
SIX2 309.55 1.112244935 1.369425372 1462

PPP1R16A 280.509 1.105419337 1.368878117 2615
ADAMDECl 254.185 1.100701511 1.368254907 2578

IL23R 271.665 1.156178714 1.36764056 1735
ACTA2 266.298 1.166750643 1.366852307 3031

HLA-DRB3 271.63 1.156029757 1.366700896 2004
STAM 275.314 1.074593194 1.363782212 2430
KLK2 292.963 1.0644955 1.360925167 2022
GYPC 318.243 1.1562718 1.360819599 1621

KCNQl 283.386 1.02328319 1.356318874 1279
SIPl 294.77 1.176149037 1.355895043 1852

RBMSl 275.489 1.064543677 1.355400382 2005
SIAHl 262.485 1.074723115 1.354851 191 2416

ANKRDl 294.303 1.0932788 1.354800422 1859

298



KCNA4 285.161 0.862775176 1.350770029 1654
DNCI2 265.429 1.162943231 1.343411228 1643
NEFH 271.51 1.032777594 1.342882746 2702

NTN2L 286.823 1.117347098 1.341294164 1830
KIF2 278.495 1.116105064 1.340496958 1369

HOXB2 309.613 1.231374062 1.340249207 1825
SLA 274.456 1.071244287 1.33921936 1650

BIRC5 286.505 1.078042925 1.335650424 524
RAB40A 274.631 1.061228196 1.335040366 1364
RHOG 266.579 1.213758531 1.334914306 2618
LZTSl 306.739 1.176850417 1.334157546 1352
LAG3 290.267 1.168038856 1.333735529 1201

CAPZB 300.322 1.297808623 1.333045506 2492
RHOB 257.058 1.122568136 1.332361217 2296
EIF2B1 267.241 1.10904028 1.330079384 2767
HIVEPl 316.477 1.149855395 1.329939172 1731
ASGR2 274.045 1.06964009 1.327453239 2001

CYPllBl 269.655 1.114765145 1.327004928 1084
SPAPl 273.949 1.069265387 1.324704947 1718
MLL4 297.856 1.11806129 1.323794644 1395

FLJ20331 272.362 1.035656026 1.323405475 1808
ZNF589 293.397 1.170670689 1.322294092 1413
SORCS2 273.285 2.059450783 1.317426396 2144

PEPD 274.195 1.127785067 1.317172542 1455
PDLIIVI7 284.951 1.100247888 1.314280002 1228

MAB21L2 277.513 1.043081965 1.313833784 2509
SFRPl 266.249 1.180621331 1.310774889 2095
ADSS 256.078 1.118288492 1.309533051 2245
NR113 272.91 2.056624817 1.308542634 3011

SP7 292.745 1.168069172 1.306337923 1408
IFIT2 272.77 0.856047125 1.303556543 1799

PLCB4 279.877 1.029621999 1.301999111 1632
RAB33B 288.714 1.157147151 1.301110458 2061
ANLN 268.083 0.874576304 1.299083245 1820

ARFGEF2 249.997 1.068861136 1.299041587 1806
KLF15 288.257 1.159950585 1.298040201 2038

ALDH5A1 280.627 1.103483937 1.296829748 1725
NCKl 268.921 0.932859482 1.296415142 2450
GDF9 311.81 1.045735194 1.29530423 2707
BSND 268.783 1.079081438 1.295229684 2349
GRB7 268.88 1.144326036 1.292870159 1849

CDC42EP1 258.735 1.274493867 1.291738863 1960
DFFA 255.696 1.136846037 1.291722255 2145

COL6A1 283.913 1.106010908 1.291637774 1694
BENE 268.463 1.077796736 1.289072324 2384
SSR3 292.027 1.165204311 1.288766559 1533
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IMP-2 287.597 1.157294735 1.286319346 1820
MRPSll 283.43 1.104129334 1.283395837 1724
CHGB 283.224 0.946180521 1.283116299 2310
RBP4 320.61 1.078358498 1.280013275 1812

