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ABSTRACT 

Colorectal cancer (CRC) is the second commonest cause of cancer-associated 

mortality in Europe, and a key public health issue.  Cancer metastasis is the principle 

cause of death and occurs in up to 30% at presentation, and subsequently develops in 

50% after curative surgery. The majority of patients with metastases are incurable, and 

can expect a median survival of only up to 2 years, even with the latest chemotherapeutic 

and biological agents.  Additionally, not all patients respond and side effects are frequent 

and at times life threatening. These findings highlight the pressing need for identification 

of new markers of metastatic capability and chemotherapy response, to improve precision 

with which therapy can be tailor to patients. Although development of primary CRC has 

served as a paradigm for understanding multistage carcinogenesis, the mechanisms 

influencing metastasis and chemoresistance are still poorly understood.  

Epithelial-Mesenchymal Transition (EMT) is an embryologically conserved genetic 

program by which cancer cells down regulate epithelial junctions, express mesenchymal 

markers, and manifest a migratory phenotype. While the significance of EMT during 

development and embryogenesis is well established, an emerging role is its involvement 

in metastasis and chemo/radio resistance in cancer. EMT is activated by TGFβ, FGF, 

EGF, WNT and Notch signalling pathways, which converge to activate transcription 

factors that subsequently repress the expression of critical epithelial genes. Key 

transcription factors in this process include members of the SNAIL, Twist, and ZEB 

families, which promote cellular phenotypic switch. In addition to enhanced migration, 

metastatic cells also acquire apoptosis resistance to chemo/radio therapy through 

currently poorly understood mechanism.  Despite growing evidence that EMT promotes 

apoptosis resistance to DNA damaging agents, ZEB family of transcription factors have 

been sparsely studied in gastrointestinal malignancies and the molecular mechanism 

mediating apoptosis resistance poorly understood.   

 



 

 

Based on these observations the following hypothesis was formulated: 

 SMAD interacting protein (SIP1/ZEB2) induced EMT promotes metastasis and 

apoptosis resistance in colorectal cancer (CRC). 

The primary objectives of the study are: - 

1. Assess if SIP1/ZEB2 induces EMT in CRC. 

2. Investigate whether expression of SIP1/ZEB2 could serve as a biomarker to detect 

patients at high risk or recurrence after surgical resection in CRC. 

3. Study the molecular mechanisms that promote SIP1/ZEB2 induced apoptosis 

resistance to chemotherapeutic and radiotherapeutic treatment regimens. 

4. Validate in-vitro findings in a murine model 

SIP1/ZEB2 expression resulted in the acquisition of all the cardinal features of EMT, 

namely E-cadherin down regulation, increased metastatic capacity and apoptosis 

resistance to chemotherapeutic agents commonly using in clinical practice. SIP/ZEB2 

expression in primary CRC, exhibited a statistically significant association with increased 

risk of distant recurrence in two independent patient cohorts.  Addition of SIP1/ZEB2 

expression status to the TNM staging system improved precision in the ability to identify 

patients at high risk of disease recurrence after curative surgery.  Further studied also 

highlighted an important association between SIP1/ZEB2 expression and 

chemoresistance to cytotoxic drugs used to in the FOLFOX regimen.  A qPCR array, with 

a focus on DNA damage response highlighted SIP1/ZEB2 induced EMT associated with 

increased expression of multiple components of the nucleotide excision repair (NER) 

pathway, in particular excision repair cross complementation group 1 (ERCC1). 

ERCC1 hetero-dimerises with excision repair cross complementation group 4, which 

functions as an exonuclease during repair of DNA crosslinks generated by platinum based 

chemotherapeutic agents such as oxaliplatin.  Stable over expression of ERCC1; lead to 

attenuate DNA damage, apoptosis resistance and enhanced viability.  Whilst siRNA 

mediated knockdown (KD) sensitise cells to oxaliplatin treatment.   Assessment of DNA 

repair kinetics, as a mechanism of repair kinetics revealed higher expression levels of 



 

 

ERCC1 associated with faster kinetics of DNA cross-link clearance.  The influence of 

ERCC1 over expression in vivo was demonstrated by impaired tumour regression in 

ERCC1 over-expressing cells in an orthotopic murine model of primary CRC. 

ZEB proteins have also been implicated with the enhanced ability to repair DNA DSB’s 

and consequently promote resistance to ionising radiation.  For many decades, models of 

DNA DSB repair have highlighted the critical influence of the histone architecture in 

accessing damaged DNA and subsequently undertaking DNA repair.  Heterochromatin 

rich DNA domains are known to be prone to accruing mutations, due to attenuated DNA 

repair.  Recent studies have suggested EMT leads to epigenetic reprograming, which 

results in genome wide loss of heterochromatin rich domains.   SIP1/ZEB2 expression in 

DLD-SIP1 cells enhanced apoptosis resistance secondary to faster repair of DNA DSB’s.  

ChIP-Seq analysis of SIP1/ZEB2 expressing mesenchymal cells highlighted genome wide 

loss of heterochromatin mark H3K27me3.  The mechanism responsible for this epigenetic 

change was found to be direct transcriptional repression of the methyltransferase EZH2, 

by SIP1/ZEB2.  Inhibition of EZH2 by small molecule inhibitor GSK126 in uninduced DLD-

SIP1 cells enhanced apoptosis resistance and viability in response to IR.  The above 

results suggest the epigenetic architecture of mesenchymal cancer can influence DNA 

repair kinetics and consequently resistance to IR. The above body of work clearly 

demonstrates SIP1/ZEB2 plays a central role in promoting metastasis and treatment 

resistance in CRC.  Further in vitro studies and clinical trials to dissect the impact of 

SIP1/ZEB2 expression in CRC will facilitate clinical translation in future years. 
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Chapter 1: Introduction 

1.1 Colorectal Cancer  

Colorectal cancer is a major public health issue and the second highest cause of cancer 

related death in Europe (1).  Metastasis is the principle cause of mortality and can affect 

up to 50% of patients after surgical resection with curative intent (2) (3).  The vast majority 

of patients that experience recurrence remain incurable with median survival not 

exceeding 12-16 months after treatment with the most advanced therapeutic strategies 

(4).  Understanding molecular mechanism driving malignant transformation in CRC has 

resulted in the emergence of targeted therapies in recent years, however clinical trials 

have proved disappointing, improving oncological outcomes by only a few months (5) (6).  

There are currently no biomarkers in routine clinical use that can prognosticate disease 

trajectory or predict response to chemotherapeutic agents.  The use of KRAS mutation in 

codon 12 or 13 as a marker of resistance to monoclonal antibodies (Cetuximab and 

Panitumumab) against epidermal growth factor (EGF) receptor provides proof of principle 

that improved molecular characterisation can result in the development of novel strategies 

to personalise cancer care and improve patient outcome in future years (7). 

1.1.1 The pathogenesis of colorectal cancer 

The pathogenesis of CRC can be divided into those occurring from sporadic or hereditary 

mutations. It is estimated that 20% of CRC’s are familial, with 5 – 10 % resulting from 

known hereditary genetic syndrome (8). Broadly; hereditary CRC’s are divided into non-

polyposis and polyposis syndromes.  Genetic analysis of patients with hereditary 

syndromes has shed great insight into pathways governing progression from adenoma to 

invasive carcinoma in patients with sporadic CRC, as identical genes have been found to 

be deregulated by acquired mutations or epigenetic silencing (9) . Although there are a 

multitude of hereditary syndromes, the most common and well characterised are HNPCC 

(Lynch syndrome) and familial adenomatous polyposis (FAP).  
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1.1.2  Familial adenomatous polyposis 

Familial adenomatous polyposis (FAP) is an autosomal dominant inherited syndrome and 

accounts for 1% of all CRC’s.  FAP is characterised by the development of 100’s of 

adenomatous colonic polyps, with resulting incidence of CRC approaching 100% by the 

age of 50 years (10).  FAP results as a consequence of a germ line mutation of the 

adenomatous polyposis coli (APC) gene.  The APC gene encodes a large multifunctional 

scaffolding protein that acts as a tumour suppressor by down regulating the activity of β -

Catenin induced Wnt signalling(8). Aberrant activation of the Wnt signalling pathway, up 

regulates genes involved in cell proliferation apoptosis and differentiation, eventually 

resulting in malignant transformation.  It is important to highlight, a single mutation in the 

APC gene is inadequate for malignant transformation.  However, the initial mutation 

significantly increases the risk of accruing further genetic aberrations (KRAS, P53, 

TGFβR) that are required for the transition from benign adenoma to an invasive 

carcinoma as proposed in Vogelstein’s hypothesis (11).  Somatic mutations and deletions 

of APC are also found in most sporadic cancers, highlighting its critical role as a 

gatekeeper in the pathogenesis of CRC.   

1.1.3 Hereditary non-polyposis colorectal cancer (HNPCC) 

Hereditary non-polyposis colorectal cancer or Lynch syndrome is the most common 

hereditary CRC syndrome accounting for 2-3% of all CRC’s.  It follows an autosomal 

dominant inheritance pattern and renders affected patients susceptible to multiple types of 

cancer including CRC. The tumours are often right sided, poorly differentiated, express 

high degree of microsatellite instability and Crohns like lymphoid aggregates (12).  

Despite these high-risk histological features, HNPCC related CRC demonstrates less 

nodal and distant metastatic spread when compared with sporadic CRC (12).  HNPCC or 

Lynch syndrome occurs secondary to germ line mutations in a group of genes responsible 

for repair of base mismatches in DNA (most common – MLH1, MSH2, MSH6 and 

PMS2)(8).  Like HNPCC, mismatch repair genes are often epigenetically silenced in 

sporadic tumours conferring an identical microsatellite instability observed in patients with 
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HNPCC.  This genomic instability results in sequential loss of function of genes regulating 

hallmark processes of carcinogenesis, ultimately manifesting as invasive CRC (9).   

1.1.4 Regulators of Sporadic colorectal cancer 

The identification of genes involved in the evolution of CRC, in patients with germ line 

mutations lead to the recognition, sporadic tumours also demonstrated loss of function of 

identical genes through deletions, somatic mutations, or epigenetic silencing (10). For 

example, aberrant DNA methylation results in loss of expression of MLH1, a critical 

component of the DNA mismatch repair machinery. Somatic mutation or deletions of the 

APC gene occurs in most sporadic CRC’s, which in-turn leads to inappropriate Wnt 

signalling, a driver of malignant transformation (10).  The inactivation of p53 pathway by 

mutation of TP53 gene results in apoptosis resistance and coincides with the transition 

from adenoma to invasive carcinoma (13). Oncogenic mutations of the RAS, BRAF 

signalling pathways, results in aberrant activation of the mitogen activated protein kinase 

(MAPK) pathway (10).    Comprehensive analysis of human CRC by whole genome 

sequencing has identified on average a stage IV tumour has 15 candidate cancer genes 

and 61 mutated passenger genes (low frequency mutation events), highlighting the 

enormous genetic heterogeneity of the disease (14).  Further knowledge of critical genes, 

pathways and dissecting their interplay in driving malignant progression may provide 

novel targets for cancer therapeutics in the future. 
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Figure 1: Schematic representation of the adenoma carcinoma sequence Genes and growth 
factors that drive the progression from adenoma to invasive carcinoma. The top panels presents 
genes that are mutated or epigenetically silenced during malignant progression.  Mutations or 
epigenetic silencing of the MMR (MLH1, MSH2) pathway is associated with microsatellite 
instability and downstream mutations in key genes such as BAX and TGFβR2 that promote 
malignant transformation.  Key growth factors pathways that are altered during colon neoplasia 
are shown in the bottom of the diagram.  From Markowitz SD et al (10) 

1.1.5 Colorectal cancer staging  

The Dukes staging system was initially used to classify CRC progression.  Dukes A was 

defined as tumour infiltrating bowel wall.  Dukes B specifies infiltration beyond the colonic 

wall, Duke C indicates presence of nodal metastasis and Duke D refers to tumour 

infiltration with associated distant metastasis (15).  This system has since been 

completely replaced by the tumour, node metastasis (TNM) staging system of the 

American joint Committee on Cancer (AJCC).  The TNM staging system has been revised 

multiple types and is currently in its 7th edition (16).  The UK continues to use the 5th 

edition to classify CRC progression (17).  TNM classification is further grouped into four 

stages, to better inform prognosis and guide clinical decision-making.  An outline of TNM 

classification and staging is provided in Figure 2 (18). 
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Figure 2: AJCC TNM staging system. Outline of the TNM 5th edition staging system for CRC (18). 

1.1.6 Colorectal Cancer Management  

The management of colorectal cancer involves multiple treatment modalities and involves 

complex multidisciplinary planning with treatment approaches based on cancer stage, 

patients characteristics, symptoms, and tumour characteristics.  Disease recurrence is the 

primary cause of mortality and patients are risk stratified by staging (30% stage II and 

50% stage III) cancer progression at the time of presentation (19).    Treatment options 

include surgery, radiotherapy, systemic chemotherapy and interventional radiology based 

techniques. Surgical resection alone is curative for patients with early stage (I and II) 

disease.  For patients with stage II disease with high-risk features (pT4, Extramural 
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vascular invasion) or stage III (nodal involvement) disease, adjuvant chemotherapy is 

recommended (20).  Anti-metabolites and DNA damaging agents such as 5-flurouracil 

(5FU) and oxaliplatin or irinotecan used as combination therapy continues to represent the 

main treatment options (21).  In more recent years, monoclonal antibodies against EGFR 

(Cetuximab) and VEGFR (Regorafenib) have been added to chemotherapeutic regimes to 

improve outcomes.  However, their efficacy in the adjuvant setting has remained 

controversial. If the patient experiences disease recurrence; surgical resection of 

metastasis from the liver or lung may be offered to carefully selected groups, with survival 

ranging between 25 to 50% at 2 years.  Unfortunately, up to 75% of these patients 

experience recurrence within 18 months (22).   If surgical resection is not an option, 

chemo-radiotherapy is the only available treatment modality and oncological outcomes in 

these patients continue to remain poor.  Diagnostic approaches to better risk stratify 

disease trajectory and predict drug response to therapeutic agents are urgently required 

to improve outcomes in patients with CRC.   

1.1.7 Neo-adjuvant and Adjuvant Chemo-radiotherapy for CRC 

Section 1.1.6 provides an overview of the management of CRC.  In this section, I will 

discuss in more detail the clinical evidence for administering chemo-radio therapeutic 

treatment modalities and discuss the need for greater precision in prognosticating risk and 

selecting drugs from which patients might derive maximal benefit. In 2004, the MOSAIC 

trial (Multicentre international study of oxaliplatin / 5-Flurouracil/ Leucovorin in the 

adjuvant treatment of colon cancer) reported addition of oxaliplatin to 5-FU / Leucovorin 

(FOLFOX) resulted in improvements in oncological outcome in the adjuvant setting, 

making it the standard of care for patients considered to be at high risk for disease 

recurrence after surgery (20).  The improvement in progression free survival achieved by 

administering FOLFOX therapy in the adjuvant setting is undeniable.  However, the 

MOSAIC trial data also highlights that up to 25% of patients derive no benefit in terms of 

survival outcome from FOLFOX therapy, but endure the significant side effects associated 

with systemic chemotherapy, due to the current inability to identify patients with tumours 
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that are resistant to FOLFOX therapy (23).  Alternative adjuvant regimens, including 

FOLFIRI and targeted therapies such as Cetuxmiab or Bevacizumab have also failed to 

improve outcome in the adjuvant setting (24-26).  This clearly highlights the need for 

advances in adjuvant treatment options to achieve greater precision and improve outcome 

in patients with CRC. 

Historically, the primary management of rectal carcinoma was surgical resection, 

however up to 25% of patients experienced local recurrence, before the total mesorectal 

excision (TME) plane was described (27).  Although, local failure rates have since 

considerably reduced, a significant proportion of patients continued to experience 

recurrent disease.  This prompted clinical trial of adjuvant and neo-adjuvant chemo/radio 

therapeutic strategies to improve oncological outcomes.  Multiple studies have 

investigated the impact of pelvic radiation in rectal cancer and reported a significant 

reduction in local recurrence (28).  Whilst studies that examined a role for adjuvant 

chemotherapy have reported reduced incidence of distant recurrence (29).  In more recent 

times, clinical trails have strived to decipher the most optimal sequence for application of 

adjuvant and neo-adjuvant treatment modalities and tried to more precisely categorise 

patients that will acquire maximal benefit from the administered treatment. 

Two trials, namely the European organisation for research and treatment of cancer 

(EORTC) (30) and the Federation Francophone de Cancerologie (FFCD) (31) investigated 

the impact of neo-adjuvant chemo-RT over radiotherapy (RT) alone in patients with T3/T4 

resectable rectal cancer.  The trials concluded combined therapy reduced 3-year local 

failure rates, but no significant difference in 5-year overall survival or 3 year progression 

free survival was noted.  However, due to the impact of combined therapy in reducing 

local recurrence, neo-adjuvant chemo-RT has become the standard of care for patients 

with rectal cancer.  Although studies have since investigated the impact of pre-operative 

short course vs. long course radiotherapy, the benefit in reducing local failure rates cannot 

be disputed. A significant proportion of patients however continue to experience 

recurrence, for whom treatment options are limited. Emerging data in recent years 
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suggests, all cancers do not respond homogenously to therapy and biomarkers to detect 

resistant tumours may aid in the application of radio-sensitisers for patients with radio 

resistant rectal cancer in future years (32). 

1.1.8 Prognosticating and predicting outcome in patients with CRC 

Over the years there has been growing acknowledgement of the molecular heterogeneity 

of CRC and its contribution to stage independent variability in disease trajectory and 

treatment response (33).  It has been shown for example that, molecularly defined sub-

populations of patients with stage III disease have survival estimates comparable to that 

of certain patients with low risk stage II disease (34).  The need for biomarkers, 

particularly to risk stratify patients with early stage disease is urgently required to improve 

oncological outcomes.  Unfortunately, validated predictive markers to quantify recurrence 

risk or predict response to adjuvant chemotherapeutic treatment strategies are currently 

not available.  

Some of the best-described prognostic markers of poor outcome are pathological 

features of a tumour.  The most robust histopathalogical indicator of poor prognosis in 

stage II and III colon cancer is T4 disease.  Lympho-vascular and perineural invasion 

have also been highlighted as high-risk features.  Some retrospective studies have 

suggested patients with node negative / Perineural invasion positive tumours can have 

oncological outcomes inferior to patients with node positive disease (35). In contrast, 

tumour grade has been shown to be inconsistently associated with poor outcome in 

patients with stage II disease.  The reason for this observed inconsistency is the 

association between poor differentiation and microsatellite instability (MSI). In this subset 

of patients, poor differentiation status does not negatively impact prognosis.  Therefore it 

can be extrapolated, that the aggressiveness of poorly differentiated tumours is restricted 

to microsatellite stable tumours.  This example clearly highlights the significant influence 

the genetic make up of a tumour can have on behaviour and treatment response. This 

example provides proof of principle that greater insight into the biological contribution of 

gene mutations or protein expression to tumour behaviour can significantly improve 
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precision in prognosticating disease trajectory or predicting response to adjuvant chemo-

radiotherapeutic modalities. 