SH2D3A 321.8 0.998399087 1.279584206 1071
TDPl 276.978 1.11021236 1.278650545 2089

TNFSF13B 267.834 1.040495707 1.277868324 1899
FGF2 270.362 1.02805103 1.275777833 1695

CRYBB2 239.088 1.103603624 1.275557052 2189
PALD 305.329 1.045872911 1.273527975 2577

PNLIPRPl 278.627 1.025023453 1.273476523 2791
MOX2 301.373 1.003733531 1.273266394 1635
ETV7 302.699 1.110076536 1.272143653 1643

NRIDI 271.356 2.044914015 1.271728323 2277
RAB9A 268.804 1.115693355 1.270604263 3346

UNG 254.349 1.110737977 1.269257645 2603
DDEF2 283.744 1.067654009 1.269151505 2141

HRB 271.159 0.850991247 1.26879187 1583
P381P 319.679 1.02268154 1.268477419 1855
USP35 300.526 0.97150708 1.2677718 2154
RHOV 266.484 0.869359832 1.267503059 2296

VAMPS 276.288 1.189901548 1.264681895 1880
NR1H3 270.989 2.042148337 1.263034081 1585

MTMRl 276.426 1.089329203 1.262476271 1335
APEXl 266.188 0.868394181 1.261657071 2752
KLRFl 283.285 1.299985315 1.261647552 2629
TERT 262.916 1.151161162 1.261569483 2247
AMH 271.679 1.060405226 1.259719314 2220

WDR5 342.034 1.029777792 1.25686015 1287
TGFA 249.169 1.078980643 1.256749356 2736
TFDP2 273.956 1.144372875 1.256716274 1745
ATF3 279.011 1.096745663 1.25633898 2576

DMTFl 301.913 1.107194068 1.256036289 1423
AQPl 278.764 1.006593534 1.255386563 1784
SOX15 304.327 1.093478159 1.252727836 1199

KIAA1365 285.661 1.149504241 1.251938174 1927
FLNC 269.285 1.023955739 1.250130348 2115
PDIP 277.587 1.021197462 1.24974573 1749

SERPINB3 247.855 1.059703024 1.249333718 2995
PNUTLl 264.771 1.164222616 1.249319724 1949
NKX2-8 294.226 1.104435369 1.249250529 2172
P2RX1 270.352 2.037347963 1.24794353 1491

AKR1C3 278.841 1.096461012 1.247858631 1571
NEDD4L 258.052 1.056572563 1.247329478 2054

SGCA 320.045 0.99295412 1.247312801 1325
RECQL5 262.249 1.148240744 1.246927638 1503
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ARFl 265.351 0.865663608 1.245126354 2063
SLC6A2 265.567 0.835849692 1.24452871 1949

LUM 266.807 1.014888186 1.244317353 3091
SIX3 303.923 1.092026546 1.24370126 2899

KCNH5 264.363 1.162428602 1.241662094 2795
AIM2 286.279 1.06347119 1.241335348 99
SDHC 275.46 1.104127753 1.240191461 1249
LTBP3 274.153 1.030452808 1.239838553 2130

MCOLNl 278.035 1.003961175 1.239467123 1506
FGF6 266.169 0.923313075 1.239100297 2712

LGALSl 282.023 1.29419404 1.237562005 2453
TR1P13 229.169 1.261568697 1.233244548 2393

HOXDll 300.832 1.154187321 1.232691489 782
DHCR24 289.751 1.060733414 1.229316748 1263
RLBPl 317.689 1.068533835 1.227591667 1778
FOXP2 303.805 1.208274836 1.227167232 1237

FGG 268.292 1.020179858 1.226483224 1805
IL2RB 281.43 1.291472783 1.226244469 1926
GNLY 310.519 1.128208203 1.225757077 1294

K1AA1683 302.856 1.037401905 1.22562127 2757
CRISPl 236.656 1.092377783 1.224798581 2123

ADAMTSIO 252.422 1.102322799 1.224370018 2023
RAD23B 269.962 1.043186262 1.224246764 1558
PLCB3 276.423 1.016915295 1.223185495 1631
UFDIL 252.334 1.101938504 1.222320142 1994
ERCC6 266.847 1.107570664 1.221252818 2374