1.1.9 CRC gene expression signatures  

As discussed, defective mismatch repair status has become a validated prognostic factor 

in patients with CRC.  This effect is particularly pronounced in stage II patients where MSI 

is associated with improved oncological outcome.  It is important to highlight however that, 

once nodal involvement is established defective mismatch repair has limited impact on 

disease trajectory (36).  Studies investigating the potential role of MSI as a predictive 

biomarker in colon cancer have reported mixed results. Selective sensitivity of tumours 

with MSI to irinotecan and bevacizumab was initially reported by preclinical and clinical 

trials (37).  However, retrospective analysis of clinical trial data in the adjuvant setting has 

reported a limited contribution as a predictive biomarker (38). 

The RAF gene family include BRAF a serine threonine kinase involved in the RAS-

RAF-ERK signalling pathway which influences cell growth, invasion and metastasis.  

BRAF mutations are highly variable with rates ranging from 5% in microsatellite stable 

tumours to 50% in the setting of MSI.  Up to a 6 fold increase in recurrence risk and 

mortality has been reported in left sided, micro-satellite stable tumours with BRAF 

mutations.  Whilst in the setting of right-sided tumours with MSI, BRAF mutations do not 

significantly impact disease trajectory.  As a predictive biomarker, BRAF mutation is 

associated with poor response to anti-EFGR therapies with pooled analysis of clinical trial 

data suggesting reduced disease free and overall survival when compared to wild type 

tumours regardless of treatment group (39). 

An extensive number of studies have confirmed that KRAS exon 2 (codons12 or13) 

mutations predict resistance to anti-EGFR monoclonal antibodies.  However, 

approximately 65% of patients with wild type KRAS status have also been shown to be 

resistant to therapy, due to factors that are currently unclear (40).  A potential contributing 

factor to this observation may be secondary to BRAF mutation status not being 

considered routinely.  When treated with Cetuximab in conjunction with conventional 
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chemotherapy, KRAS mutations were found to confer reduced response rate when 

compared to WT in the metastatic CRC setting.  However in the adjuvant setting, addition 

of cetuxmiab to FOLFOX or FOLFIRI therapy did not confer any significant benefit in 

oncological outcome (41).  Genetic analysis of the CALGB/SWOG 80405 clinical trial 

confirmed, KRAS WT patients randomised to conventional chemotherapy plus cetuxmiab 

or bevacizumab demonstrate an overall improvement in median survival however no 

differences were observed between treatment arms with the addition of targeted therapies 

(40).  These results suggest, in selected RAS- wild type populations’ targeted therapies 

enhance clinical endpoints in metastatic colorectal cancer (mCRC). 

The Phosphoinositide 3-kinase is a heterodimeric lipid kinase with regulatory and 

catalytic roles in cell growth, proliferation, survival and apoptosis due to activation of the 

mTOR/AKT-PTEN pathway.   PI3KA encodes the catalytic subunit of p110a, which is 

rendered constitutively active by mutations in 10-20% of CRC’s (40).  Of the PI3KA 

mutations observed, exon 9 and 20 are responsible for >80% of the mutations found in 

CRC.  Currently the predictive influence of PI3KA mutations as a biomarker for resistance 

to targeted therapies remains unclear.  Initial studies evaluating the response of patients 

with PI3KA mutations to targeted therapies have reported inferior clinical end points when 

compared to WT tumours.  However, reported results have not been consistent, with 

resistance to treatment being observed only in PI3KA exon 20 mutations, but not exon 9.  

The underlying mechanism for this resistance mechanism is currently unclear considering 

both mutations result in constitutive activation of the PI3K pathway.  Greater 

understanding of the signalling cascade will aid in the development of this mutation into a 

predictive biomarker in future years. 

Due to the growing acknowledgement of the genetic heterogeneity of CRC and the 

limitations presented by risk stratifying patients using histopathalogcial features, 

independent scientific groups (CRC subtyping consortium) pooled data sets to investigate    

the presence or absence of core gene signature subtypes in CRC (33).  Despite the 

heterogeneity of datasets, all groups highlighted the negative impact of mesenchymal 
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gene signatures for CRC patients.   Patients with tumours belonging to the mesenchymal 

tumour subtype were repeatedly found to have reduced survival and increased risk of 

distant recurrence in all subgrouping algorithms (38).   Differences in clinical outcomes 

observed by subtyping for specific gene signatures confirm that the biological processes 

implicated in the mesenchymal subtype are clinically relevant.  Mesenchymal gene 

signatures in cancer are associated with the embryologically conserved process of 

epithelial to mesenchymal transition (EMT).  In-vitro studies, pre-clinical models and 

human tissues analysis have all suggested that EMT is associated with increased risk of 

disease recurrence and poor response to conventional chemotherapeutic agents currently 

used in the clinical setting (42, 43).  Therefore one can hypothesise, targeting EMT related 

processes or recognising EMT in tissue specimens obtained from patients with early stage 

CRC could be used to identify patients at high risk of recurrence and thus modify clinical 

management to improve cancer outcomes in future years. In the next section I will 

overview the process of cancer cell metastasis and discuss evidence highlighting the 

contribution of EMT to cancer spread and chemotherapy resistance. 

1.1.10 Cancer metastasis  

Cancer metastasis is a highly complex, multi stage process during which certain cells 

acquire the ability to break free from sister cells, invade the extra-cellular matrix (ECM) 

and basement membrane (BM), intravasate into the systemic circulation, evade the 

immune system, extravasate into distant organs and proliferate to form metastatic foci as 

shown in figure 3 (44, 45).  The traditional ‘late dissemination model’ suggests, acquisition 

of metastatic capacity occurs at a late stage after the accrual of multiple mutations during 

tumorigenesis(46).  The more contemporary ‘early dissemination model’ suggests 

tumorigenesis and metastatic capacity represents divergent cellular events and 

consequently does not have to occur as a late event during the progression of a malignant 

tumour (46, 47).   
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CRC is an epithelial adenocarcinoma that was thought to metastasise by ‘collective 

invasion’ of clusters of epithelial cells (48).  In recent years, aberrant expression of 

embryonic transcription factors that induce epithelial to mesenchymal transition (EMT) 

have been identified as playing a key role in promoting metastasis (49, 50).  EMT 

facilitates the down regulation of epithelial junctions, promoting the dissemination of single 

mesenchymal cells into the circulation.  Understanding the cellular mechanism driving 

metastasis is particularly relevant in CRC as the vast majority of cancer deaths are not 

associated with the primary tumour, but to metastatic spread (22). Up to 30% of patients 

with stage II disease and 50% of patients with stage III disease experience recurrence 

within 5 years (22). Long-term survival outcomes in these patients continue to be poor 

even with the latest therapeutic modalities.  Better dissection of cellular mechanism 

driving metastasis and development of biomarkers, that can prognosticate recurrence risk, 

are urgently required to tackle this complex disease process.    

 

Figure 3: Schematic representation of the metastasis cascade. This figure provides a schematic 
representation of the multiple stages of metastasis. Cancer cells disseminate from the primary 
tumor into the circulation by down regulating adhesion molecules and dissociating from sister 
cells. Disseminated tumor cells are found very early during tumorigenesis and may consist of 
single cells or clusters.  In the circulation, mesenchymal cancer cells exhibit capacity to evade the 
immune system and seed in distant organs. Mesenchymal cancer cells subsequently proliferate to 
establish detectable macro-metastatic foci.  Adapted from Cavallaro et al (51). 
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1.2 Epithelial to mesenchymal Transition (EMT) 

EMT is a conserved genetic programme that promotes events such as neural crest 

formation and gastrulation during embryogenesis (52).  Emerging evidence suggests this 

conserved genetic programme that promotes cell migration during embryogenesis may 

also play a critical role in promoting metastasis and chemo resistance in cancer (44, 53).  

EMT has been classified into three different subtypes, developmental (Type 1), fibrosis / 

wound healing (Type 2) and cancer (Type 3) (44).    The term “epithelial to mesenchymal 

transformation” was initially coined by Hay et al following her observations from studies in 

developmental biology (54).  The term ‘transformation’ was later changed to ‘transition’ to 

reflect the plasticity and reversibility of this cellular event.   

EMT was initially considered a binary (epithelial or mesenchymal) event, marked by the 

acquisition of cardinal features such as E-cadherin down regulation, acquisition of a 

mesenchymal phenotype, expression of stem cell markers, increased metastatic capacity 

and apoptosis resistance through poorly understood mechanisms (55).  More recently 

however, cells are thought not to oscillate between a full epithelial or mesenchymal 

phenotype.  Instead, cells in which EMT has been triggered are thought to transition 

through a range of intermediary phases, described as a partial EMT (53).  The 

identification of intermediary states in circulating cancer cells has further confirmed the in-

vivo relevance of the partial EMT hypothesis previously only observed in 2D cell culture 

models (56).   

The model proposes, within a solid tumour a subpopulation of cells undergo EMT, this 

results in a change of expression in adhesion molecules, resulting in dissociation from 

neighbouring cells and adoption of a metastatic phenotype.  EMT is associated with 

increased capacity to intravasate into the blood stream, escaping detection by immune 

cells and extravasation into distant organs.  Once in distant organs, the reverse process of  

mesenchymal to epithelial transition or ‘MET’  is triggered to form metastatic foci (56).  

EMT is executed in response to pleiotropic signalling factors that can promote the 

expression of EMT inducing transcription factors (TF),  (SIP, ZEB, TWIST, SNAIL) thought 

to be master regulators of EMT (57).  In this section, I will use the four pillars of EMT, 
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namely change in expression of adhesion molecules, increased metastatic capacity, 

stemness and chemo resistance as reference points to discuss EMT in detail.   

  

 

 
 
Figure 4: Schematic expression of the role epithelial to mesenchymal transition (EMT) in cancer 
metastasis. Epithelial cells lined by a basement membrane can transform into an adenoma 
through aberrant local proliferation.  Further accumulation of genetic mutations results in 
malignant transformation.  A sub-population of cells within a solid tumour undergo EMT, which 
promotes fragmentation of the basement membrane.  Mesenchymal cancer cells poses 
cytoskeletal adaptations that facilitate metastasis and intravasation into the systemic circulation.  
At secondary sites solitary carcinoma cells can either remain senescent or proliferate to form 
macro-metastasis by undergoing the reverse process of mesenchymal to epithelial transition 
(MET). Thierry et al (58). 

1.3 EMT cytoskeleton and cell adhesion markers  

Epithelial tissues specialise in forming an effective barrier against pathogens and secrete 

or absorb macromolecules.  To perform these functions effectively, epithelial cells have to 

form specialised association through the assembly of adhesion junctions that stabilises 

the integrity of the tissue (44). Epithelial cells contain several major classes of functionally 

diverse cell-cell junctions, namely adherens junctions, desmosomes, gap junctions and 

tight junctions (59). Of the sub-classes, junctional complexes, adherens and tight junctions 



Chapter 1 

15 

have been demonstrated to be most central in maintaining epithelial morphology and 

behaviour (59). One of the first adhesion complexes to form when epithelial cells interact 

is an adherens junction, initiated by interaction of opposing cadherin domains.  Cadherins 

are trans-membrane proteins linking two adjacent cells to the intracellular actin 

cytoskeleton using an anchoring protein complex, that includes p120 catenin, β-catenin 

and α-catenin (60).  The classical cadherin’s are E-, R, N- and P- cadherin (59). A 

hallmark of EMT is the down regulation of E-cadherin and up regulation of N-cadherin in 

fully transformed mesenchymal cells (53).  Although structurally similar, N-cadherin 

mediates a weak and transient association with sister cells and is strongly associated with 

migratory behaviour (59).  Yamada and co-workers demonstrated N-cadherin knock down 

in mesenchymal cells inhibited migratory behaviour in a 3D matrix (61). Kotb et al found 

that knock in interference of E-cadherin with N-cadherin predisposed to malignant 

transformation in a murine model (62). 

E-cadherin has long been of interest to cancer biologists, as its absence has been 

associated with increased metastatic potential.  Oka et al and others reported up to 85% 

of cancer metastases from multiple primary tumour sites lacked E-cadherin (59).  It is 

postulated, down-regulation of E-cadherin results in dissociation of β-catenin from the 

cytoplasmic cadherin complex, which in turn translocation to the nucleus and activates the 

Wnt pathway promoting EMT (63).  However, β-catenin KD in shE-cadherin induced EMT 

phenotype demonstrated only a partial reversal of EMT.  Further, transduction of a 

constitutively active mutant β-catenin was insufficient to induce mesenchymal 

transformation, implying β-catenin is necessary but not sufficient to induce EMT (59) .  

Recent studies have now demonstrated, EMT inducing transcription factors (TF) including 

SNAIL, Slug and SIP1/ZEB2 directly binds to the promoter of the CDH1 gene thus 

repressing transcription (64). These transcription factors that have been found to be up 

regulated in many adenocarcinomas and expression associated with poor oncological 

outcomes (65, 66).  E-cadherin down-regulation has also been reported to up regulate 

Twist expression possibly through increased RAS signalling, however the exact 

mechanism requires further mechanistic dissection(67).  
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Tight junctions form the most apical junctional complex in epithelial cells and play 

several essential structural roles.  Most critically they form a seal between cells that 

selectively regulate exchange of ions, macromolecules and immune cells between the 

apical, luminal and baso-lateral compartments.  Secondly, they form a diffusion barrier in 

the plasma membrane that results in separate apical and baso-lateral domains.  Thirdly, 

tight junctions link adhesion molecules to an intracellular scaffold, thus anchoring 

cytoskeletal elements and signalling molecules that regulate cell proliferation and 

differentiation (59). Claudins are the most diverse component of tight junction. Twenty-four 

family members have been identified to date.  They poses 4 trans-membrane segments 

and a cytoplasmic PDZ domain which interacts with zonula-occludens family (ZO1, ZO2, 

ZO3) of proteins (59).   

The initial observation that EMT inducing TF’s supress claudins, lead to the 

expectation of familial uniformity in behaviour (68).  However, evolving evidence has 

demonstrated a more varied and inconsistent expression profile in mesenchymal cancer 

cells.  Dhawan and colleagues reported increased expression of nuclear claudin-1 in 

metastatic colon cancer cells but not in the primary tumour or normal colonic mucosa (69).  

Further, ectopic expression of claudin-1 in SW480 cells promoted EMT whilst its KD in 

SW620 (metastatic cell) promoted MET and reduced liver metastasis in murine xenografts 

(69). On the other hand, results from other primary cancers including breast and lung 

adenocarcinoma have been inconsistent, suggesting claudin-1 may have different tissue 

and tumour specific roles (59). Other claudins that have been studied include claudin-6 

and 7, where reduced expression has been shown to promote increased migration, 

invasion and anoikis resistance (70, 71).  To the contrary, increase expression of claudin-

2,3,4 and 5 have been shown to promote invasion and increased metastatic capacity in 

breast cancer cells (59).  
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Occludins like other cell adhesion molecules are down regulated during EMT.  

Occludins in general play a tumour suppressive role and epigenetic silencing results in 

increased tumour metastasis (70), whilst ectopic expression sensitises cells to apoptosis 

and inhibits migration (72). Regulatory molecules (ZO1, 2 and ZONAB) also play a role in 

epithelial differentiation and EMT.  ZO 1 and 2 link the cytoplasmic tails of adhesion 

proteins to signalling molecules.  Georgiadis and co-workers found that ZO-1 KD or 

ZONAB overexpression results in increased proliferation and EMT like changes in retinal 

pigmented epithelium (59). Integrin’s facilitate the adhesions of cells to the extracellular 

matrix. The interaction between integrin’s and the ECM can trigger activation of 

intracellular signalling pathways. αVβ6 is an integrin that is up regulated in CRC cells that 

have undergone EMT, when compared to normal colonic epithelium, however the 

biological consequence of this event in CRC remains unclear (73).  Vimentin is a type III 

intermediate filament that forms a major constituent of the cytoskeleton in mesenchymal 

cells such as normal fibroblasts, endothelial cells and neuronal precursors (74, 75).  

Vimentin provides resistance against mechanical stress and maintains cellular integrity. 

EMT inducing transcription factors have been associated with increased expression of 

vimentin and acquisition of a spindle like phenotype in many cancers (58).   Increased 

expression of vimentin is now considered a hallmark of EMT and its expression is 

associated with invasion and poor oncological outcomes in patients (76-78).   

Alterations to the expression profile of proteins associated with cell motility have 

also been reported after EMT. α-SMA is an actin variant often expressed in vascular 

smooth muscle cells and myo-epithelial cells.  It contributes to transduction of mechanical 

forces and used as a marker of myo-fibroblasts (79).  Over expression of α-SMA has been 

associated with EMT, motility and cancer metastasis (80).  β-catenin is an integral part of 

cadherin junctions and serves as a structural and signalling protein (81).  E-cadherin down 

regulation results in dissociation from the cadherin complex and translocation to the 

nucleus.  Increased abundance β-catenin in the cytoplasm results in Wnt signalling 

activation and induction of EMT pathways (82). APC mutations result in reduced β-catenin 

degradation and was proposed as a critical event in the transition of adenoma to invasive 
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carcinoma by Vogelstein.  E-cadherin down regulations and increased β-catenin 

expression in the nucleus has been used as marker of EMT in various studies (63).   

Cytokeratins are intermediate filament proteins that interact with components of 

adherens junctions to provide integrity and mechanical stability for cells (83).  Cytokeratins 

are coded for by 54 genes, which are classified into acidic (type I CK 9-40) and neutral  

(type II, CK 1-8 and 71-86) subtypes.  These proteins hetero-dimerise to form functional 

complexes composed of one acidic and one neutral CK.  The expression profile of CK’s is 

often used as biomarkers of cancer differentiation or disease states (84).  For example CK 

7/20 has been associated with CRC progression (85).  CK19 expression is associated 

with primary biliary cirrhosis (86).  Recently, CK 8/18 loss has been associated with 

increased metastatic capacity (87).  These cells also exhibit features of EMT such as 

increased metastatic capacity and apoptosis resistance (88).  Actin, a highly abundant 

microfilament has been demonstrated to be modulated by EMT pathways.  Actin plays a 

critical role in cell motility and polarity.  Recent studies have demonstrated expression of 

actin bundling protein fascin is regulated by EMT inducing TF SLUG, promoting migration 

and metastasis in pancreatic cancer (89).  

 

Figure 5: Cell adhesion and cytoskeletal changes that occur during EMT. a) The initiating step of 
EMT is the dissolution of epithelial cell-cell adhesion molecules, which include tight junctions, 
adherens junctions, gap junctions and desmosomes.  EMT also involves dissolution of the Crumbs 
and Scribble polarity complexes, leading to a switch from apical-basal polarity to front-back 
polarity.  The repression of epithelial genes is concomitantly associated with expression of 
mesenchymal ones.  B) Next the cell undergoes cytoskeletal reorganisation and acquires 
increased metastatic capacity, which phenotypically manifests through the formation of 
lamellipodia, invadopodia and filopodia.  Mesenchymal cells also express matrix metallo-
proteases resulting in fragmentation of the basement membrane.  These changes promote 
dissemination of single cell and formation of secondary metastasis (57). 
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1.4 EMT and Cancer metastasis 

As discussed previously in section 1.1.10, metastasis is a complex multistep process.  