IMPDH2 287.187 1.011164864 1.221114962 1303
FLJ12973 268.027 1.019172196 1.220172561 2508

BMPS 280.217 0.936134886 1.218581689 2160
KIAA0033 302.465 1.036062575 1.218046857 1800

PP 285.728 1.227433039 1.215675058 1573
CDH15 262.542 1.162420636 1.21515291 953

NYX 316.558 1.012697184 1.214328002 1457
GABARAP 277.164 0.838579675 1.213901949 1513

TBX4 272.214 1.137096168 1.213585707 1651
AKNA 251.948 1.100252848 1.21332864 2392
BARXl 277.106 1.089257426 1.213130745 1714
TTF2 247.146 1.070220413 1.211778119 2217

PLA2G1B 285.466 1.226307537 1.210716402 1943
DNAJC14 260.411 1.080696032 1.210706675 2666

PDEIA 285.379 1.225933802 1.209069825 1961
LSPl 264.637 0.917998723 1.207193923 2922

PPMIB 274.294 1.080927498 1.206916943 2671
RAB26 269.194 1.040218559 1.206022415 1347
TNNCl 281.101 1.057709095 1.205494626 1955
TCFL4 271.872 1.135667561 1.205118052 1760
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SNFT 302.091 1.085443982 1.202768867 1824
CBLC 265.312 1.004893569 1.201567391 2478
WNT4 269.59 1.052251535 1.199915354 2777
TIAM2 261.457 1.190437598 1.197932816 1883
IL1F5 279.749 1.283758731 1.194162214 1635
MLL5 273.127 0.997119555 1.192811349 2878

PPP2R4 245.342 1.048958703 1.191016317 2437
CCNTl 291.445 1.25944764 1.190512518 3092
LAMRl 261.113 1.157846893 1.188246476 1812
ALDOC 262.459 0.856228938 1.18800947 1924

TNFSF12 263.591 1.024012276 1.18718965 3164
CPM 251.187 1.116798641 1.186341838 3023

RRAD 259.458 1.136020526 1.185660187 1815
ENPP5 287.448 1.052302488 1.185059808 1430

HSPAIB 281.797 1.133955446 1.183317901 1325
FLJ21019 279.617 1.079652339 1.183097937 808
PPP1R9B 275.761 1.083970456 1.182624143 2734

MTAP 284.848 1.035009247 1.181935876 2516
EXTL3 287.209 1.051427546 1.180466925 2042
RARB 275.975 0.941720639 1.179540156 2520
Sep-03 287.537 1.147288956 1.178884352 1237
HYALl 285.376 1.004788463 1.178224365 1296
MTFl 290.732 1.09131995 1.177499251 1294

TREX2 260.72 1.146409994 1.173287721 1748
GSR 280.875 1.125728943 1.170584807 1794

COCH 234.045 1.080325697 1.170304185 2561
FOXEl 300.88 1.196641703 1.170217374 1286
CD2BP2 252.231 1.242456037 1.16914873 1589
TRIP4 225.876 1.243440827 1.168898465 3552
DMCl 250.313 1.112912763 1.165915472 2498
ODCl 273.867 1.007512186 1.164862507 874
SORLl 268.264 1.047075951 1.161954583 990
TAL2 286.827 1.144456016 1.161508769 1611

ID4 296.622 1.138035021 1.160375238 1749
ZNF627 279.166 1.050428199 1.158889987 2436
GZMB 284.241 1.000792209 1.151343731 1822
DAB2 233.075 1.075848285 1.150059236 2051

PRKCDBP 267.239 1.099174506 1.148719371 1950
TRIP 253.978 1.039891907 1.148515254 2556
HlFO 278.181 1.074107681 1.147781581 894

ASMT 244.251 1.057684147 1.147422344 2907
KIF5A 270.898 1.085659095 1.147221977 2565

SLC12A6 259.764 0.81758524 1.146843028 1917
FLU 264.908 1.007312204 1.145897253 1975
ASB2 260.322 0.84925733 1.145803805 2593

PLRGl 274.081 0.935257666 1.143269593 2389
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PTHLH 274.067 0.935209893 1.14300149 2598
FGF4 261.511 0.907154949 1.142089924 1364