Firstly, epithelial cancer cells become motile and degrade the surrounding extracellular 

matrix (ECM) to invade the surrounding parenchyma. These cells subsequently 

intravasate across the endothelial lamina of blood or lymphatic vessels and enter the 

systemic circulation.  Within the circulation, cancer cells evade the immune system and 

extravasate across the capillary endothelium to the parenchyma of distant organs.  In the 

new stromal environment, small subsets of cells establish micro-metastasis that 

subsequently transform into secondary tumour deposits that become life threatening to 

patients.  In this section, I will discuss the contributory role of EMT pathways in each stage 

of the metastatic cascade to provide an outline of the available evidence that links cancer 

metastasis and mesenchymal transformation.   The notion that EMT pathways play a 

critical role in promoting metastasis comes from the observation that early stage 

adenocarcinomas continue to express epithelial biomarkers (E-cadherin, Cytokeratins) 

whilst advanced carcinomas display mesenchymal traits (90). However, the more 

contemporary ‘early dissemination model’ suggests invasion and metastasis pathways are 

divergent in nature and the ability to form secondary deposits is primarily influenced by the 

intrinsic genetic make-up and tumour microenvironment of cells that have undergone 

malignant transformation.  

In support of the ‘early dissemination model’, studies have reported Twist1 (EMT-

TF) mRNA expression in atypical duct hyperplasia, a very early stage of breast cancer 

development in the MMTV-Neu mouse model (91). Inter-crossing RIP-Tag2, a mouse 

pancreatic cancer model with transgenic mice that maintain E-cadherin expression in 

pancreatic cancer cells, arrested tumour progression at the adenoma stage, whereas 

dominant negative E-cadherin expression resulted in early metastasis (92).  Finally, 

genetic deletion of E-Cadherin in a p53 null model resulted in lobular ductal carcinoma, a 

subtype of breast cancer that presents as individual migrating tumour cells. The above 

evidence strongly suggests, activation of EMT pathways facilitates down regulation of cell-

cell epithelial adhesions and promotes metastasis irrespective of tumour invasion (93).  
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Once malignant cells down regulate epithelial adhesion molecules and undergo 

mesenchymal transformation, invasion of the surrounding parenchyma requires the ability 

to degrade the underlying basement membrane and ECM.  EMT facilitates this process by 

up regulating expression of matrix degradation enzymes and proteases.  SNAIL 

expression in breast cancer cells leads to up regulation of matrix metallo-proteases 

(MMP) and breakdown of the basement membrane, whilst inhibition leads to decreased 

MMP9 expression, tumour growth and metastasis (94).  More recent evidence has shown 

EMT pathways also promote the formation of invadopodia, which are actin based 

structures that recruit proteases to cell-matrix contact points to degrade the ECM and 

facilitate invasion (95).  The above data suggests EMT pathways not only play key roles in 

down regulating epithelial cell dissociation but also provide the ability to breakdown the 

ECM and initiate the metastatic cascade.   

Invading cancer cells need to be able to intravasate into the systemic circulation, by 

trans-endothelial migration and survive anoikis for successful dissemination.  Using a 

trans endothelial migration assay Drake et al reported ZEB1 (EMT-TF) expression in 

prostate cancer cells (PC-3) enhanced migration through the endothelial barrier (96). 

Using a modified chick chorioallontronic membrane (CAM) assay, Ota et al reported 

SNAIL expressing breast cancer (MCF-7) cells exhibited enhanced capacity to intravasate 

into the host vasculature by activation of membrane bound MT1-MMP (94).  Up on 

entering the systemic circulation, the migrating cancer cells need to be able to evade the 

immune system, survive anoikis and extravasate. Evidence that activation of EMT 

pathways, promotes successful dissemination into the systemic circulation was reported 

by Rhim et al, who reported detection of SIP1/ZEB2 expressing CTC’s during 

premalignant stages of pancreatic cancer progression (97).  Similar findings were reported 

in squamous cell carcinoma, where Twist1 expression resulted in a significant increase in 

the number of malignant cells in the systemic circulation. The association between 

mesenchymal tumour markers and circulating tumour cells (CTC’s) has also been 

demonstrated in many clinical trails (98).  CTC’s from breast cancer patients revealed high 

levels of mesenchymal markers and low levels of epithelial markers.  CTC’s from 
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hepatocellular carcinoma patients that experienced metastasis expressed 20 times more 

Snail transcripts when compared with patients with no metastasis (99).  The above data 

confirms EMT pathways not only promote dissociation from the primary tumour, but also 

play a critical role in promoting extravasation and survival in the systemic circulation.  

The final stages of cancer metastasis involve extravasation and formation of 

secondary deposits in distant organs.  A number of studies have associated mesenchymal 

cancer cells with increased capacity to extravasate the systemic circulation and form 

secondary deposits. However, most of these studies have relied up on injecting large cell 

numbers into the tail vein of mice and assessing tumour formatting in the lungs.  This 

findings need to be interpreted with caution as tail vein injections can result in the rapid 

arrival of a large number of cells in the lung micro-vasculature, thus promoting intra-vessel 

growth rather than true extravasation.  Recently, Stoletov et al using a zebra fish model 

demonstrated EMT marker expression in breast cancer cells promotes extravasation and 

successful formation of micro-metastasis (100).  After successful extravasation, 

mesenchymal cancer cells have to undergo the reverse process of mesenchymal to 

epithelial transition or ‘MET’ to form macro-metastasis.  The process of MET is critical to 

successfully establish macro-metastasis as EMT leads to senescence and inhibition of 

cell proliferation by depleting cyclin dependent kinases (101).  Experimental evidence for 

MET was strongly demonstrated by Tsai et al, using a Twist1 inducible skin cancer model, 

that demonstrated the loss of EMT inducing signals at the distant site was essential for 

cell proliferation and macro-metastasis formation (99).  Similarly, Ocana et al reported 

loss of novel EMT inducer Prrx1 is required for successful distant metastasis formation of 

lung metastasis in a murine breast cancer model (102). 

  Experimental and clinical evidence supporting a critical role for EMT in cancer 

metastasis is overwhelming.   EMT inducing TF’s are often expressed at the invasive front 

of tumours and associated with increased metastatic capacity and poor oncological 

outcomes (65, 66, 103). The role of EMT in cancer metastasis is however far from fully 

understood (53).  The notion that aberrant activation of EMT pathways is essential for all 
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carcinomas to metastasise needs to be qualified and frequently disputed by clinical 

pathologists (104).  A substantial part of this reluctance comes from contradicting results 

observed in studies reporting oncological outcomes in patients expressing EMT-TF’s. 

Methodological variation in scoring, TF studied, tumour type investigated and laboratory 

technique applied may have however contributed to these inconsistencies. The 

development of a standard scoring system by Tan et al may help standardise reporting in 

the future and help translate mesenchymal traits into biomarkers (105).  EMT inducing 

TF’s face a further technical challenge; mesenchymal biomarkers are often expressed by 

tumours associated stromal tissue, making it difficult to differentiate carcinoma cells from 

their surrounding stroma. Studies in breast and ovarian cancer have also highlighted the 

existence of cells expressing both epithelial and mesenchymal features (79, 106).  

Therefore binary scoring systems, which do not consider cells of an intermediate 

phenotype, may have underestimated the contribution of EMT to metastasis thus resulting 

in contradicting reporting of results. 

Mechanistic studies investigating the contribution of EMT to metastasis in mouse 

models, have demonstrated Twist1 activation although important for invasion and 

formation of CTC’s is not essential for metastatic colonisation (107, 108). These findings 

are, consistent with the plastic nature of EMT and the requirement to undergo MET for 

colonisation.   Zheng et al demonstrated loss of SNAIL or Twist does not block systemic 

dissemination in pancreatic ductal adenocarcinoma (PDAC) (107).   The study however 

does not address the issue of co-operation between different EMT-TF and consequently it 

is plausible absence of a single TF may not be sufficient to block EMT pathways. To the 

contrary, enrichment of mesenchymal markers has been reported in CTC’s (106, 109, 

110) and intravital microscopy has demonstrated both EMT and MET in vivo (111).  An 

elegant study by Krebs et al using the same murine model (KPC) of pancreatic cancer, 

driven by Pdx1-cre mediated activation of mutant Kras and p53, reported ZEB1 to be a 

key TF for the formation of precursor lesions, invasion and notably metastasis.  Depletion 

of ZEB1 supressed phenotypic/metabolic plasticity, stemness and colonisation capacity 

resulting in reduced metastasis(112). These studies provide compelling evidence for a 
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role for EMT in the metastasis cascade.  The question of whether EMT is essential for 

metastasis is yet to be fully answered, more studies in different primary tumours is 

required before a critical role for EMT in metastasis can be ruled out.  

 

Figure 6: This schema highlights the spectrum of transition states during EMT.  Cells that have 
undergone EMT dissociate from sister cells and acquire increased capacity to metastasis. 
Mesenchymal cells degrade the ECM and intravasate across the endothelial lamina.  Within the 
systemic circulation, mesenchymal cells poses increase ability to survive anoikis and evade the 
immune system.  Mesenchymal differentiation in the circulation is maintained by secretion of 
TGFβ by adherent platelets.  Extravasation occurs at distant sites where cells undergo the reverse 
process of MET and proliferate to form secondary deposits. Adapted from Nieto 2015 (53). 

1.5 EMT induces resistance to chemotherapy and radiotherapy 

Sommers et al was the first to describe the link between EMT and chemo resistance in 

1992.  The study observed that MCF7 cells with mesenchymal traits were resistant to 

treatment with Adriamycin and Vinblastine (113).  A seminal study by Mani et al reported 

induction of an EMT in mammary epithelial cells results in acquisition of stem cell markers 

promotes mammosphere formation and enhances tumour-initiating capacity (110).  A 

subsequent drug screen of 16000 agents performed by Gupta and colleagues highlighted 

breast cancer cells that had undergone an EMT exhibited apoptosis resistance to 97% of 

conventional chemotherapeutic agents used in the study.  Since then it has been 

increasingly recognised, that EMT is accompanied by chemoresistance in pancreatic, 

breast, colon and prostrate cancer (66, 113-116). Subsequent studies have reported, 

oxaliplatin resistant CRC cells exhibit a mesenchymal morphology and display features 

suggestive of an EMT (117).  SNAIL expression in CRC cells promotes apoptosis 

resistance to 5-FU and ionising radiation (IR) (118), whilst over expression of mir200c a 

negative regulator of EMT restored sensitivity (119).  Recently, Fischer et al developed a 
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mesenchymal lineage tracing system and demonstrated EMT significantly contributes to 

formation of recurrent lung metastasis after treatment with cyclophosphamide. In this 

study, metastasis that occurred in control mice primarily exhibited cells of an epithelial 

lineage, whilst the treated animals exhibited a significantly greater population of 

mesenchymal cells. The authors postulated the observed resistance is secondary to 

acquisition of EMT associated properties such as; apoptosis resistance, reduced 

proliferation and increased expression of chemoresistance related genes.  The critical 

contribution of EMT TF’s towards promoting chemoresistance was proven by abrogating 

the acquired apoptosis resistance by over-expressing mir-200 (108). Zheng and co-

workers also performed an elegant experiment to demonstrate the importance of EMT-

TF’s in inducing chemoresistance in pancreatic ductal adenocarcinoma (PDAC).  Using a 

genetically engineered SNAIL deficient and KRAS/P53 mutant mouse model, the 

researchers showed enhanced apoptosis and reduced tumour burden in SNAIL deficient 

mouse when compared to controls (KTC), after treatment with gemcitabine (107).  

Transcriptions factors and pathways promoting EMT have also been associated with 

chemotherapy resistance.  Expression of EMT-TF SNAIL, TWIST and ZEB associates 

with poor response to chemotherapy in many cancers (66, 107, 116, 120-122).  Treatment 

of cancer cells with an antibody against EMT associated cytokine TGFβ sensitises cancer 

cells to alkylating agents (123). Overexpression of Wnt/β-catenin signalling pathway 

promotes mesenchymal transition and resistance to trastuzumab in HER2 overexpressing 

breast cancer cells (124).   

Several chemotherapy resistance mechanisms have been identified as contributing 

towards apoptosis resistance in mesenchymal tumour cells. An important mechanism 

promoting drug resistance in mesenchymal cancer cells is excessive drug efflux by 

multiple cell membrane transport proteins termed ATP binding cassettes (ABC) (125).  

Multiple drug transporters MDR1, MDR1 associated protein and breast cancer resistance 

protein (ABCG2) are know to be involved in promoting drug resistance to Doxorubicin in 

mesenchymal breast cancer cell lines (126). Saxena et al highlighted the presence of E-

box binding elements in the promoter region of these genes, and reported increased 
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expression after induction of EMT (127). TWIST expression promotes resistance to 

oxaliplatin by up regulating expression of multidrug resistance protein MDR1 in colorectal 

cancer (128).  Slug an EMT inducing TF is believed to promote resistance to epidermal 

growth factor tyrosine kinase inhibitor (EGF-TKI) by modulating genes regulating 

apoptosis signalling (129).   

ZEB1 promotes apoptosis resistance to ionising radiation by enhancing DNA double 

strand break repair.  ATM mediated phosphorylation of ZEB1 after exposure to ionising 

radiation (IR), is though to stabilise the TF.  A subsequent interaction between ZEB1 and 

deubiquitinase USP7 improves its ability to stabilise CHK1, thus promoting cell cycle 

arrest and DNA repair (120).  Silencing ZEB1 expression in cancer cells have also been 

demonstrated to increase radio sensitivity in vitro and in vivo (130).  The above studies 

provide strong evidence for the role of EMT inducing TF in promoting chemo-

radioresistance in cancer.  Although some mechanisms driving resistance have been 

identified, it is clear that EMT induced chemoresistance occurs secondary to multiple 

resistance mechanisms that require urgent investigation to improve cancer outcomes.  

1.6 Partial EMT and plasticity 

The traditional binary model of EMT, defined mesenchymal transition by the loss of 

epithelial and gain of mesenchymal biomarkers.  It was suggested, the switch in 

biomarker expression occurred in isolation and never simultaneously (53).  Traditionally, 

epithelial cells were defined by the expression of adhesion proteins such as E-Cadherin, 

cytokeratin’s and occludins (ZO1, 2 and 3) (53, 81), whilst the expression of N-cadherin, 

Vimentin and certain integrins (αVβ6) were thought to depict a mesenchymal phenotype 

(73, 77, 82).  The definition of EMT has now however been broadened to include the 

existence of hybrid cells expressing both epithelial and mesenchymal markers 

simultaneously (53).  Cells bearing this hybrid phenotype are referred to as ‘metastable’ 

reflecting the flexibility of further progression towards a full mesenchymal state or reversal 

to an epithelial phenotype (49, 53). 
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Evidence of transitional EMT states comes from studies reporting co-expression of 

epithelial and mesenchymal markers in the same cell.  The expression of mesenchymal 

markers is not however an absolute necessity to define a ‘metastable’ phenotype.  Even 

when a cell is defined as ‘mesenchymal’ by the expression of a certain biomarkers, much 

heterogeneity in terms of mesenchymal characteristics exists (49).  An analysis of 43 

ovarian cancer cell lines, thought to represent an intermediate phenotype by the co-

expression of cytokeratin’s and vimentin, up regulated N-cadherin in only 50% of cases 

(131).  It can thus be perceived the two populations of cells belong to differing stages of 

mesenchymal transition and are likely to behave distinctly in terms of metastasis and 

colonisation (132, 133).  During renal fibrosis, renal epithelial cells undergo a partial EMT 

and remain in this intermediary state indefinitely, highlighting in some instance that a 

partial EMT may represent a final state of differentiation (134).  In summary, intermediate 

states probably reflect the balance between EMT inducing transcription factors and their 

suppressive regulators (miRNA).  When trying to decipher the differentiation (epithelial vs. 

mesenchymal) status of a cell other characteristics of EMT such as apoptosis resistance, 

cell cycle attenuation and epigenetic changes should also be given careful consideration, 

before differentiation status can be determined.  
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Figure 7:Epithelail to mesenchymal transition involves transition through an intermediate 
plastic state. Growing evidence suggests EMT is a continuum represented by epithelial, 
intermediate and mesenchymal states.  These changes are regulated by transcription factors that 
modify gene expression by promoting epigenetic modifications at epithelial and mesenchymal 
genes.  The transitions are associated with changes in cell adhesion molecules, loss of apical basal 
polarity and gain of front-back polarity.  These changes can occur in a plastic manner both in 
forward and reverse direction.  It is not as yet clear if there is a point of no return with regards to 
returning to an epithelial state after EMT (53). 

1.7 EMT and Cancer stem cells  

It was first proposed in the mid 1800’s, that cancers are composed of a stem cell and 

differentiated cell population.  Over a hundred years later cancer stem cells from acute 

myeloid leukaemia were isolated (CD34+/CD38-) and shown to be able to form derivative 

leukaemia after transplantation into NOD/SCID mice in limiting dilutions (135).  These 

cells exhibit the ability to seed new tumours with the same heterogeneity as the tumour 

from which it was initially derived (136).  Similar approaches were subsequently used to 

derive and isolate stem cells from a range of solid cancers including colon, pancreas, 

prostate, melanoma and lung (135).  Over the years many stem cell markers including 

CD44high/CD24low surface expression profile, high intracellular aldehyde dehydrogenase 

(ALDH1), CD133+, C-met and Nestin expression have been used as markers of stem cell 

status, but none have proven to be universal to all malignancies (137).  The first evidence 

to associate the surprise link between EMT and stem cell status was provided by Mani 

and co-workers (110).  After EMT, human mammary epithelial cells exhibited a 
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mesenchymal phenotype, CD44high/CD24low surface expression profile, increased ability to 

form mammosphere and improved tumour initiating capacity in immune compromised 

mice (110). The ability of EMT-TF’s to promote stem cell properties was further proven 

expressing ZEB1 in pancreatic cancer.  Wellner et al reported ZEB1-TF in pancreatic 

cancer promotes tumorigenicity by repressing stemness inhibiting miRNA’s (138). 

However a generic mechanism underlying acquisition of stem cell traits after EMT is as 

yet poorly understood. SNAIL; an EMT inducing TF, shifts cell division from asymmetric 

(one stem cell, one differentiated cell) to symmetric cell (2 stem cells) division implying a 

role for EMT in increasing the stem cell pool (139). Further, Wnt signalling promotes an 

EMT and acquisition of stem cell features by stabilisation of EMT inducing TF’s SNAIL1 

and expression of Slug and Twist (135).  These results demonstrates the phenotype 

shared between stem cells and EMT derived tumour initiating cells are driven at least in 

part by the same molecular mechanisms. 

Cancer associated fibroblasts (CAF’s) are though to play a key role in promoting 

EMT and stemness properties (53). TGFβ induces programs in stromal cells that correlate 

with poor prognosis in colorectal cancer patients.  The mechanism driving poor 

oncological outcomes has been linked to cancer associated fibroblasts (CAF’s), that 

increase the frequency of cells with tumour initiating capacity (140) .  CAF’s with features 

indicative of myofibroblasts have been shown to promote the appearance of stemness 

features in HCC (141).  These studies suggest the tumour microenvironment may also 

play a key role in regulating EMT and stemness properties in cancer.  Despite strong 

evidence linking stemness and EMT, recent studies have postulated EMT and stemness 

may represent two independent and parallel events (53).  PRRX1 a potent EMT inducer, 

when down regulated in breast cancer cell line BT-549 is linked with MET and increased 

proliferation, but also with gain of stemness traits such as CD44high expression and 

mammosphere formations (102).  Parallels can also be seen between the induction of 

stemness properties and acquisition of pluripotency during fibroblast reprogramming.  The 

latter requires MET, compatible with the fact, embryonic stem cells are epithelial and 

consequently do not innately activate EMT pathways (142).    Further mechanistic studies 
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investigating the interactions between pathways promoting stemness and EMT are 

required to dissect the interdependence or independence of these cellular properties. 

1.8 Regulation of EMT pathways  

Several key signalling pathways including transforming growth factor β (TGF-β), Wnt, 

Notch and Hedgehog are involved in inducing EMT (44).  These signalling pathways, 

promote the expression of EMT inducing TF’s such as SNAL1, SNAL2, TWIST1, TWIST2, 

ZEB1 and SIP1/ZEB2 (57).  Activation of EMT inducing TF’s by paracrine signalling 

results in a complex series of cellular changes leading to down regulation of epithelial and 

up regulation of mesenchymal genes (143). EMT is tightly regulated at multiple levels by 

integrating epigenetic, transcriptional, translational, protein degradation and subcellular 

localisation strategies(53).   

MiRNA’s are important regulators of EMT (144),  for example transcription factors of 

the ZEB family form a double negative feedback loop with the miR-200 family, enabling a 

bi-stable switch between an epithelial and mesenchymal state (145).  A similar regulatory 

interaction has also been described between mir-34 and Snail1 (146).  miR-34 binds to 

the highly conserved 3’ UTR of SNAIL1 mRNA thus promoting its transcriptional 

repression. However, the effect of a miRNA–TF interaction loop may not be equivocal in 

repressive potency (53).  For example miRNA’s of the miR-200 family, miR200a/b/c, miR-

429 and miR-141 target ZEB1 transcription, but to varying degrees of strength (53). 

Further dissection of regulatory interaction between EMT-TF’s and miRNA’s may provide 

novel diagnostic and therapeutic opportunities in future years. 

Alternative splicing is another mechanism utilised to regulate EMT (53).  Expression 

of epithelial specific regulatory protein 1 and 2 (ESRP1 and ESRP2) influences the 

maintenance of epithelial features by promoting the production epithelial mRNA isoforms 

(147).  Whilst splicing factors such as Quaking, RBFOX2 and SRSF2 promote expression 

of mesenchymal mRNA isoforms and thus induce mesenchymal differentiation (148-150).  

Epigenetic modification of chromatin is a critical regulator of gene expression in EMT (64).  

For example, SNAIL regulates E-cadherin repression by recruiting chromatin modifiers 
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that convert the promoter region of E-cadherin from euchromatin (H3K4me3) to 

heterochromatin (H3K9me3) (151).  SNAIL also influences epigenetic regulation by 

recruiting histone modifiers such as de-acetylases, lysine specific de-methylase and 

components of the polycomb repressive complex (PRC) to genes that determine epithelial 

or mesenchymal differentiation status (151-154).  Whilst EMT inducing TF can promote 

recruitment of epigenetic regulators to modify gene expression, EMT-TF’s themselves are 

regulated by histone modifiers.  For example   ZEB1 expression is affected by epigenetic 

changes induced by methyltransferase PRDM14 (155, 156).  Therefore, histone modifiers 

play a key role in controlling expression of EMT inducing TF’s and repression of epithelial 

genes to promote mesenchymal transformation during EMT.  

At the protein level, posttranslational modification of EMT-TF’s plays a regulatory 

role in determining differentiation status. Phosphorylation of SNAI1 and TWIST1 by 

GSK3β or MAP kinases regulate their degradation(157, 158).  Phosphorylation of EMT-

TF’s has also been demonstrated to affect subcellular localisation adding a further layer of 

complexity (53). It is evident regulatory mechanisms driving EMT are complex and 

achieving a complete understanding seems a daunting task.  However, improved 

knowledge of regulatory mechanisms governing EMT may provide the key insight required 

for therapeutic application in the clinical setting. 

1.9 Major EMT transcription factors interaction and regulation 

Gene expression changes during epithelial to mesenchymal switch is regulated by 

transcription factors, considered master regulators of EMT (57).  EMT-TF including 

SNAIL, TWIST and Zinc finger E-box binding transcription factors (ZEB) are activated 

early in EMT, and reported to have central roles in both embryonic development, fibrosis 

and cancer progression (57).   These transcription factors have distinct expression profiles 

and their contribution to gene regulation depends on the tissue type involved and the 

signalling pathways initiated (57).  Together, the EMT TF’s poses the capacity to repress 

epithelial genes and promote expression of mesenchymal genes simultaneously (57). 
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1.9.1 SNAIL transcription factors  

SNAIL proteins 1 and 2 have been reported to activate EMT programmes during 

development fibrosis and cancer (159).  TGFβ, Wnt family proteins, Notch and growth 

factors that act through RTK’s to activate SNAIL expression depending on the 

physiological context (57, 160).  SNAIL1 can induce expression or promote repression of 

genes by binding E-box elements through their carboxy terminal zinc finger domains (154, 

160). Epigenetic mechanisms mediating E-cadherin repression have been investigated in 

detail (64).  Binding of SNAIL1 to E-boxes in the E-cadherin promoter recruits chromatin 

modifiers PRC2 complex which contains the methyltransferase enhancer of zeste 

homolog 2 (EZH2), G9a of suppressor of variegation 3-9 homologue 1 (SUV39H1), 

histone de-acetylase 1,2 and 3 and lysine specific de-methylase 1 (LSD1) to the proximal 

promoter (151, 152, 154, 161, 162).  These components modify chromatin marks on 

histone H3 at sites K9, K27 and K4, catalysing methylation or acetylation of lysine 

residues.  Studies have suggested these modifiers leave both repressive (H3K9 

Methylation) and activation (H3K4 methylation, H3K9 acetylation) marks creating a poised 

state promoting plasticity in gene expression required for EMT and subsequent MET(163).   

Post translational modification controlled by Glycogen synthase kinase 3β (GSK3β) 

also plays a pivotal role in controlling SNAIL induced EMT.  Phosphorylation of SNAIL1 at 

Ser97 and 101 facilitates nuclear export whilst phosphorylation at Ser 108, 112, 116 and 

120 promotes ubiquitin-mediated degradation (57).  EMT inducing signalling pathways 

(Wnt, PI3-AKT) inhibits Snail1 phosphorylation by GSK3β thus increasing Snail1 stability.  

Conversely, small C terminal domain phosphatase (SCP1) antagonises phosphorylation 

by GSK3β thus promoting retention in the nucleus, where it represses gene expression 

(164). SNAIL1 also co-operates with ETS1 to activate expression of matrix 

metalloproteases (MMP’s), which facilitate cell migration (165), whilst its interaction with 

SMAD proteins induce E-cadherin repression after treatment with TGF-β (166).   
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1.9.2 bHLH transcription factor  

Homodimeric and heterodimeric basic helix-loop-helix (bHLH) transcription factors also 

functions as master regulators of EMT (167).  Among these transcription factors TWIST1, 

TWIST2, E12, E47 and inhibitor of differentiation (ID) play key roles (167).  Like the SNAIL 

family of TF’s, Twist expression down regulates epithelial genes and promotes expression 

of mesenchymal genes (57). Like the SNAIL family, these transcription factors also 

assemble chromatin modifying complexes to regulate gene expression (64).  For example, 

TWIST1 recruits SET8 to the E-cadherin promoter and monomethylates H3K20 a mark 

associated with repression of E-cadherin (168).  In head and neck tumours TWIST1, 

promotes the expression of B lymphoma Mo-MLV insertion region 1 homologue (BMI1), a 

component of the PRC1 complex, TWIST1 subsequently cooperates with BMI1 to 

promote formation of heterochromatin at the E-cadherin promoter (169).  Transcription 

factor expression can in itself be regulated by a variety of signals. An ischaemic 

environment can promote expression of hypoxia inducible factor 1α (HIF1α), a TF that 

promotes TWIST1 expression (170).  Mechanical stress has also been demonstrated to 

promote TWIST1 expression in a β-Catenin dependent manner (171).  ID genes bind 

bHLH TF’s inhibiting their interaction with DNA.  TGFβ signalling performs a counter 

regulatory role by suppressing expression of ID proteins promoting EMT (172). Whilst 

post-translational phosphorylation by MAP-Kinase at Ser68 inhibits ubiquitination and 

degradation of TWIST, promoting EMT (157).  

1.9.3 ZEB transcription factors  

The two vertebrate transcription factors ZEB1 and SIP1/ZEB2 regulate EMT by inducing 

expression of genes promoting mesenchymal differentiation (160, 173).  Like other EMT 

inducing TF’s, ZEB protein expression is induced by TGFβ, Wnt and growth factors that 

activate RAS-MAP kinase signalling (160, 173).  Recent studies have also suggested, 

EMT-TF’s can trans-activate expression of each other; for example, ZEB1 expression is 

up regulated by the combined influence of SNAIL and Twist1 at the promoter region of the 

ZEB1 gene (174).    
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   ZEB1 mediated gene repression usually involves recruitment of C-terminal binding 

protein (CTBP) co-repressor, however a CTBP independent mechanism involving 

recruitment of BRG1, a chromatin remodelling protein to the E-cadherin promoter has also 

been reported (175).  ZEB1 also interact with transcriptional co-activators p300/CBP 

associated factor (PCAF), which facilitates switch from transcriptional repressor to 

activator (176). Like other EMT inducing transcription factors, ZEB proteins bind to E-box 

elements in the promoter region  of genes, thus modulating transcription (57).  ZEB1 

expression is tightly regulated by members of the miR-200 family of miRNA’s, which 

represses the translation of ZEB mRNA (177).  A double negative feedback loop of ZEB 

repressing miR-200 expression and miR-200 inhibiting ZEB protein translation is an 

important regulatory mechanism governing ZEB mediated EMT(178).  Apart from 

regulation by miRNA’s, ZEB protein’s cytoplasmic localisation is influenced by PRC2 

mediated sumoylation, which prevents association with CTBP and attenuates EMT(179) 

1.9.4 Novel transcription factors  

Apart from the above well-known TF families, novel EMT inducers have recently been 

identified (57).  Fork head box (FOX) TF’s defined by a DNA binding fork head domain, 

have recently been identified as an EMT inducer (180).  GATA family of TF’s 

characterised by a DNA binding dual zinc finger module controls the differentiation of a 

diverse cell lineages (181). SRY box (SOX) transcription factors synergise with SNAIL 

TF’s to promote EMT (182). A diverse array of transcription factors regulate EMT and 

MET pathways; greater insight into the interaction between TF’s and their regulators will 

help differentiate master regulators from tissue specific mediators of EMT and help 

identify their unique influence in health and disease.   
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Figure 8: Regulation of EMT by Transcription factors. Epithelial to mesenchymal transition is 
regulated by SNAIL, zinc finger E-box binding (ZEB) and basic helix-loop-helix family of 
transcription factors that repress epithelial genes and promote expression of mesenchymal genes.  
Post-translational modification can have a dramatic influence on TF localization within the cell and 
consequently differentiation.  A) Glycogen-synthase-kinase-3β (GSK3β) can phosphorylate Snail1 
at two different sites,  phosphorylation at the first site facilitates nuclear transport, whilst the 
second phosphorylation site promotes ubiquitilation and degradation by E3 ligases.  Other kinases 
that modulate SNAIL localization are protein kinase D1 (PKD1), large tumour suppressor 2 (LATS2) 
and p21activate kinase (PAK1).  PAKD1 mediated phosphorylation promotes nuclear transport, 
whilst the latter two protein kinases promotes nuclear retention and increased activity. B) Twist is 
phosphorylated by the MAP kinase p-38, JUN N-terminal kinase and Erk.  Phosphorylation inhibits 
degradation and promotes EMT.  C )SIP1/ZEB2 gets sumoylated by the PRC2 complex which 
reduces its activity as a transcription factor. E-cadherin – epithelial cadherin, ID, inhibitor of 
differentiation, MMP, Matrix metalloproteases, N-Cadherin, Neural cadherin, PALS1, protein 
associated with Lin 71, SPARC, secreted protein acidic and rich in cysteine, ZO1, Zonula occludens 
(67) .   

1.10 Signalling pathways and EMT  

The TGFβ family of receptors comprises of three TGFβ’s, two activins, many bone 

morphogenic proteins (BMP) and ligands that act through binary combination of trans 

membrane dual specificity kinase receptors (57).  TGFβ is recognised as a critical 

signalling cascade promoting EMT during development, wound healing and cancer 

progression. For example, TGFβ1 and 2 is required for the formation of the endocardial 

cushion during embryogenesis (183).  TGFβ1 expression promotes progression of 

pulmonary and hepatic fibrosis (184, 185).  Whilst expression in cancer is linked to EMT, 

increased metastatic capacity and chemoresistance in many malignancies (186-188).   
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TGFβ signalling occurs via SMAD dependent or SMAD independent mechanisms.  

Binding of TGFβ family of proteins to the tetrameric cell surface receptor complex, 

enables type II TGFβ family receptors to phosphorylate and activate type-1 trans 

membrane kinases that phosphorylates the C-termini of SMAD’s (189).  TGFβ receptor-1 

(TβR1) and TGFβ receptor-2 (TβR2) activate SMAD phosphorylation leading to the 

formation of trimeric SMAD complexes that can translocate to the nucleus and act as a 

transcriptional activator or repressors.  SMAD activation is negatively regulated by 

inhibitory SMAD’s (SMAD 6,7), which compete with SMAD 2 AND 3 to bind to type 1 

receptors (190, 191). The importance of TGFβ signalling in mediating EMT has been 

demonstrated by expression of dominant negative receptors, pharmacological inhibition 

and manipulation of SMAD protein expression (192-194).  TGFβ signalling has also been 

shown to induce ZEB1 expression, which in turn interacts with SMAD 3-4 to up regulate 

mesenchymal genes (176).   

TGFβ also induces signalling through RHO like GTPases, MAP kinase pathway and 

PI3K via a SMAD independent mechanism (194-196).  Activation of RHO, RAC and 

CDC42 drives cytoskeletal reorganisation required for metastasis (197).  Pharmacological 

inhibition or knock down of RHO and RACK prevents EMT in response to TGFβ treatment 

(198, 199).  In epithelial cells undergoing EMT, TGFβ activates AKT via PI3K, which in 

turn activates mammalian TOR complex 1 (mTORC1) and 2 (mTORC2) (193, 196). 

mTORC1 is required for protein synthesis, increase in cell size, invasion and motility,  

whilst mTORC2 is required for transition to a mesenchymal phenotype (196).   

Pharmacological inhibition of PI3K pathway prevents TGFβ induced EMT highlighting its 

significance in the process (200).  Inhibition of AKT decreases SNAIL1 expression and 

mTORC2 inhibition impedes metastatic behaviour highlighting the importance of this 

signalling pathway in promoting EMT (193).   TGFβ receptor also possesses dual kinase 

activity and is able to weakly phosphorylate Tyr residues and thus activate the MAP 

kinase pathway via phosphorylation of the adapter protein SRC homology 2 domain 

containing transforming protein 1 (SHC1) (201).  Although the contribution of this pathway 

to EMT is less clearly understood, pharmacological inhibition of ERK represses TGFβ 
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induced EMT (202). Previous studies have also reported ERK signalling promotes E-

cadherin down regulation and N-Cadherin expression, hallmark features of EMT (203, 

204).   

 

Figure 9:  Transforming growth factor-β (TGFβ) induces EMT by acting through SMAD-mediated 
and non-SMAD mediated signaling pathways induce EMT. Interaction of TGFβ with the 
tetrameric (TβR1 and TβR2) results in activation of SMAD 2/3, which then combines with SMAD4, 
translocates to the nucleus to modulate gene expression.  TGFβ signaling can also modulate gene 
expression by regulating miRNA expression profile and splicing regulatory proteins (e.g. ESRP1).  
The non-SMAD dependent signaling occurs secondary to activation of PI3K-AKT-mTORC1 signaling 
cascade, which increases translation, cell size and de-represses mRNA expression of certain genes 
by heterogeneous ribonucleoprotein E1.  TGFβ signaling also leads to dissolution of cell adhesion 
complexes and cytoskeletal rearrangement by activation of RHO-GTPases.  Polarity complexes 
also alter to favor a mesenchymal phenotype (57).   

1.10.1 Receptor tyrosine kinase mediated EMT 

Several growth factors that act via receptor tyrosine kinases (RTK’s) have been reported 

shown to induce EMT (57). Interaction between a growth factor ligand and associated 

receptor results in auto-phosphorylation of tyrosine residues in the intracellular domain.  

This auto-phosphorylation event leads to activation of signalling pathways (PI3-AKT / 

ERK-MAP kinase (57) that up regulate the expression of EMT inducing TF’s. For example, 

constitutive activation of the RAS-RAF pathway, results in aberrant ERK signalling and 

expression of SNAIL1, an EMT inducing TF (205). Fibroblast growth factor and insulin like 

growth factor signalling, induces EMT by up regulating expression of SLUG and ZEB1 

(206, 207). Hepatocyte growth factors interact with c-MET, resulting in expression of 

SNAIL1 (206, 208).  Epidermal growth factor (EGF) signalling induces EMT by up 
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regulating expression of SNAIL and Twist (209, 210), which enhances motility and 

invasiveness (211, 212).   

1.10.2 Other extracellular regulators of EMT 

Another example of an extracellular regulator of EMT is Wnt ligand interaction with 

Frizzled receptors.  The ligand receptor interaction results in inhibition of GSK3β mediated 

degradation of EMT inducing TF’s β-Catenin and SNAIL (213).  Hedgehog signalling via 

patch receptors up regulates EMT-TF factor through increased expression of glioma 

family of transcription factor Gli1 (214).  Notch receptor activation by jagged or Delta like 

ligand promotes expression of SNAIL1 (215).  Other micro environmental factors such as 

hypoxia, promote HIF1α expression and inflammatory cytokines, IL-6 and transcription 

factors such as NF-κB have also been shown to induce EMT(170, 216, 217).  An overview 

of the extracellular signalling pathways mediating EMT is provided in figure 10. 

It is now accepted that signalling pathways induce EMT during development and 

cancer progression.  Recent studies have added a further layer of complexity by 

suggesting crosstalk between signalling pathways can repress or promote EMT (57). 

TGFβ signalling destabilises adherens junctions thus promoting β-catenin translocation to 

the nucleus leading to activation of Wnt signalling (57).   Synergy between TGFβ 

signalling and RTK activation by FGF or EGF has also been demonstrated in cancer 

(218). Constitutive RAS activation resulting in ERK phosphorylation facilitates TGFβ 

induced EMT (219).  To the contrary, RTK activation may also deter EMT.  HGF signalling 

inhibits TGFβ induced EMT by promoting skil related novel protein N (SnoN) a 

transcriptional co-repressor of SMAD’s (220). In the cytoplasm, GSK3β phosphorylation 

by AKT promotes its degradation indirectly by promoting translocation of SNAIL to the 

nucleus (158). It is however important to highlight that cancer cells often posses mutations 

that may render cell lines susceptible to activation by certain extra cellular signals whilst 

rendering them unreactive to others.  Therefore, the above observations may not be 

universally applicable to all cancer cell lines. Further dissection of the complex interaction 
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between signalling pathways will provide greater insight for translational efforts in the 

future.  