AKAP28 260.124 0.848611388 1.141893313 1605
MAN2B2 283.027 1.028392554 1.141770811 1190

FAU 261.898 0.99621519 1.141434616 1770
AXUDl 260.687 1.046578477 1.139448459 866
BNIP2 243.1 1.039373041 1.138987819 2127
LTF 257.314 1.104641129 1.138256811 1602
TJPl 259.221 1.180256885 1.13813379 2259

1TGA2B 276.745 1.269973476 1.136830214 1405
GTF3A 299.102 1.18957035 1.135599648 1133
EPS8 256.011 1.062436194 1.133804784 3034
SKI 313.856 0.973752467 1.133507828 2072

SPlOO 285.62 1.139640017 1.131970278 1319
SERPINA6 273.519 1.075157528 1.131772246 1765

PUNC 263.291 1.09281119 1.13157794 1615
HAVCR2 262.831 1.118582105 1.130469387 2410
CYP2A7 248.791 1.106145823 1.130344615 2805

NPCl 258.681 1.147062736 1.130226792 2634
PEXllA 266.437 1.095875818 1.12929737 2393
NFKBIA 270.891 0.988956468 1.129222803 2387

KIF17 270.167 1.082729517 1.128624635 2725
KRT13 274.157 1.068005454 1.125160889 1922

DKFZP762E
1312

255.361 1.059738718 1.122444277 2834

GUCAIB 273.098 1.073502647 1.122223339 1768
DHRS8 284.149 1.040225362 1.121662654 1387
PROZ 256.504 1.123086623 1.120814593 1492
INSAF 297.431 1.018819129 1.120528721 2184

HDHD4 282.916 0.996126979 1.119963255 1718
BTEBl 272.952 1.072928746 1.118911842 1383

SLC25A15 277.71 1.113043827 1.117885013 1936
PCDHAC2 267.028 1.100669813 1.116312806 2481

ASPA 274.003 1.077436986 1.115203389 2134
HTATIP2 293.978 1.127890916 1.11495857 2171

ILIO 299.961 1.005996519 1.11392046 1784
PPMIE 270.668 1.066638293 1.112424391 1480

UCN 260.084 1.010388097 1.112240295 2149
POM121L1 265.671 1.092725201 1.110747179 2545

NKG7 310.566 0.993528243 1.110366674 1749
LAMA4 268.211 1.008118744 1.108981509 2082

LOC80298 268.206 1.008099951 1.108871397 2741
KCNH8 262.009 1.115083756 1.108400709 2518
TREXl 257.232 1.131072935 1.107822497 1818
CHRNG 248.947 1.226279494 1.107250515 1950
CCL18 275.029 0.918803076 1.107239635 1917
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TCEA2 267.918 1.119150856 1.107220084 2404
USP16 294.277 0.951306006 1.106590432 1582

HMGN2 277.432 1.116390619 1.105800434 1565
JAG2 275.05 1.262195178 1.104480766 1524

SMC4L1 284.462 1.135019531 1.103630947 1015
CYB5R2 261.241 1.079981314 1.102734418 2172
FOSL2 297.373 1.182693876 1.101935953 1252

JARIDIB 297.56 1.069163633 1.101532693 2680
MEST 281.16 1.021608718 1.100591143 1629
TNIPl 276.74 1.0412998 1.100459571 1777

MYOlO 269.825 0.985064764 1.098907334 2018
SORCS3 263.968 1.989238723 1.096706363 2349
MS4A1 257.197 1.140482272 1.094823333 2279
CES4 260.937 1.078724565 1.094631467 1695
KRT4 272.366 1.061028438 1.094599173 3084

LENGl 267.519 1.005517739 1.093742015 2099
ALS2CR4 257.674 0.840618669 1.093505911 2199

PHF2 266.045 1.096617959 1.093482566 1327
PSCDl 241.098 1.030813499 1.092528831 1415

MIA 259.124 0.89887469 1.092376793 3234
SMARCA4 261.721 1.086294774 1.091985825 1688

KCNC2 269.974 0.816825812 1.090845616 2513
ZNF547 275.83 1.06503004 1.089962114 1391
CD3D 274.223 0.916110432 1.089941699 1431

76P 221.773 1.220853931 1.088724771 2427
CLSPN 256.438 1.135394806 1.087643375 653
GM2A 240.885 1.029902818 1.087585891 2598
STAT2 221.669 1.220281414 1.086692584 1223
DLC2 255.912 1.121245712 1.086692295 2291

COAS3 230.009 1.06169597 1.086068498 1719
POUIFI 296.863 1.066659241 1.085959616 1841
C0R02B 256.27 1.134650975 1.084133939 899
CHRNA9 258.768 1.00527563 1.084115588 2827

KIFC2 276.203 1.111445104 1.083974782 1056
CPA2 260.432 1.076636874 1.081170971 1381

CSEIL 269.397 0.815080057 1.080970302 2776
MACFl 269.174 0.982688123 1.080393853 1936

RITl 263.89 1.01972286 1.080160503 2239
PSMD7 292.309 0.973545555 1.079565607 1720
GARS 254.726 1.093530924 1.079011233 2482
MMP2 254.699 1.093415014 1.078393137 2864
DUX2 293.217 1.075303558 1.077830639 1017
GDF8 297.531 0.997846888 1.076722168 2292

CUL4B 293.099 0.947497899 1.076206107 2239
PCDHB15 265.298 1.09353888 1.076133441 2528
ZNF395 265.292 1.093514149 1.075994091 1681

304



KLRC4 273.535 1.255242894 1.075566657 1157
SUOX 254.429 1.114001366 1.075264625 1852

ONECUTl 285.71 1.072468882 1.074369624 1828
LIN7A 275.618 1.109091055 1.073585843 1747

GRIN2B 258.239 1.003220543 1.072810139 2400
ADSL 272.439 1.071287012 1.072319388 1476

COL5A3 220.88 1.215937992 1.071275317 2832
SCNIOA 308.967 1.039197748 1.071062648 2768

LOC55971 266.453 1.001510988 1.070266147 3132
TMFl 266.364 1.112659465 1.068744251 1989

MMP23A 254.264 1.091547573 1.068434936 1004
ALPP 256.398 0.836455931 1.068304962 3557

HPRTl 261.83 0.821713601 1.067476145 1629
RORB 270.076 0.921591243 1.066572864 1458
GAB3 261.521 0.994433143 1.065239842 1959

LAMA2 266.168 1.000439765 1.063989766 1690
APOF 256.159 0.835676233 1.063584722 2118

IV1YD88 257.706 0.893955792 1.062844653 2429
BAT8 256.391 1.167371637 1.062448976 2561

DAAMl 228.807 1.056147672 1.060981457 2228
GPIBA 296.406 0.99407391 1.059500736 1628

TNFRSF25 269.704 0.920321852 1.059448973 2170
HMXl 261.442 0.820495922 1.059103276 2439
THPO 256.222 1.166602165 1.057929282 1649

BLCAP 256.343 1.029138647 1.055862287 2983
HOXAIO 294.897 1.172846478 1.053728142 1076
C10RF2 256.135 1.028303591 1.051860003 2137
IFNARl 295.878 0.992303126 1.051418144 2305
POLE 277.031 1.190072384 1.051074178 1532

PCDHB12 264.181 1.088934688 1.050191043 1435
BCL2L1 256.041 1.02792621 1.050051278 968
WWPl 249.905 1.023215346 1.049725285 2061
FBN2 257.513 0.9795354 1.049533861 2596

TPD52 265.959 1.145417194 1.049447484 1448
ANK2 219.722 1.209563236 1.048647694 2860
DLX6 291.749 1.069920017 1.047747165 838

CCDC6 219.653 1.209183393 1.047299416 1800
JUND 290.029 1.112739983 1.047125583 2085
ILIRI 272.027 1.248322733 1.046786146 2603
HES6 300.003 1.090000436 1.041873407 1491
RHOJ 255.608 1.163806566 1.041508619 1454

INPP4A 293.334 1.004785279 1.041162053 2174
NDUFSl 253.634 1.115252195 1.040292716 1861
TGFBl 268.7 0.916895862 1.040222128 2204