 

Figure 10: Overview of signaling pathways that induce EMT. The above schema provides an 
overview of the different signaling pathway that can promote EMT. TGFβ mediated signaling was 
discussed in detail previously.  However briefly, TGFβ induced EMT can occur via a SMAD 
dependent or SMAD independent mechanism.  TGFβ can activate signaling via PI3-AKT, ERK 
MAPK, P38 MAPK and JNK pathways.  RAS-RAF-MEK-ERK signaling is mediated via the SRC 
homology 2 domain containing transforming A (SHCA), whilst P38 and JNK activation results from 
association of TRAF6 with the TGFβR1.   Several growth factors activate receptor tyrosine kinases 
to induce EMT. The RAS-RAF-MEK-ERK pathway activation by growth factors leads to expression 
of EMT inducing TF’s that promote EMT.  Wnt, Notch and Hedgehog activation can also induce 
EMT.  Wnt signaling stabilizes β-Catenin by inhibiting GSK3β, thus promoting transition of 
mesenchymal genes.  Hedgehog and NOTCH signaling activates expression of SNAIL TF’s leading to 
EMT.  A hypoxic tumour microenvironment and inflammation can also induce EMT HIF1α and 
STAT3 induced SNAIL expression (57) 

1.11 Epigenetic regulation of EMT 

In eukaryotic cells, DNA is wrapped around histone octamers to form the nucleosome, the 

basic repeating subunits of chromatin (64). Histone modification, remodelling, variants and 

DNA methylation can have major impact on gene expression and consequently cell 

behaviour and differentiation (221, 222).  A growing body of studies suggest EMT 

programmes result in a plethora of epigenetic changes that play a key role in promoting 

mesenchymal characteristics such as increased metastatic capacity and apoptosis 

resistance (53, 223-225).   ATP dependent chromatin remodelling is a well-known 

mechanism that permits compaction and de-compaction of chromatin, thus influencing 

gene expression (64).  Four major chromatin re-modellers that have been characterised 

are, SWI/SNF, CHD, ISWI and INO80 (226, 227).  MTA3, a subunit of the NuRD complex 

(CHD family) directly inhibits transcription of EMT inducing transcription factor SNAIL1 in 
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breast cancer (228).  BRG1 the catalytic subunit of the SWI/SNF complex is commonly 

mutated in cancer, whilst recent studies have also demonstrated its recruitment to the E-

cadherin promoter facilitating transcriptional repression (175).  BAF60C, another subunit 

of the SWI/SNF family has been shown to activate Wnt signalling thus promoting EMT 

and tumour progression (229).   

DNA methylation is a covalent modification that occurs at the 5’-position of the 

cytosine ring (5mC) within CpG dinucleotide repeats and is associated with 

transcriptionally repressed chromatin (230).  Three active DNA methyltransferases 

(DNMT’s) have been identified as undertaking 80% of the enzymatic activity in 

mammalian cells (230).  Disruption of DNA methylation has long been recognised in 

cancer, although genome scale methylation changes are yet to been reported in detail 

after EMT (224).  Multiple studies have investigated DNA methylation at the E-cadherin 

and miR-200 regulatory regions and (231-233) reported EMT-TF’s SNAIL1 and ZEB 

recruit DNMT’s to repress gene expression via a SMAD dependent manner (234, 235).  

The histone core is composed of one H3-H4 tetramer and two H2A-H2B dimers.  

The N-terminal tail of histone H3 is flexible and lysine rich, permitting biochemical 

modification that alter histone interactions and transcription (64).  Four well-documented 

histone modifications are methylation, ubiquitination, phosphorylation and acetylation.  

Given that transcriptional reprogramming occurs during EMT, histone modification 

provides a platform to regulate alterations in gene expression (230).  Histone acetylation  

is a modification found in abundance in euchromatin and  creates open chromatin 

conformation promoting transcription. Histone acetylation is performed by several families 

of histone acetyl-transferases including p300/CBP, TIP60 and hMOF (236).  In WNT 

signalling induced EMT, β-catenin promotes gene expression by recruiting P300-CBP to 

the transcription activation complex on target gene promoters (237, 238). In breast cancer 

cells, acetylation of H4K16 by acetyl-transferase hMOF promotes expression of tumour 

suppressor genes associated with EMT such as E-cadherin (239).  In addition to E-boxes, 

the E-cadherin promoter also harbours hepatocyte nuclear factor 3 (HNF3) binding sites.  
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HNF3 is expressed in epithelial cells and co-operates with p300/CBP at the CDH1 

promoter to facilitate gene expression and antagonise EMT (240).  In cells, lysine 

acetylation is counteracted by de-acetylation, which is enzymatically performed by histone 

deacetylases (HDAC’s).  SNAIL and ZEB family of TF’s recruits HDAC’s to the E-cadherin 

promoter thus inhibiting transcription (154, 241).  SNAIL family of TF’s also bind to E-box 

elements in the BRACA2 gene promoter and silence gene expression by recruiting the 

HDAC1 containing CTBP complex (242).  This data suggests acetylation of lysine 

residues plays a critical role in mediating gene expression during EMT.   

Another prominent regulatory epigenetic modification is methylation of lysine and 

arginine residues primarily on histone H3 (64).  The balance between methylation and de-

methylation is controlled by activity of DNA methyltransferases and demethylases.  Unlike 

acetylation, methylation can promote gene expression or repression based on the lysine 

residue that is modified.  In general, a well-recognised permissive mark is H3K4me3, 

which decorates euchromatin, whilst H3K36 and H3K79 methylation associates with 

transcribed genes (230). H3K27 and H3K9 methylation are repressive in nature and used 

as makers of heterochromatin.  Widespread histone methylation changes at the gene and 

genomic level has been reported during EMT (224, 225). Expression of DOTL1 a H3K79 

histone methyltransferase associated with disease recurrence in breast cancer (243). 

DOTL1 forms complexes with c-Myc and p300 at the promoter region of SNAIL and ZEB 

family of TF’s to promote EMT and metastasis (244).  Furthermore, asymmetric arginine 

methylation by protein arginine methyltransferase PRMT1 promotes ZEB1 expression and 

EMT in breast cancer cells (245).  In a TGF-β and SNAIL induced model of EMT, 

mesenchymal transformation was accompanied by genome scale increases in H3K4me3 

and H3K36me3, whilst this gain in permissive marks was accompanied by loss 

heterochromatin marks H3K9me3 and H3K27me3(224). 

Histone methylation is counter balanced by demethylation by histone demethylases. 

LSD1, a demethylase is overexpressed in breast and colorectal cancer (246) and its 

inhibition promotes expression of epithelial genes such as E-cadherin and ZO-1 (247-
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249). SNAIL recruits LSD1/CoREST complex to demethylate H3K4 thus repressing E-

cadherin expression(249).  LSD1 exists in the ZEB1 containing CTBP1 Co-repressor 

complex thus highlighting its role in ZEB induced EMT(250).  Whilst the above data 

suggests LSD1 promotes EMT, evidence to the contrary has also been reported.  LSD1 

posses the ability to remove repressive K9 methylation marks suggesting its role might 

vary in accordance with other regulatory subunits of histone modifying complex (251).  For 

example LSD1 is a subunit of the NurD complex which supresses TGF-β1 induced EMT 

(252).  

Histone H3K9 and K27 methylation are repressive marks and decorate 

heterochromatin (230).  K9 methyltransferase activity is primarily undertaken by G9a, 

SETDB1, SUV39H1 and GLP(64).  Whilst K27 methylation is co-ordinated almost 

singularly by EZH2, which is part of the poly-comb repressive complex (PRC2)(230).  A 

link between repressive (K9,K27) marks and EMT was reported by studies demonstrating 

SNAIL1 recruits G9a and SUV31H1 to the E-cadherin promoter to repress gene 

expression (162, 234).  Reduced expression of SETDB1 antagonises mesenchymal 

transition in breast cancer cells, suggesting K9 methylation promotes EMT.  However, 

other studies have suggested SETDB1 indirectly up regulates STAT3 expression and 

induces Twist and C-Myc to promote EMT(253).  

EZH2 or its close homolog EZH1 containing PRC2 complex is known to play a 

fundamental role in embryonic development and cancer stem cell formation (254).  Recent 

studies in pancreatic and colorectal cancer have demonstrated, SNAIL1 an EMT inducing 

TF directly interacts with EZH2 promoter thus repressing E-cadherin expression (151). 

Aggressive breast, bladder and prostate cancer cells have also been reported to over-

express EZH2 (255).  Thus, it could be postulated EZH2 mediated repression of adherens 

junctions promotes the increased metastatic potential observed in these cells.  However 

the exact mechanistic details remains un-dissected (255).  

Other proposed models of EZH2 induced EMT include; tri-methylation of H3K27 by 

EZH2 promotes the recruitment of PRC1 complex to the histone modification (256). The 
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PRC1 complex contains the BMI1 subunit, which is deregulated in many cancers and 

poses the ability to induce EMT by stabilising expression of SNAIL (257-259).  An 

alternative mechanism that has been reported is, TWIST1 expression enhances BMI1 

protein expression, which consequently results in EMT in a TWIST and BMI dependent 

manner (169).  Although many correlative studies have reported an increase in EZH2 

expression in adenocarcinomas, the opposite has also been reported in several instances 

(225, 260, 261).  Further mechanistic detail of epigenetic regulation of EMT in physiology 

and cancer is urgently required, before the precise function of EZH2 in cancer can be 

accurately deciphered.  

 

Figure 11: Epigenetic regulation of gene expression by EMT inducing transcription factors.The 
primary mechanism by which EMT inducing TF’s silence of epithelial genes is by promoting 
epigenetic histone modification.  a) SNAIL binding to the promoter of the CDH1 gene promotes 
repressive histones marks (H3K27me3) by recruiting the PRC2 complex, (b). EMT-TFs associate 
with the NuRD complex, which contains HDACs, which catalyse the removal of acetyl groups from 
lysine residues of histones thus repressing gene expression. (c) SNAIL mediated recruitment of 
LSD1 can have opposing outcomes, depending on the constituents of the complex. LSD1 can 
promote removal of euchromatin marks or heterochromatic marks thus promoting or repressing 
gene expression (d) SNAIL mediates silencing of epithelial genes by recruiting G9a and SUV39H1, 
which results in the tri-methylation of H3K9. The H3K9me3 mark promotes recruitment of 
DNMTs, which in turn leads to CpG methylation blocking transcription (64). 
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1.12 EMT associated proteins as Biomarkers in CRC 

EMT has long been recognised as a cellular event promoting metastasis.  Aberrant 

expression of transcription factors associated with EMT have been reported in many 

adenocarcinomas including CRC (104).  β-Catenin, an EMT inducing TF and activator of 

WNT signalling is deregulated during CRC progression and EMT (262, 263).  However, 

studies correlating β-catenin expression with oncological outcomes reported no 

differences in oncological outcomes (264, 265).   Numerous studies have investigated the 

potential role of E-cadherin as a biomarker of recurrence risk in CRC.  Of over 20 studies 

that have been conducted, three studies have reported worse oncological outcomes in E-

cadherin negative tumours (266-268).  The validity of these results are however plagued 

by inconsistencies in reporting standards.   

EMT inducing TF’s are considered master regulators of EMT have been studied as 

prognostic biomarkers in primary CRC.  Shiori et al reported, 37% of CRC specimens 

analysed in the study expressed SLUG and univariate analysis associating SLUG 

expression with patient outcomes revealed worse oncological outcomes in patients scored 

SLUG positive. Multivariable analysis highlighted SLUG as an independent prognostic 

marker of disease free and overall survival in primary CRC(268).  SNAIL1 another EMT 

inducing TF has also been studied in primary CRC.  Of three studies conducted, two 

reported worse outcomes in patients scored SNAIL positive (43, 262, 269). Only one 

study to date has assessed Twist1 expression in CRC.  The study investigated survival 

outcomes in patients with primary CRC and concluded Twist positivity associated with 

poor overall and disease free survival (270).  ZEB TF’s have also been studied in primary 

CRC, Kahlert and colleagues reported SIP1/ZEB2 expression at the invasive front of 

colorectal adenocarcinoma and reported cytoplasmic SIP1/ZEB2 expression at the 

invasive front associated with poor oncological outcomes.  Multivariable analysis 

highlighted SIP1/ZEB2 as an independent prognostic marker of both disease free and 

cancer specific survival (65).  30% tumour positivity was reported in a study that evaluated 

ZEB1 expression in CRC.  Nuclear ZEB1 expression associated with early recurrence and 

reduced survival. Multivariate analysis was however not undertaken (271).  The evidence 
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pertaining to use of EMT biomarkers is however currently sparse and limited by the 

heterogeneity in reporting standards and study design.   

 Apart from the work that has been carried out investigating the potential role of 

EMT inducing TF’s using IHC, a consortium of leading scientist within the colorectal field 

have recently highlighted the importance of identifying a mesenchymal tumours based on 

transcriptional subtyping(33).  Six independent studies classified a large cohort of CRC 

specimens and in every case a mesenchymal tumour profile was associated with worse 

survival outcomes and attenuated response to chemotherapy(42, 272-276). Although this 

collaborative effort has produced promising results, it is not without its own limitations.  

Recent studies have reported transcription-based patient classifiers are biased by the 

stromal derived cellular content, which predominates particularly if the tumour was 

sampled at the invasive front(277). To abrogate this sampling bias Isella and colleagues 

developed the CRC intrinsic subtypes (CRIS) classifier derived by analysing a large 

cohort of patient derived Xenografts (Pdx) CRC, since in these tumours the human 

stromal component is substituted by the mouse counterparts(278).  Analysis of a number 

transcription based classifiers that defined the mesenchymal subtype, using different gene 

signatures demonstrated that the CRIS sub-classification was immune to the bias induced 

by sampling from different regions of the same tumour (277). A significant limitation of all 

these studies however is that, none have clearly addressed the question of the relative 

contribution of each sub-classification to the currently clinically used TNM staging system. 

Further, transcription-based analysis of the tumour subgroups requires the specialised 

application of sequencing techniques and subsequent complex bioinformatics analysis 

which may be subverted if the same tumour subtypes may be clinically identified by a 

simple immuno-histochemical analysis for a single or panel of mesenchymal tumour 

markers. Greater standardisation of study designs, gene signatures, scoring systems and 

reporting standards may help unlock the potential of a EMT phenotype as predictive or 

prognostic biomarkers that is routinely applied in the clinical setting in future years. 
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1.13 EMT and cancer therapeutics   

Since its fruition as a concept, EMT has been identified as a major mediator of 

metastasis and chemo resistance in cancer.  Consequently, drugs reversing EMT have 

been proposed as a therapeutic option to inhibit recurrence and abrogate drug resistance 

(53).  TGF-β inhibitors are the most intensively investigated anti-EMT compounds and 

recent Phase I studies have trialled their use in both hepatocellular carcinoma and 

glioblastoma (279, 280).  Unfortunately, the results were inconclusive, warranting further 

investigation in the future (279).  Src inhibitors have also been trialled in recent years, 

however outcome of clinical trails after its use as a mono-therapy or in combination have 

been disappointing (53).  PF-00562271 a focal adhesion kinase inhibitor is being tested in 

a phase 1 dose escalation trial against solid tumours with promising results.  However, the 

combination of drugs required to inhibit EMT whilst minimising side effects requires careful 

consideration (281, 282).  Drug developments platforms are currently hindered by the 

absence of tumour representative models that encompass all aspects of the tumour 

microenvironment such as fibroblasts and the immune infiltrate.  Studies using microfluidic 

co-culture platforms and organoid models may improve predictive capacity of drugs in the 

clinical setting (53).  A further layer of complexity has been added to reversing EMT in 

cancer, due to the existence of intermediate transition states.  Better understanding of 

transition states and optimal cell phenotype for drug sensitisation is required before 

effective clinical translation is likely to be achieved. 

There is now overwhelming evidence, that EMT induces resistance to 

chemotherapeutic agents such as oxaliplatin, 5-flurouracil, doxorubicin and ionising 

radiation (44, 66, 107).  Even studies that suggest a limited contribution of EMT to 

metastasis have report a significant contribution to chemo resistance (107).  Therapeutic 

strategies therefore may find success by targeting pathways that are critical in maintaining 

mesenchymal phenotype.  For example EGFR mutant non-small cell lung cancer cells 

become Axl receptor dependent after switching to a mesenchymal phenotype.  Therefore 

it can be envisaged EGFR mutant cells may be targeted by inhibitors or antibodies against 

the Axl receptor (283, 284).  Gupta and colleagues identified salinomycin as an agent with 
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specific toxicity against mesenchymal cells (115).  However, clinical trails are yet to report 

improvement in oncological outcomes from its administration to patients.  There have also 

been pipelines that target specific components of growth factors signalling pathways such 

as HGFR, insulin like growth factor 1, EGFR and PDGFR.  Whilst these treatments could 

be considered anti-EMT drugs, the pipelines were not designed with specificity to target 

cancer cells that have undergone mesenchymal transformation (53).  

The recognition of the critical influence of epigenetic modification and miRNA’s in 

maintaining mesenchymal differentiation has lead to the development of new targets for 

therapeutic intervention (64, 230).  For example DNA methylating agent 5-AzaC activates 

expression of miR-200 reversing EMT in ZEB expressing cells (285, 286).  Further, 

histone de-acetylate sirtuin (SIRT1) promote the expression of E-Cadherin and miR-200. 

These agents are now being studied in trials assessing their efficacy in myelodisplastic 

syndrome and leukaemia(287).  Histone deacetylase inhibitors have also been trialled and 

show promise in haematological malignancies, but have exhibited limited efficacy in solid 

tumours.  Conflicting evidence has emerged with regards to safety of HDAC inhibitors in 

recent years. HDAC inhibitors (HDAC1 & 2) inhibit EMT in a TGF-β dependent manner in 

hepatocytes and head and neck tumours.  However, more recent studies have suggested 

HDAC inhibitors can induce EMT in prostate and nasopharyngeal cancer cells.  Hence the 

utility and application of these inhibitors remain unclear and require careful consideration 

(64). 

1.14 Apoptosis 

The principle aim of administering chemotherapeutic drugs to patients with cancer is to 

induce ‘programmed cell death’ or apoptosis. Signalling for apoptosis occurs through 

multiple independent pathways that are initiated by triggering events within (Intrinsic) or 

outside (Extrinsic) the cell (288).  Both signalling pathways converge on common 

machinery to induce cell death by activating cysteine proteases (Caspases) that cleave 

proteins at aspartate residues (289). Morphological and molecular changes that ensue 

can be detected using a variety of laboratory techniques to detect apoptotic cells. 
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Morphological hallmarks of apoptosis include chromatin condensation, cytoplasmic 

shrinkage and plasma membrane blebbing; whilst phosphotidylserine externalisation, 

mitochondrial depolarisation and inter-nucleosomal DNA cleavage are used as molecular 

hallmarks (290).  

The intrinsic pathway is tightly regulated by the Bcl-2 family of pro (Bax, Bad, Bim) 

and anti-apoptotic (Bcl-2, Bcl-w, Bcl-XL) proteins (288).  Pro-apoptotic BH3-only members 

of the Bcl-2 family respond to death signals by trans-locating to the outer membrane of the 

mitochondria and inactivating anti-apoptotic Bcl-2 proteins.  The resulting oligomerisation 

of Bak and Bax leads to permiabilisation of the outer membrane of the mitochondria and 

release of pro-apoptotic factors that activate caspases (291). Proteins that are released 

from the inter-membrane space (IMS) include Cytochrome C, apoptosis inducing factor 

(AIF), endonuclease-G, Smac/Diablo and Omi/HtrA2.   Cytochrome C release into the 

cytosol leads to the oligomerisation of Apaf-1 and formation of the apoptosome 

(cytochrome C/Apaf1/Caspase-9) (291).   Apoptosis inducing factors (AIF) and 

endonuclease-G, translocate to the nucleus from the IMS and cleave DNA.  Smac/Diablo 

and Omi/HtrA2 activate caspases by neutralising the inhibitory effects of IAP’s (inhibitors 

of apoptosis proteins) (291).  

The extrinsic pathway is initiated by activation of death receptors (DR’s) that belong 

to the tumour necrosis factor (TNFα) superfamily (289).  The TNFα superfamily consist 

of >20 proteins that regulate a broad range of biological agents including survival, 

differentiation and immune regulation.  Members of the TNFα share similarities in 

structure, including a cysteine rich extracellular domain and an 80 amino acid intracellular 

death domain (DD) that plays a crucial role in transmitting extracellular death signals to 

the intracellular apoptosis pathways (288).  The best described death receptors are, 

CD95, TNF receptor 1 (TNFR1), TNF related apoptosis inducing ligand receptor 1 

(TRAIL1) and TRAIL2.  The corresponding ligands for death receptors are, CD95 ligand 

(CD95L), TNFα, lymphotoxin-α and TRAIL (288).   
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Activation of DR’s by ligand/receptor interaction leads to trimerisation and clustering 

of the intracellular death domains.  The clustering of DR’s leads to homophilic interactions 

between the death domains and adaptor molecules such as FAS associated death 

domain (FADD).  FADD in turn recruits caspase 8 to the activated DR, to form the death 

inducing signalling complex (DISC).  Oligomerisation of caspase 8 results in self-cleavage 

of the pro-caspase and activation of downstream caspase 3 (291).  In some instances the 

amount of caspase recruited to the DISC complex is insufficient to initiate activation of 

down stream caspases and a mitochondrial amplification loop is required.    A similar 

pattern of events has been reported on interaction of TRAIL with its cognate death 

receptors (TRAIL1 and TRAIL2) (288). 

Cancer cells have evolved numerous strategies to resist initiation of apoptosis via 

the intrinsic or extrinsic pathway.  For example cancer cells down regulate cell surface 

expression DR’s making them resistant to extrinsic apoptosis signalling (292).  Deficient 

Transport of TRAIL receptors from the endoplasmic reticulum to the cell surface has been 

reported as a mechanism driving resistance in CRC.  Decoy CD95 receptors that 

competitively bind the CD95L to inhibit transmission of apoptosis signalling has also been 

observed in breast and colon cancer (291).   Other mechanism including epigenetic 

silencing of DR expression, improved potency in negative regulation by phospho-protein 

enriched in diabetes (PEA-15) or FLIP has also been reported as resistance mechanisms 

against apoptosis (290).  Resistance to apoptosis by disruption of the intrinsic pathway is 

also well recognised in cancer.  For example overexpression of Bcl-2 due to translocation 

of the Bcl-2 oncogene into the immunoglobulin heavy chain gene locus is associated with 

85% of human follicular lymphoma. Loss of pro-apoptotic BH3-only members through 

deletions accelerates B-cell lymphogenesis and mantle cell lymphoma progression.  

Besides Bcl-2 proteins, absence or decreased activity of the Apaf-1 oligomer was found in 

ovarian cancer and melanoma (292).  p53 the most common genetic mutation on human 

cancer plays a central role in activation of intrinsic apoptosis pathways, partly by up-

regulating expression of BH3-only proteins Noxa, Puma and Bax.  It has also been 

reported p53 can bind to Bcl-2 and BclXL at the mitochondria thereby promoting 
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mitochondrial destabilisation (288).  The above evidence clearly demonstrates that 

apoptosis pathway play a critical role in regulating tumorigenesis, cell survival and 

treatment resistance, making it a key biological event to consider in cancer diagnostics 

and therapy. 

 

Figure 12: Intrinsic and extrinsic apoptosis signaling pathway. The apoptosis pathway can be 
activated via death receptor ligation or mitochondria depolarisation.  Ligand / receptor 
interaction between TNFα family of death receptors (CD95/TRAILR1/TRAILR2) and the cognate 
ligand (CD95L/TRAIL) results in receptor trimerisation and assembly of the Fas associated death 
domain (FADD) and caspase-8.  Activation of caspase-8 results in downstream activation of 
effector caspases-3 and cell apoptosis.  Mitochondrial depolarization by the assembly of pro-
apoptotic Bcl-2 proteins Bak and Bax results in of release pro-apoptotic factors form the inter-
membrane space (IMS).  Cytochrome C release into the cytosol results in activation of caspase-3 
through aggregation of the apoptosome.  Endonuclease –g and Apoptosis inducing factor-1 
translocate to the nucleus and undertake inter-nucleosome DNA cleavage.  Smac /Diablo and 
Omi/HtrA2 promoter apoptosis by counteracting the inhibitory effects of inhibitory apoptosis 
proteins (IAP’s). Apoptosis pathways are negatively regulated by FLIP, which competes with 
caspase-8 to inhibit activation after ligand/receptor interaction at death receptors (291).  

1.15 DNA Damage 

Preservation of genomic integrity is essential for faithful transmission of the genome 

to the progeny.  However, environmental factors and chemical make up of DNA do not 

guarantee the life long preservation of the genome.  Genomic injury undermines all basic 

biological processes and its successful repair is critical for normal cellular function.  DNA 

lesions arise from three primary sources: environmental agents such as ultraviolet light, 

ionising radiation, and numerous genotoxic chemicals; reactive oxygen species generated 

as a by-product of respiration and lipid peroxidation; and spontaneous hydrolysis of 
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nucleotide residues resulting in abasic sites and deamination of C, A and G (293).  From a 

therapeutic perspective, a wide variety of chemotherapeutic agents induce DNA damage 

with the aim of driving neoplastic cells towards apoptosis.  However, DNA repair of 

genomic insults and the resulting damage response have long been recognised as 

resistance mechanisms to treatment (290).  In the following sections, I will provide an 

overview of common DNA lesions, associated damage response and the repair machinery 

that works to preserve genomic integrity and avoid cell death.  

Table 1: DNA lesions and corresponding repair pathway. 

DNA lesions  Cause  Repair machinery 

Abasic site / Uracil (hypo)Xanthine  Spontaneous hydrolysis/ 
Spontaneous deamination 

Base excision repair 

Thymine glycol / 8-oxo-DG Reactive oxygen species (ROS) / 
respiration 

Base excision repair  

Mismatches / Small insertions and 
deletions  

Replication error / replication 
slippage 

Mismatch repair 

Cyclobutane pyramidine dimers 
(CPD) / 6-4 Pyramidine 
pyramidone photoproducts (6-4 
PP) 

Ultraviolet rays from Sunlight  Nucleotide excision repair 

Intrastrand crosslinks / 

Interstrand cross links  

Chemotherapy (Platinum drugs) Nucleotide excision repair / Double 
strand break repair / Fanconie 
anaemia pathway 

Single strand / Double strand  Ionising Irradiation /ROS Double strand break repair  

 

1.16 DNA damage response  

Due to the vital importance of maintaining genomic integrity, DNA damage is recognised 

and repaired or apoptosis pathways activated when repair is not feasible. The DNA 

damage response (DDR) machinery can be viewed as a classical signal transduction 

cascade in which damage is detected by a ‘sensor’ (DNA damage binding proteins), which 

then triggers the activation of ‘transducers’ (protein kinase cascade) that amplify and 

diversify the signal by targeting a series of ‘effectors’ (292).  In this section, I will discuss 

cellular DNA damage response using DNA double strand breaks (DSB) as an example. 

The mammalian DDR machinery regulates two key responses, namely the rapid activation 

of cell cycle check-points and recruitment of DNA repair proteins onto the chromatin (290). 



Chapter 1 

51 

The MRN (mre11-rad50-nbs1) complex is the first to get recruited to DSB’s where it 

functions to recruit and activate ataxia telangiectasia mutated (ATM) protein kinase.  

Activated ATM phosphorylates 100’s of proteins including proteins involved in apoptosis, 

check-point activation (e.g. p53 and chk2) and DNA repair proteins such as BRACA1 and 

53BP1 (292) .   

A key target of ATM is the phosphorylation of the c-terminal of the histone variant 

H2AX.  Phosphorylation leads to the formation of γH2AX, which creates a binding site for 

BRCT domain of the mdc1 protein(294).  Positioning of mdc1 at the double strand break 

creates a docking site for additional DSB repair proteins, including the MRN-ATM 

complex. The docking of ATM propagates H2AX phosphorylation that extends for 100’s of 

kilo-bases from the site of DSB (295).  The mdc1 protein also facilitates docking of 

ubiquitin ligases RNF8 and RNF168, which ubiquitinates chromatin and promotes loading 

of BRACA1 and 53BP1 (296).  In a similar fashion to the spread of γH2AX, chromatin 

ubiquitination also spreads for 100’s of bases from the DSB site (297).  If the DSB’s forms 

as a consequence of replication collapse, the resulting single strand DNA overhang binds 

to the RPA protein which in turn leads to activation of ATM related (ATR) proteins 

kinase(290).  Activation of ATM and ATR leads to phosphorylation of checkpoint kinases 

chk2 and chk1 respectively. Phosphorylation of checkpoint kinase results in depletion of 

cyclin-dependent kinases and cell cycle arrest, providing time for repair and reinstatement 

of genomic integrity (298).  Another important protein, DNA dependent protein kinase 

(DNA PK) and regulatory heterodimer Ku70/80 are also activated in response to DNA 

DSB breaks and play a key role in non homologous end joining and repair of DSB’s (298).  

Four major determinants of the DNA repair pathway choice include the nature of the DNA 

lesion and the stage of cell cycle during which the lesion is encountered.  In the next 

section, I will discuss the five main DNA repair pathways that get activated as a result of 

DNA damage response in mammalian cells.  
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Figure13: DNA damage response to DSB’s. DSB results in recruitment of MRN (mre11-rad50-
nbs1) to the site of repair.  Docking of the MRN complex to the DSB leads to activation ATM 
activation and phosphorylation of H2AX at serine 139 (γH2AX).  Single stranded DNA attracts RPA, 
which in turn activates ATR.  Activation of these master protein kinases, leads to amplification and 
diversification of the damage signal.  2 key signal traducing protein kinases are CHK1 and CHK2, 
which play critical role in regulating cycle progression, DNA repair and apoptosis (299). 

1.17 DNA damage repair  

All life forms have the ability to respond to alterations in genomic DNA that occurs 

spontaneously or caused by environmental agents (300) .  The options presented are to 

repair the damaged DNA or to tolerate the damage in ways that reduces their lethal 

effects (301).  DNA damaging agents such as oxaliplatin and 5-FU continue to present the 

main stay of treatment for patients with colorectal cancer (3).  These agents induce 

genotoxic stress and consequently it could be postulated improved repair mechanism 

would promote resistance.  In this section, I will briefly discuss cellular DNA repair 

mechanism and their potential contribution to treatment resistance in neoplastic cells.   
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DNA damage repair pathways can be divided into 5 main types: - 

1. Direct repair  

2. Base excision repair  

3. Nucleotide excision repair  

4. Mismatch repair  

5. Double strand break repair  

1.17.1 Direct repair  

During direct repair the abnormal chemical bonds between bases or nucleotides and an 

abnormal substituents are broken.  For example, exposure of DNA to UV irradiation 

results in the formation of pyrimidine dimers.  An enzyme termed DNA photolyase binds to 

DNA and catalyses the removal of the adduct using a flavin co-factor without disturbing 

the ribose backbone (302, 303).  Photolyase also binds to cisplatin induced DNA damage 

with high affinity (304).  It holds the capacity to improve efficacy of excision repair through 

currently unknown mechanism.  Another example is the suicide enzyme methyl guanine 

methyl transferase (MGMT).  This enzyme directly removes, methyl groups from guanine 

bases to maintain DNA integrity (305, 306). There are similar suicide enzymes that are 

capable of removing methyl groups from cytosine and adenine nucleotide bases. 

1.17.2 Base excision repair  (BER) 

Bases with small chemical alterations that do not disrupt DNA double helix are substrates 

for base excision repair.  These damages or group of lesions are targeted by a group of 

DNA specific glycosylases that recognise and remove the base from the sugar phosphate 

backbone e.g. OGG1 (8-oxoguanine glycosylase), UDG (uracil DNA glycosylase) and 

AAG (3-alkyladenine DNA glycosylase). The resulting abasic site is excised by 

apurinic/apyrimidinic (AP) endonucleases and the resulting gap filled and ligated  by BER 

specific DNA polymerase β and XRCC1/DNA ligase III complex.  Long patch BER results 

from DNA single strand breaks (SSBR) that requires repair of 2-13 base pairs at a stretch.  

SSBR results in recruitment of poly-ADP ribose polymerase to the break site.  This leads 
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to end processing of DNA by endonucleases such as aprataxin.  The resulting gap in filled 

by DNA polymerases and ligated by XRCC1/ligase III complex (307).   

1.17.3 Mismatch repair (MMR)  

The DNA Mismatch repair pathway plays a key role in stabilising the genome and the 

protein components of this system are highly conserved in both pro and eukaryotic cells. 

Mismatch of nucleotides occurs secondary to two primary mechanisms:  Error made by 

DNA polymerase or mismatches that occur during replication. In mammals the importance 

of mismatch repair genes in cancer progression was recognised by patients with HNPCC.  

These patients lack the ability to undertake DNA mismatch repair and consequently 

accrue mutations at a much higher rate, when compared to the normal population. MMR 

pathways involves four distinct steps: 1) recognition of the mismatched nucleotides, 2) 

Recruitment of additional MMR factors, 3) search for signals that identify the newly 

synthesised strand its excision and 4) re-synthesis of the excised tract.  In humans, 

damage recognition is undertaken by two heterodimers hMutSβ (MSH2-MSH3) and 

hMutSα (MSH2-MSH6) that poses varying affinities towards mismatch errors.  The MLH1-

/PMS2 complex interacts with the MSH proteins and replication factors facilitating excision 

by the enzyme Exonuclease-1.   Re-synthesis of the excised strand in performed DNA 

polymerase δ and the nick sealed by DNA ligases I (301).   

1.17.4 Nucleotide excision repair (NER) 

Nucleotide excision repair plays a critical role in mediating DNA damage response.  In 

contrast to limited substrate specificity of most DNA glycosylases, NER operates on a 

large spectrum of base damage produced by mutagenic and carcinogenic agents.  Unlike 

more simple forms of excision repair, which is performed by a few enzymes, NER requires 

the presence of 25 polypeptides for its successful completion.  The importance of NER in 

humans is highlighted by genetically inherited disorders Xeroderma pigmentosum  (XP) 

and Cockayne syndrome (CS) that occur secondary to inherited mutations in excision 

repair proteins.  The disease is autosomal recessive, with symptoms falling into 2 

categories: photodermatosis and neurological dysfunction. Nearly 90% of patients with XP 
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develop skin malignancies in their early teenage years due to extreme sensitivity to UV 

irradiation from sunlight.  Mutations in any one of seven classical XP complementation 

groups (XPA-XPG) have been identified as the cause of these symptoms form clinical 

studies investigating genetic heterogeneity in these patients (293, 307).   

  In vitro studies have demonstrated sixteen polypeptides grouped into six fractions 

are sufficient to reconstitute NER.  The repair process can be divide into three distinct 

stages: 1) DNA damage recognition, 2) dual incision / repair synthesis and 3) ligation.  

Although not proven, damage recognition is considered the rate-limiting step in the 

reaction as a wide range of adducts are recognised by a limited number of genes. Dual 

incision of the adduct requires the formation of a pre-incision complex.  The initial 

recognition step involves binding of XPA-RPA complex to DNA.  XPA and replication 

protein A (RPA) are complexes with high affinity to DNA, which is increase by their 

interaction with each other.  XPA-RPA recruits the TFIIH complex to the lesion, resulting 

in unwinding of DNA.  This allows intimate DNA protein interactions and makes the 

damaged strand accessible to XPC-HHR23B complex which interacts with TFIIH and 

XPA.  Once the pre-incision complex is constructed, incision at the 3’ end is made by 

recruitment of XPG, whilst XPF-ERCC1 complex makes the 5’ incision.  The 3’ incision is 

made 3-5 nucleotides from the lesion whilst the 5’ incision is made 20-24 nucleotides from 

the lesion.  The post-incision complex is dissociated by RFC molecular matchmaker which 

loads the PCNA trimeric circle and facilitates DNA synthesis by Pol ε and δ.  The repaired 

patch is subsequently ligated by DNA ligase (300, 307-309).   
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Figure 14: Stages in DNA repair by nucleotide excision repair pathway. The damage induced by 
platinum based chemotherapeutic agents is recognized by cooperative interactions of RPA, XPA, 
and XPC followed by recruitment of TFIIH. The helicase activity of TFIIH provides the major 
specificity by kinetic proofreading and results in formation of a tight complex. Subsequently XPG 
and XPF nucleases are recruited to make the 3′ and 5′ incisions. The excised “19-30‐mer” is 
released in a tight complex with TFIIH. The excision gap is filled in by DNA polymerases and ligated 
to produce a 30 nt long repair patch. Adapted from Sancar (310). 

1.17.5 Double-strand break repair 

The DNA repair mechanisms discussed previously in this section have relied on injury to a 

single strand.  The activated repair mechanism excises the adduct and uses the 

complementary strand to repair the patch.  However, insults can result in a break on both 

strand of the DNA.  The resulting DNA double strand breaks (DSB) are cytotoxic lesions 

that threaten genomic integrity and cell viability. Many chemotherapeutic agents such as 

oxaliplatin, doxorubicin and ionising irradiation (IR) induce DSB thus promoting cell death 

in both normal and neoplastic cells (311).  There are two major mechanism governing 

DSB repair in eukaryotic cells, namely homologous recombination (HR) and non-

homologous end joining (NHEJ) (311).  A key determinant of repair mechanism choice is 

phase of cell cycle.  HR requires a sister chromatid and consequently occurs at S and G2 

phases. Whilst NHEJ predominates at M and G1 stages of cell cycle (312).  During NHEJ, 

two broken ends of DNA are ligated independent of homology and consequently the 

mechanism is intrinsically error prone.  By contrast, HR uses a homologous sequence 

from a sister chromatids and thus error free (311).   