CRYBBl 227.805 1.051522551 1.040068633 3005
CLIC4 268.856 0.970816573 1.039021929 2582
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NAT2 278.327 1.011314872 1.038104802 2008
PDCD6IP 262.641 1.080262579 1.037369791 2343
KRT6A 268.957 1.047748344 1.036427822 2178
ACTAl 254.031 1.113004351 1.035952743 2330

OSBPLIO 306.243 0.979698582 1.035362531 2192
VGF 256.467 0.996336584 1.034940092 2311
AQP5 268.617 0.969953564 1.033802799 1799
IRX5 292.876 1.003216447 1.032289723 2069

BACH2 271.482 1.008503193 1.03209523 1535
NR1I2 261.233 1.968628012 1.031914124 3223
HYPB 260.174 0.816516497 1.031740392 2287
HSBPl 289.108 1.109206427 1.031305329 956

COL16A1 218.818 1.204586742 1.030983297 3633
C20ORF44 255.049 1.023943634 1.03096346 1369

IL18 294.513 0.987725247 1.030522807 2000
ADHIA 244.062 1.065814814 1.02963179 1904

KIN 273.067 1.098825792 1.028282966 1262
S100A6 268.065 0.914729026 1.028061723 3432
RHEB 306.538 1.031027907 1.027470698 2520
EFS 273.285 1.05520333 1.027371497 1838

RIOK2 306.473 1.030809282 1.026304178 2980
KLRAl 270.907 1.243183091 1.025410699 2606

EN2 290.535 1.065467961 1.022868869 1325
TBX22 264.509 1.104910733 1.022815892 1709

DO 279.003 1.021386655 1.022771549 2911
IL19 293.889 0.985632502 1.020970653 2070

INPP5B 278.731 0.981391893 1.020848319 2001
UVRAG 264.533 1.139275778 1.019732674 1205
RELN 252.465 1.110111994 1.018352106 2746
SELL 306.024 1.029299089 1.018246217 2122

GMNN 298.631 1.085015551 1.017882498 2396
FKBP6 252.053 1.082055817 1.017819799 2089
PTPRN 266.946 1.051970775 1.015430105 1674
INPP5D 277.288 1.007539615 1.015187997 1382

PH-4 261.717 1.076462096 1.01499332 3077
GSTZl 258.6 1.073340804 1.013280736 1770
ISG20 277.111 1.006896477 1.011283979 1911

CCND3 280.281 1.211203637 1.01125846 1969
PITX3 293.435 1.054342085 1.00936778 1207
NUMB 304.74 0.974890351 1.009285449 1143

SPATA3 264.01 1.137023351 1.008834465 1880
I BSP 271.943 1.094302799 1.008321996 1576
DTXl 248.167 1.016099249 1.00757037 2258

CASP9 258.357 1.072332213 1.007152785 2156
PPPICA 266.618 1.050678205 1.006882516 1298
APLP2 272.847 1.026651465 1.006696335 1982
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HBA2 297.727 1.081731049 1.002075077 1356
IL22RA1 269.678 1.237543251 1.001954964 1761

AIPl 270.74 1.085108515 1.001828911 2349
CAST 237.124 1.013822678 1.000307042 2011

ESRRBLl 248.364 1.030701427 1.000152792 3039
LAMBl 255.149 0.970543149 0.99998919 2424
STMNl 262.597 1.024956773 0.999719523 2583
BAAT 269.77 1.060791947 0.999136907 1684

CACNAIH 264.606 0.800584541 0.998972682 2081
PROSl 255.084 0.9702959 0.998626921 1723

K1AA1026 291.116 0.997187749 0.998195182 1656
RUNX3 260.331 1.005970184 0.99570678 1316
ECEl 242.933 1.080100659 0.993436546 2173

SETDBl 306.143 0.949822534 0.991679139 2707
CCL13 269.63 0.900766368 0.991369214 2646

SERPINF2 267.326 1.050813879 0.991305789 2027
NR2F2 259.425 1.95500309 0.989082546 3146
INSL3 268.985 1.234363097 0.988728907 2530
SOAT2 265.516 1.064269166 0.98825659 1823
PCNA 273.698 1.175754452 0.987993262 1616