Oxaliplatin 
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NHEJ is a complex process that involves many proteins, however 6 proteins have 

currently been identified as required for direct catalysis of DSB repair (313).  Three are 

components of the DNA dependent protein kinase (DNA-PK), which include Ku70/Ku80 

and DNA-PKc, which is the catalytic subunit. Ku proteins bind to DNA after end 

processing at DSB’s and bringing the broken DNA together.  The binding of Ku proteins to 

the double strand break results in targeting of DNA-PKC’s to the DSB, leading to its 

activation.  Other important catalytic proteins are Artemis, which is an exonuclease that is 

phosphorylated and activated by DNA-PKC’s.  The final two components are DNA ligase 

IV and XRCC4, which functions as a complex to ligate the DNA ends.  The above process 

is highly conserved from yeast to human (313, 314).   

A large number of proteins are known to be involved in catalysing HR after at double 

strand break.  The first step in HR is DNA end binding by RAD52 or other mammalian 

homologues, which compete with the Ku proteins to channel the DSB towards HR.  ATM, 

ATR or DNA-PK activation results in histone H2A.X phosphorylation that facilitates binding 

of the conserved MRN complex to DNA.  The MRN complex promotes end resection 

resulting in the creation of single stranded DNA end flanking the DSB.  This single strand 

is bound by proteins including RPA, RAD54 and RAD51, which finds a homologous 

template and promote strand invasion.  These strands are extended by a polymerase and 

sealed to appropriate parental strand by a DNA ligase.  This process results in the 

formation of Holliday junctions, which are resolved by DNA cleavage and ligation.  In 

mammalian cells proteins such as BRCA1, BRCA 2 and Fanconi anaemia genes are also 

known play a central role in this process (313, 315).   
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Figure 15: Stages in double strand break repair by non-homologous end joining and homologous 
recombination. (A–D) The repair of DNA DSBs relies primarily upon two major mechanisms, the 
error prone non-homologous end joining (NHEJ) or the error free homologous recombination 
(HR). NHEJ is activated by binding of Ku proteins (Ku70-Ku80 complex) to damaged DNA at double 
strand breaks (DSB’s).  The Ku proteins attract the DNA dependent protein kinase catalytic subunit 
(DNAPKc’s) and activate its kinase activity.  DNAPKc’s activate important endonucleases Artermis, 
which performs end processing and finally the repaired DNA ends are ligated by ligase IV-XRCC4 
complex.  The end processing of damaged DNA by endonucleases results in loss of genetic 
information making the repair process intrinsically error prone.  Homologous recombination (HR) 
is an error free homology directed repair mechanism.  The initials steps of HR involve end 
resection, regulated by the MRN complex to generate single stranded DNA tails followed by 
pairing and exchange of strands mediated by RAD51.  BRC1/2 interact with RAD51 to regulate its 
function. The 3′ single-stranded end of the damaged DNA invades the homologous chromosome 
to form a displacement loop (D loop).  These strands are extended by a polymerase and sealed to 
appropriate parental strand by a DNA ligase (313). 

1.18 DNA repair and chromatin  

When considering DNA repair it is vital to consider the protein core (Histones) 

around which DNA is wrapped.  Despite growing acknowledgement of the influence of 

chromatin on DNA damage recognition and repair, a detail mechanistic overview is still 

lacking.   The Access-Repair-Restore model currently provides a construct around which 

chromatin and DNA repair pathways may be studied (226).  This model assumes that 

histone modifications are required for access of damaged DNA and subsequent 

restoration of chromatin integrity is critical once DNA repair is complete to avoid aberrant 
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gene expression.  For example histone H3/H4 chaperone CAF1 and anti-silencing 

function 1 (ASF1) have been identified as proteins that restore chromatin structure after 

nucleotide excision repair (316).  The most dramatic histone modification that occurs in 

response to DSB’s is the phosphorylation of H2AX at ser-139 to form γH2AX.  Flanking of 

DSB’s by the spread of γH2AX for several mega-bases provides a docking site for several 

DNA repair and DNA damage signalling molecules (226).  The importance of γH2AX in 

maintenance of genomic integrity has been demonstrated by the sensitivity of H2AX null 

mice to IR.  However, these mice were only partially deficient in repair and continued to be 

able to activate checkpoint kinases (290).   

The influence of higher order chromatin structures on DNA repair is an area of 

research where scientists continue to have limited insight.  The influence of tightly 

compacted heterochromatin (H3K9me3, H3K27me3) or transcriptionally active 

euchromatin (H3K4me3) on DNA repair kinetics remains an area of active research.  

Evidence that heterochromatin delays repair kinetics comes from yeast models where 

absence of an acetyltransferase Gcn5, which promotes open chromatin conformation 

delayed repair kinetics at specific loci where Gcn5 was known to remove heterochromatin 

marks (317).  Studies in mammalian cells have reported the requirement for release of 

heterochromatin factors   KAP associated protein (KAP1) for efficient DSB repair.  With 

regards to EMT, there is growing acknowledgement that mesenchymal transition requires 

genome scale reorganisation of the chromatin structures (318).  Evidence for this 

suggestion has recently been provided by studies suggesting loss of heterochromatin and 

gain of euchromatin marks after Twist1 and TGFβ induced EMT (224, 225).  The impact of 

these genome scale changes on DDS, chromatin stricture and repair are as yet poorly 

understood and requires urgent investigation. 
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1.19 Faster repair, greater tolerance or both 

A contributing role for EMT in inducing chemoresistance is beyond doubt (53, 107).  

However, the mechanism mediating treatment resistance is only partially understood.  

EMT has been closely affiliated with the acquisition of stem cell features(110).   It is now 

emerging stem cells deal with DNA damage in a more efficient manner when compared to 

differentiated cell populations (319, 320).  For example embryonic stem cells express 

higher levels of BER genes such as OGG1, thus repairing DNA adducts created by ROS 

more efficiently (319).  SNAIL an EMT inducing transcription factor up regulates 

expression of ERCC1 in head and neck cancer, promoting resistance to platinum based 

chemotherapeutic agents (321).  Studies in neural stem cells have demonstrated, NER is 

attenuated upon differentiation of precursors cells, suggesting higher repair capacity in de-

differentiated stem cells (322, 323).  Pluripotent stem cells also express high levels of 

MMR genes and repair DNA damage more efficiently when compared differentiated cells 

(319).  Expression levels of genes involved in NHEJ and HR are also increased in some 

stem cell populations thus exhibiting increased capacity for double strand break repair 

(319).  These findings highlight the notion that stem cells in general exhibit a higher 

efficiency in DNA damage repair.  Although the link between EMT and stemness has long 

been recognised, it is as yet unclear if pluripotent stem cells and cancer cells expressing 

EMT markers share the same mechanisms promoting DNA damage resistance.  Further, 

mechanistic detail pertaining to pathways promoting EMT and the precise contribution of 

different EMT-TF’s towards promoting chemo resistance warrants further investigation. 
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1.20 Summary, Hypothesis and Objectives 

Colorectal cancer (CRC) is the second commonest cause of cancer death in Europe, and 

a key public health issues.   Metastases are the principle cause of death and occur in up 

to 30% at presentation, and subsequently develop in 50% after potentially curative 

surgery from occult micro-metastases. The majority of patients with metastases are 

incurable, and can expect a median survival of only up to 2 years, even with the latest 

chemotherapeutic and biological agents.  Additionally, not all patients respond, and side 

effects are frequent, cumulative, and at times life threatening. These limitations in 

therapeutic avenues that are available for patients with metastatic disease, highlights the 

pressing need for the identification of new biomarkers to predict metastatic (and 

micrometastatic) capability, to tailor aggressive therapy to higher risk cases. Although 

development of primary CRC has served as a paradigm for understanding multistage 

carcinogenesis, the mechanisms mediating metastasis and chemoresistance are still 

poorly understood.  

Epithelial-Mesenchymal Transition (EMT) is an embryologically conserved genetic 

program by which epithelial cells down regulate cell-cell adhesions complexes, express 

mesenchymal markers, and manifest a migratory phenotype. While the significance of 

EMT during development and embryogenesis is well established, an emerging role is its 

involvement in metastasis and chemoresistance. EMT is activated by TGF, FGF, EGF, 

WNT and Notch signaling pathways, which converge to activate transcription factors that 

subsequently repress the expression of critical epithelial genes. Key transcription factors 

in this process include members of the SNAIL, Twist, and ZEB families, which promote 

cellular phenotypic switch. In addition to enhanced migration, metastatic cells also acquire 

apoptosis resistance, through as yet poorly understood mechanisms. Among EMT 

inducing transcription factors, SIP1/ZEB2 is the least studied in general, and specifically in 

CRC, due to the absence of specific and sensitive antibodies. Dr Sayan’s group recently 

overcame this hurdle by raising antibodies against different epitopes of SIP1/ZEB2 and 

validating its specificity.  
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Although the contribution of EMT to metastasis is disputed, there is overwhelming 

consensus that EMT induces chemoresistance.  A previous drug screen performed by our 

group demonstrated significant apoptosis resistance after treatment with DNA damaging 

agents in SIP1/ZEB2 expressing mesenchymal cells.  Although not well understood, 

mechanisms contributing to chemoresistance after EMT could include increased drug 

efflux, efficient DNA repair or tolerance to DNA damage.  Emerging evidence now suggest 

components of the DNA repair machinery are over expressed by mesenchymal cells 

expressing SNAIL1 in head and neck tumours. Sayan and colleagues reported 

SIP1/ZEB2 expressing carcinoma cells are resistant to platinum based chemotherapeutic 

agents due to reduced activation of DNA damage recognition signalling. This data suggests 

improved DNA damage may at least in part contribute to chemoresistance observed after 

EMT. However little is known about mechanisms promoting metastasis and 

chemoresistance in SIP1/ZEB2 expressing cells in CRC.  Consequently I hypothesised: 

 SMAD interacting protein (SIP1)/ Zinc finger E-box binding homeo-box 2 

(ZEB2) induced EMT promotes metastasis and apoptosis resistance to DNA 

damaging agents in colorectal cancer (CRC). 

AIM: The aim of this study is to determine the biological contribution of SIP1/ZEB2 to 

metastasis and chemo/radio resistance pathways in CRC. 

OBJECTIVES: 

1. Assess if SIP1/ZEB2 induces EMT in CRC. 

2. Investigate if SIP1/ZEB2 induced EMT promotes metastasis and chemo/radio 

resistance. 

3. Study the molecular mechanism mediating SIP1/ZEB2 induced apoptosis 

resistance. 

4. Validate in-vitro findings in a murine model 

RESEARCH PLAN: 

Objective 1: I will use DLD-SIP1 a doxycycline inducible cell line developed and validated 

by Berx and colleagues (324) to demonstrate SIP1/ZEB2 induces EMT in vitro. Changes 

to the expression profile of epithelial and mesenchymal cytoskeletal and cell adhesion 



Chapter 1 

63 

proteins considered hallmarks of EMT will be assessed by IF and WB.  The proliferation, 

motility and cell cycle kinetics of SIP1/ZEB2 expressing cells will also be assessed.  

Careful validation of these hallmark characteristics of EMT is critical, as alteration to these 

characteristics after induction of EMT can modify response to chemotherapeutic agents 

and thus bias functional experiments. I will assess, if SIP1/ZEB2 induces 

chemoresistance to drugs routinely used in the clinical setting (Oxaliplatin, 5FU and 

Doxorubicin) by WB for PARP cleavage.  Further, I will also investigate if SIP1/ZEB2 

promotes apoptosis resistance by improved drug efflux using the intrinsic fluorescence 

properties of doxorubicin.     

Objective 2: I will investigate if SIP1/ZEB2 expression in primary CRC cells promotes 

metastasis and chemoresistance in vivo.  To achieve this aim I will construct a 

retrospective database of patients that underwent primary resection for CRC between 

2004-2013.  I will subsequently undertake IHC analysis on these samples and correlate 

SIP1/ZEB2 expression with long-term oncological outcomes.   

Objective 3: Undertake a micro-array with a focus on DNA damage repair to identify 

candidate genes promoting chemo resistance after EMT.  I will validate my findings and 

undertake functional assays to investigate mechanism promoting chemo resistance after 

SIP1/ZEB2 expression. 

Objective 4: I will investigate if SIP1/ZEB2 expression results in resistance to ionising 

radiation and investigate whether the acquired resistance to apoptosis is secondary to 

faster repair of double strand breaks created by exposure ionising radiation or tolerance to 

the DNA damage inflicted.  I will also undertake ChIP-Seq analysis to determine whether 

genome scale epigenetic changes can influence DNA repair kinetics and apoptosis 

resistance. 

Objective 5: Develop an orthotopic CRC model in immune compromised mice to 

investigate if SIP1/ZEB2 expression promotes metastasis and chemo resistance in vivo.   
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Chapter 2: Materials and Methods  

2.1 Tissue Culture  

2.1.1 General principles  

Tissue culture was undertaken in a laminar flow hood and cells grown in a incubator with 

a humidified environment, temperature of 37° C with 5-10 % CO2.  Reagents were stored 

at recommended temperatures as per manufacturers guidelines.  Stock solutions of 

buffers were prepared and stored at room temperature.  

2.1.2 Cell Culture   

The cell lines used were regularly tested for mycoplasma.  No positive test results were 

found during the period of this research work in the cell lines used.  All cell culture was 

undertaken in a Dulbecco’s Modified Eagle Medium (DMEM) (Sigma) supplemented with 

10% foetal calf serum (FCS), 2mM  L-Glutamine and 1% of 100X Penicillin / Streptomycin. 

2.1.3 Cell lines  

DLD-SIP1 (DLD-WT stably transfected with tetracycline inducible SIP1/ZEB2) a 

SIP1/ZEB2 inducible EMT model of CRC was used to conduct experiments to study the 

impact of SIP1/ZEB2 at mediating metastasis and chemoresistance(324).  A further 

eleven CRC cell lines were purchased from American type culture collection.  DLD-SIP1 

was kindly provided by Prof. Eugene Tulchinsky.   All cell lines used are listed in the 

Appendix section in Table 23. 

2.1.4 Cell propagation  

Cell propagation was undertaken in a T75 flask in DMEM.  Cells were trypsinised in 1x 

Trypsin EDTA  (Sigma), re-suspended in DMEM at the appropriate concentration and 

seeded in wells or dishes for experimentation.  Cell growth was monitored using an 

inverted microscope and confluence was not allowed to exceed 80% during propagation.  

Cells were collected by spinning down at 1500 rpm and washed in 1 x Phosphate Buffer 

Saline pH 7.0 (PBS), pelleted and frozen at -20C°. 
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2.1.5 SIP1/ZEB2 induction in DLD-SIP1 cells 

DLD-SIP1 cells were cultured in the presence of Doxycycline (2mg/ml stock solution) 

(Sigma) dissolved in DMEM at a concentration of 1/250).   Cells were allowed to 

propagate for 48 hours and then re-split and cultured for a further 72 hrs.  Cellular 

phenotypic switch to a mesenchymal morphology was observed using an inverted light 

microscope.   

2.1.6 Defrosting cells  

Cells were transferred from a liquid nitrogen tank (-196°C) onto dry ice to avoid exposure 

to sudden temperature changes.    Rapid thawing was undertaken by immersing the 

frozen cell vial into a 37° C water bath for 2 minutes.  Cells were then re-suspended in 

10mls of warm DMEM and centrifuged at 1500 RPM for 5 min to pellet the re-suspended 

cells.    This was done to ensure any residual DMSO was removed from culture medium.  

Cells were then re-suspended in 1ml of warm DMEM and seeded in a T75 flask. 

(Corning® Incorporated)  containing 10mls of culture media.    Defrosted cells were 

allowed to recover from the effects of cryo-preservation for at least one passage before 

use in experiments.  

2.1.7 Freezing cells  

Freeze media  (73% complete DMEM, 20 % FCS and 7 % dimethyl sulphoxide (DMSO; 

Sigma) was prepared in advanced and kept on ice.  Cells were cultured in a T75 flask, 

trypsinised and re-suspended in freeze media.  A haemocytometer was used to manually 

count cell numbers.  A volume containing 2 million cells was aliquoted into cryo-vials 

(Grenier Bio-one Ltd) and placed in an -80 °C freezer (NALGENE® Mr. Frosty).  Cells were 

then moved into a liquid nitrogen tank after 24hrs for long-term storage. 
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2.1.8 Cell Counting  

Cell counting was undertaken manually using a haemocytometer.  Cells within 25 squares 

were counted after placing 20 µl of the final dilution into the chamber.    A light microscope 

was (10x lens) used to count cell numbers.   The final cell count was calculated using the 

formula (Number of cells in the 25 squares x dilution factor Ψ x 10/μl).   

2.2 Protein expression  

2.2.1 Cell lysis, SDS-PAGE and Western blotting 

Western Blotting is a technique that can be used to identify single proteins from cell 

lysates using molecular weight and antibody specificity.  The technique involves SDS –

page electrophoresis, transferring proteins onto a nitrocellulose membrane and incubating 

the membrane in antibodies and detecting bands by chemiluminescense.  The Protocol 

below briefly outlines the technique used to achieve my results.  The recipes for all buffers 

used in this protocol are shown in Table 19 in the Appendix. 

Cells were collected in eppendorf tubes washed in PBS, centrifuged and kept frozen 

in a -20 °C freezer.  Cells were lysed in a sonicator at 1.5 mWatts output for 30 seconds in 

2X laemli buffer.  Protein quantitation of lysates was undertaken using BCA protein assay 

reagent and a spectrophotometric plate reader (Bio-rad).  A standard curve was 

generated using known concentrations of bovine serum albumin (BSA) and sample 

concentrations calculated using a formula generated from the standard curve. SDS –

PAGE gels were prepared in accordance with Dr Sayan laboratory protocol.  Details of 

relative quantities of acrylamide water, SDS, APS and buffers for gel construction are 

provided in Table 1. 

 Volumes relating to equal quantities of protein concentration were loaded after 

addition of 5x loading dye.  A protein marker (Precision Plus Protein™ 10–250 KD, Bio-

Rad) was used to detect bands at the appropriate molecular weight.  Gels were run at 180 

V for 65 min using 1 x Tris/glycine/SDS buffer (TGS; Geneflow; Main stock 10 x and 

subsequently transferred onto nitrocellulose membrane (Whatman Protran, GE 

healthcare) using wet transfer technique.     
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After transfer the membrane was blocked in 3% non-fat dry milk dissolved in TBS + 0.1% 

tween (TBS-T).  The membranes were subsequently incubated in primary antibodies 

dissolved in 2.5% BSA for 1 hours at room temperature.  Three 10 minute washes were 

undertaken using 0.1% TBS-T.  The membrane was then incubated at room temperature 

in horseradish peroxide conjugated secondary antibody (Cell signalling) diluted in 2.5% 

BSA.  A further three washes was undertaken in 0.1% TBS-T and immune-blots visualised 

using Supersignal ® West Dura chemiluminescent detection kit (Thermo Scientific, 

Rockford, USA). The enzymatic reaction and band intensity were detected using X-ray 

film and developer machine.  