HDAC7A 257.562 1.069032499 0.987104548 2427
LAMB3 254.444 0.967861449 0.985213812 1469
PC-LKC 303.243 0.970101315 0.983312467 2248

SGEF 278.479 1.203416491 0.982324762 2553
ATP2C1 250.54 1.101647591 0.982222359 2641
RPGR 259.736 1.003670987 0.981587655 1299

FLJ21924 257.99 0.981006521 0.98115324 1275
HOXDIO 286.097 1.097654272 0.979584609 1172
DMGDH 276.695 1.012937425 0.978418523 1173
CCLll 269.018 0.898721829 0.9782348 1581
POLDl 273.167 1.173473377 0.977943467 2407
CAV2 278.082 1.201700899 0.975950356 2043

DNCLI2 271.185 1.047094846 0.975725015 1584
CSAGl 224.716 1.03726407 0.975597861 3210
TCPl 279.225 1.114123604 0.975467669 1414
CLTB 250.965 1.111162766 0.973315118 705
EGR3 288.085 1.056483169 0.972661436 1678
USP18 289.074 0.934486326 0.972388695 1171

HPCALl 269.701 1.085280957 0.96850661 1578
PCDH15 260.641 1.074343068 0.967974308 1446
ABCAl 249.001 0.783709607 0.965662434 2539
CDSN 241.418 1.189192651 0.96534075 2005

IGFBP7 269.474 1.084367505 0.964475347 1965
SIOOP 258.962 1.000680099 0.963220928 938

PRKRIR 258.934 1.000571901 0.962556499 931
PTPRM 264.91 1.043947383 0.96237251 2485
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HRC 256.908 0.806266653 0.961261546 3003
EDNl 252.701 0.876593959 0.958607444 2047
BTG2 287.305 1.053622705 0.956677028 1184

SPARC 278.444 1.11100737 0.956354528 1654
RHOD 252.406 1.149227568 0.95587513 2123

GABRD 252.677 0.981612991 0.953942643 2151
PPGB 235.074 1.005057912 0.952734152 1956
PEX3 259.142 1.065870923 0.952634649 2207

HSA275986 256.479 0.804920302 0.952003914 2272
GALC 275.273 1.007731704 0.951091832 2361
DNTT 241.056 1.071755359 0.949568938 1244

GABRG2 252.419 0.980610699 0.948428833 2863
PRBl 258.798 1.064456025 0.944304015 1920

TNNI2 260.813 1.123254692 0.942215778 1147
ELF5 286.591 1.05100428 0.942045148 649

UBE2N 260.768 1.123060889 0.941278074 1555
ABCBll 267.08 1.07043947 0.940886969 1861

DTX2 287.846 0.930516584 0.940714713 2441
K6HF 263.304 1.025726529 0.939964739 2004
MYTl 279.144 1.047822105 0.939533079 1300

NFE2L1 279.087 1.047608144 0.938362552 1304
COL15A1 222.89 1.028835457 0.937487265 3250

SCYEl 263.321 0.898540883 0.937212963 951
ACPP 262.579 1.052319617 0.935578622 1803

ERCCl 240.433 1.068985448 0.935008725 1676
FOXK2 283.496 1.087675143 0.934906563 676
FANCG 269.468 1.040465195 0.933497867 1500

PEG 270.813 1.163361041 0.933391269 1418
DEPDCl 301.277 1.01333275 0.933054374 1970
ATP9A 247.886 1.089977707 0.93241023 2420

LOH11CR2A 260.173 0.977906492 0.931965536 1947
ACADS 267.315 1.051138374 0.931822187 1360

PXN 257.623 0.995505939 0.931446965 1786
LGP2 248.224 1.065618037 0.930164731 1938
DLKl 248.849 1.101794048 0.929112927 1947

HSD17B12 274.833 0.967667315 0.928530512 1423
ADHIB 266.292 1.067281217 0.927766136 1733
DRD2 244.838 1.002468934 0.926826003 2502
PPAN 270.391 1.16154821 0.925404426 1719

KRT6B 262.414 1.022259447 0.924777733 1706
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