 

Figure 16: Work flow diagram demonstrating steps involved in western blotting. Briefly, 
volumes relating to equal quantities of protein were loaded into the columns of an SDS page gel.  
The proteins from the lysate are subsequently transferred onto a nitrocellulose membrane.  
Antibodies are used detect the protein of interest that is isolated into the membrane.  The 
primary antibody is detected using HRP conjugated secondary antibody and autoradiography. 
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2.3 Flowcytometry 

Flow cytometry is a technique used to analyse the characteristics of single cells in a liquid 

stream under the action of pressure.  The device uses lasers pre-set to specific 

wavelengths to analyse cells as they pass through in a liquid stream. Passage of single 

cells past the laser results in light scattering that is detected by the device.  Forward 

scatter (FSC) determines the size of the cell whilst the side scatter (SSC) granularity.  

These outputs are converted to voltage pulses that are proportional to particle size and 

granularity.  In addition antibodies conjugated to flurophores or dyes bound to cells can 

also be detected.  Flurophores and dyes absorb energy from lasers set at specific 

wavelengths and emit photons of light that are captured. The photons of light are 

converted into electrical impulses by a photomultiplier tube to attain a numerical output.  

The intensity of the colour is subsequently visualised as a histogram by computer 

software.   

Figure 17: Diagrammatic expression of the principles of Flowcytometry. Flowcytometry is a 
laboratory technique that can detect physical (size, granularity) and biochemical (antibodies, 
dyes) properties of a single cell in suspension.  The cell sample is passed through a pressurised 
fluidics system to assess each cell individually.  During passage, cells interact with inbuilt lasers set 
to specific wavelengths, (535, 555 and 585) resulting in disruption of the beam.  This results in 
light scattering and fluorescence signals, which will ultimately manifest as a stream of electrons, 
generated by a photomultiplier tube (PMT).  The electrical signal generated by the passage of a 
cell past the laser beam is studied for physical and biochemical characteristics through specialized 
computer software. 
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2.3.1 Flowcytometry - Doxorubicin uptake assay  

DLD-SIP1 un-induced and induced cells in culture were treated with 0.5μg/μl and 2.0μg/μl 

of doxorubicin for 2 hours, washed with PBS and allowed to recover for a further 1 hour.  

Cells were then trypsinised and collected in an eppendorf tube by centrifugation at 

1250rpm for 3 min, washed in PBS and analysed in a Becton Dickinson FACScalibur 

machine.  Due to Doxorubicin’s intrinsic florescence property, cellular drug absorbance 

peaks were used as a read out for drug uptake in DLD-SIP1 cells.  FL3 channel was used 

in the analysis of Doxorubicin uptake. Briefly, particles registering at an appropriate 

eukaryotic cell size (E-01) were gated using Forward Scatter (FCS) and Side Scatter 

(SSC). The gated cells were then analysed in FL3 channel (set to logarithmic scale) for 

the presence or absence of Doxorubicin. The results were visualised using a doxorubicin 

uptake histogram. Untreated cells were used as controls and compared to un-induced and 

induced DLD-SIP1 cells.    

2.3.2 Flowcytometry - Annexin V / PI Apoptosis assay 

Apoptosis is defined as programmed cell death and required for normal physiology and 

development.   It is differentiated from other forms of cell death by morphological and 

cellular characteristics such as fragmentation of nuclear chromatin, cytoplasmic 

shrinkage, cell membrane blebbing and phosphatidylserine (PS) externalisation.  The 

human anticoagulant Annexin V is a Ca2+ dependent phospholipid that has high affinity 

for PS.  Consequently Annexin V labelled with a flurophore or biotin can identify apoptotic 

cells by binding to PS externalised on the cell membrane of apoptotic cells and captured 

by flowcytometry.  

To conduct my experiment I cultured cells in DMEM and trypsinised as described 

previously.  Treated and untreated controls were washed twice in 1X PBS.  Cells were 

subsequently re-suspended in 500 μl of FITC Conjugated annexin V diluted 1:100 in 

binding buffer (HEPES buffer: 10mM HEPES/ NaOH, (pH 7.4), 150 mM NaCL, 5mM KCL, 

5mM MgCl2  and 1.8mM CaCl). Samples were incubated in the dark on ice for 30 minutes.  

100μl of 50μg/ml of PI was added was added and incubated for a further 10 minutes.  All 
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samples were analysed by flowcytometry using FL1 (for Annexin V-FITC) and FL3 (for PI) 

channels. Briefly, cell size particles were identified in the FCS/SSC dot plot and gated to 

analyse fluorescence emissions from FL1 and FL3 channel, in a new dot plot and split into 

4 quarters. The increase in FL1 (upper left quadrant) is registered as early apoptosis, the 

increase of FL3 (upper right quadrant) is considered as necrosis.  When FL1 and FL3 

signals are both increased, this is considered as late apoptosis. The cells with no obvious 

increase in FL1and FL3 (bottom left quadrant) are considered live cells. 

2.4 Immunofluorescence  

Immunofluorescence (IF) is a technique used to detect target proteins in cells using 

antibodies conjugated to a fluorophore.  Immunofluorescence is termed indirect if a 

secondary fluorophore conjugated antibody is used, whilst direct IF uses fluorophore 

conjugated to the primary antibody.  A fluorescence or confocal microscope may be used 

to visualise the protein of interest.  During my PhD I performed indirect 

immunofluorescence to obtain my results. Un-induced and induced cells were cultured in 

6cm dishes containing 19mm glass cover slips (VWR international).  Induction of DLD-

SIP1/ZEB2 cells was undertaken as previously described.  Prior to use in cell culture, all 

cover slips were immersed in absolute ethanol and air-dried to ensure sterility.   Once 

cells had attached to the cover slips, they were removed, placed in a 6 well plate and fixed 

by incubating for 20 min in Ice cold 4% Paraformaldehyde in 1X PBS.  Once fixed, the 

cells were washed in 3X PBS-T (1%) and permeabilised using 0.5% Triton-X (5min 

incubation) followed by 3 washes in PBS-T. 

3% bovine serum albumin (BSA) in PBS-T (1%) was used as a blocking reagent to 

minimise non-specific antibody binding.   Primary antibodies were diluted to an 

appropriate concentration in 3% BSA in PBS-T (1-10 µg / ml) and cells treated in a cold 

room under gentle agitation for 2 Hrs.  Primary antibody exposure was followed by 3 X 

washes in PBS-T and incubation with the appropriate secondary antibody diluted to a 

concentration of 1:100 in 3% BSA for 1 hr. Counterstaining was achieved using DAPI 
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used at a dilution of  (1:10000) in PBS-T (1%).  The cover slips were subsequently 

mounted onto super frost slides on 50% glycerol and fixed into position using nail varnish 

 

 

Figure 18: Schema demonstrating principles of direct and indirect IF. In direct IF the primary 
antibody is conjugated with a fluorophore enabling detection using a confocal or fluorescence 
microscope. Indirect IF is dependent on a secondary antibody conjugated with a fluorophore to 
detect the antigen of interest. 

2.5 Immunohistochemistry (IHC) and Survival analysis 

IHC is a process by which protein expression in fixed tissue or cells is detected using 

antibodies.  Briefly, the process involves samples fixation and wax embedding; tissue 

sectioning, antigen retrieval, immuno-staining using primary antibody and HRP conjugated 

secondary antibody and counterstaining with Mayer’s Haematoxylin and Eosin.  The 

tissue sections are subsequently visualised by light microscopy. 

2.5.1 Patients and samples  

All patients were prospectively recruited as part of an on going UK National Institute of 

Health Research Clinical Research Network study (UK CRN ID 6067) investigating the 

molecular pathology of CRC and designed to identify novel biomarkers. Other results and 

further details from this on-going study have been previously described (325-328). All 

patients provided written informed consent, and the regional research ethics committee 

approved the study. Following recruitment and surgery, tissue samples were deposited in 

a UK Human Tissue Act approved tumour bank. Pathological verification of diagnosis and 

staging was used in accordance with the Association of Coloproctology of Great Britain 
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and Ireland guidelines (329). Consecutive paraffin embedded tissue specimens were 

retrieved for the present study. Exclusion criteria included evidence of a hereditary 

tumour, R1/R2 surgical resection, presence of multiple tumours, tumours with 

histologically identified extensive necrosis, and tumours with synchronous metastases at 

presentation. The database was queried for information relating to patient demographics, 

pre-operative risk, imaging, surgery, pathological features, post-op management and 

oncological outcomes and used for statistical analyses.     

2.5.2 Immunohistochemistry 

All IHC was conducted at the histochemistry research unit at University hospital 

Southampton using an automated immuno-staining device (Autostainer XL, Leica). 

Stained sections were assessed for the presence of nuclear SIP1ZEB2 expression in 

neoplastic and normal tissue. Two independent blinded pathologists scored the sections 

as SIP1/ZEB2 positive or negative using previously established scoring criteria. Where a 

disparity in scores was noted, slides were re-reviewed to reach a consensus. SIP1ZEB2 

expression was correlated to oncological outcomes to evaluate its role as a prognostic or 

predictive biomarker. All results have been reported in line with reporting standards for 

biomarker development proposed by REMARK guidelines.  

2.5.3 Statistical Analysis 

IBM SPSS statistic software (version 22) was used to undertake survival analysis and 

associate clinical and pathological features with SIP1/ZEB2 expression. Pathologists 

blinded to patient outcome performed all biomarker scoring. Primary study endpoints of 

OS and DFS were defined as time from date of primary resection to date of death or 

recurrence. Patient outcomes are represented as Kaplan-Meier survival curves and 

differences in survival outcomes calculated using log rank test. Multi-variable analysis 

using Cox proportional hazard model was used to investigate the prognostic value of 

SIP1/ZEB2 in a model encompassing conventional pathological risk factors and hazard 

ratio tables used to compare differences. Association of SIP1/ZEB2 with clinical and 

pathological parameters was undertaken using a Chi-squared or Fishers exact test as 
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appropriate. Power calculation was performed using nQuery statistical software. The 

reported p- values are two sided and statistical significance was set to 0.05 for all tests in 

the study.  Hazard ratios are presented with 95% CI. 

2.5.4 Nomogram generation 

A binary logistic regression model composed of conventional pathological risk factors with 

or without addition of the SIP1/ZEB2 score was utilised to construct nomograms in the 

training cohort.  The validity of the model was investigated by applying the model to the 

validation cohort. The capacity to predict risk of distant recurrence within 3 years of 

surgical resection was calculated before and after the addition of SIP1/ZEB2 to TNM 

staging criterion, differentiation and EMVI. The predictive capacity and contribution of 

adding SIP1/ZEB2 to the nomograms is reported as a concordance index (C-index) and 

incremental area under the curve (iAUC) respectively in accordance with AJCC guidelines 

(330).   

The C-index estimates the probability of concordance between the predicted and 

observed outcomes in rank order and equivalent to the area under the receiver operating 

characteristic (ROC) curve. The C-index represents the ability of the model to discriminate 

between patients that developed distant recurrence and those that did not.  The iAUC 

represents the improvement in the C-index as a result of addition of SIP1/ZEB2 

expression score to the nomogram. With an equal interest in sensitivity and specificity, the 

optimum thresholds were selected to generate two risk scores with and without 

SIP1/ZEB2 expression status.  Patients scoring equal to or above the threshold were 

classified as high risk and below the threshold low risk.  Kaplan-Meier plots were then 

generated to assess the clinical utility of the risk score. Calibration plots were generated 

using R 3.4.1 and rms package to assess the relationship between observed outcome and 

predicted probabilities. An identical methodology was followed during subset analysis of 

patients with node negative disease.  Risk factors used in the stage I-II model included: 

Age; ASA; presence of bowel obstruction; presence of bowel perforation; T-stage; 

differentiation; EMVI; perineural invasion; and lymphatic invasion; with or without 
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SIP1/ZEB2 score.  The aim of constructing these nomograms was to investigate if 

addition of SIP1/ZEB2, a mesenchymal cancer cell marker, increases the ability to identify 

patients at higher risk of early recurrence when used in conjunction with conventional 

pathological or clinical risk factors in current usage. 

2.6 Chromatin immunoprecipitation (ChIP) 

Chromatin immune-precipitation (ChIP) is a technique used to study protein DNA 

interactions.  The CHIP experiments were done using the Active Motif’s CHIP-IT high 

sensitivity kit.  The process involves the following steps: - 

 Cell fixation  

 Sonication  

 Input preparation and shearing optimisation  

 Immunoprecipitation   

 Cross-linking reversal 

 PCR or QPCR 

2.6.1 Cell fixation and Homogenisation 

Two 10cm dishes were used to culture DLD-SIP1 cells.  SIP1/ZEB2 induction by 

treatment with tetracycline was undertaken as previously described.  Cells were cultured 

to ensure two 80% confluent 10cm dishes were used for each immunoprecipitation 

reaction.  Each plate was fixed with 1 ml of freshly prepared Cell fixation solution (For 2.5 

ml: add 180 µl fixation buffer+1.57 ml dH2O+ 750 µl 37% formaldehyde solution containing 

10% methyl alcohol) and agitated gently at room temperature for 15 min.  The fixation 

reaction was stopped by addition of stop solution (550μl).  A rubber policeman was used 

to collect cells into pre-chilled canonical 15ml falcon tubes.  Cells were collected by 

centrifugation at 1250 x g at 4ºC for 3 min.  The collected cells were washed 3X in PBS 

and re-suspended in 15mls of chromatin prep buffer supplemented with 15μl of protease 

inhibitory cocktail and 15μl of 100 mM Phenylmethylsulfonyl fluoride (PMSF) and 

incubated for 10min. After incubation induced and un-induced cells were transferred to a 
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dounce homogeniser (Type A), homogenised for 30 strokes and centrifuged at 1250 rpm 

for 3 min at 4ºC to lyse cells but keep nucleus intact. Following the centrifugation, the 

supernatants were discarded and the pellets were re-suspended in 1 ml ChIP buffer 

supplemented with 15 µl PIC and 15 µl 100 mM PMSF, mixed gently by pipetting up and 

down and incubated on ice for 10 min before proceeding to chromatin sonication.  

2.6.2 Chromatin sonication 

Prior to undertaking the experiment, optimal shearing conditions to achieve 250 – 1000 bp 

fragments of DNA for DLD-SIP1 cells were determined (Figure 19).  This was achieved by 

fixing and homogenising cells as described in section 2.6.1.  Subsequently a sonication 

device was used to shear DNA obtained from two 10 cm dishes that were 80% confluent 

with cells.  Cells were sheared at 1.5Hz for 30 sec and allowed to rest for 30 seconds on 

ice.  During the optimisation stage, samples were exposed to 4, 5 ,6 or 7 cycles of 

sonication and centrifuged at 18000 x g at 4ºC for 10 min to remove cellular debris. The 

optimisation stage demonstrated 5 cycles of sonication was required for DLD-SIP1 cells. 

50μl of each sheared chromatin sample was aliquoted to generate input and the rest 

stored at -80°C for later use. 

2.6.3 Input generation and sonication optimisation 

To generate input, 175μl of TE buffer (10 mM Tris-HCl, 1 mM disodium EDTA, pH 8.0) 

and 1 µl of RNase A was added and incubated at 37°C for 30 min.  Protein degradation 

was achieved by adding 2μl of Proteinase K and incubating in a thermocycler at 55°C and 

then temperature increased up to 80°C for 2 hours to deactivate the enzyme.  

Subsequently, 83μl of precipitation buffer, 2μl of carrier DNA (Supplied with the kit) and 

750μl of absolute ethanol was added to the reaction, vortexed and incubated at -80°C 

overnight. The next day, the samples were centrifuged at maximum speed for 15 min at 

4 °C to precipitate DNA, the supernatant removed and pellets washed with 500 μl of 70% 

ethanol.  The eppendorf tubes were re centrifuged at maximum speed, supernatant 

removed and tubes allowed to air dry for 30min to 1 hour.  Once all the ethanol had 

evaporated, the DNA was re-suspended in DNA purification elution buffer (25μl) and 
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incubated at RT for 30 min.  This suspension was used as input for all further analysis.  

The quantity of DNA isolated was measured using a Nanodrop. The shearing efficacy of 

the sonication process was validated by loading 2 μg of DNA with 6x loading dye and 

undertaking agarose gel electrophoresis (1%) (Figure 19).   Optimal sonication conditions 

would be represented by a smooth DNA smear between 200 and 1200bp, without 

evidence of laddering.  This appearance was found to be present after 5 cycles of 

sonication. 

                          L           C7         C6             C5        C4 

 

 

Figure 19: DNA sonication optimization for chromatic immunoprecipitation (ChIP).Figure 
demonstrates the appearance of sheared DNA after optimization with multiples sonication cycles 
(L –DNA ladder, C-cycle).   

2.6.4 Immuno-precipitation  

The sonicated chromatin was removed from the -80 °C freezer and thawed on ice.  The 

thawed chromatin was centrifuged at maximum speed at 4°C for 2 min and the 

supernatant used to set up the IP step of the experiment. To enhance the efficacy of the 
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IP step 2 μg of mouse bridging antibody was used, the reaction was set up by adding the 

following components:  

 20 µg Sheared chromatin  

 Top up to 200 µl ChIP buffer  

 1 µl Protease Inhibitor Cocktail (PIC)  

 4 µg Antibody*   

 5 µl Blocker mix  Total Volume  240 µl 

Table 2: List of antibodies used during the ChIP experiment 

ChIP antibody  Concentration used  Purpose  Supplier  

Human anti-mouse IgG 

(Stock conc.0.2 µg/µl)  

4 µg  Negative control  Active Motif. ChIP-

IT® Control kit 

catalogue no. 53010  

Bridging antibody anti-

mouse (stock conc. 1.0 

µg/µl) 

2 µg To improve the binding of 

protein G beads to mouse 

IgG primary antibodies.  

Active Motif. ChIP-

IT® Control kit 

catalogue no. 53010 

RNA Pol II human anti-

mouse monoclonal (Stock 

conc. 0.2 µg/µl) 

2 µg + 2 µg anti-

mouse Bridging 

antibody 

Positive control  Active Motif. ChIP-

IT® Control kit 

catalogue no. 53010 

Human anti-mouse 

monoclonal c-MYC 

(Stock conc.) 

2 µg + 2 µg anti-

mouse bridging 

antibody 

SIP1/ZEB2 targeted 

antibody  (tagged domain) 

Sigma 

Once the reactions were set up they were securely placed on an end-to-end rotor 

overnight at 4°C.  30μl of protein G agarose beads were subsequently added and the 

reactions placed on an end to rotor for a further 4 hours at 4°C.  After the incubation 

period, filtration columns provided in the kit were placed in a 1ml pipette tip box.  600μl of 

ChIP buffer was added to the reaction, vortexed and allowed to pass through the filtration 

column by gravity.  A further five washes were undertaken using 900 μl of wash buffer 

provided in the kit.  To extract chromatin pulled down from the IP reaction the filtrations 

columns were placed in a new eppendorf tube and 100 μl of pre-warmed elution buffer 

(provided in the kit was) used.  At this stage the eluted chromatin was placed on ice to 

proceed to reversal of crosslinking and DNA purification steps. 
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2.6.5 Cross-linking reversal and DNA purification 

The eluted reactions were transferred to 250μl PCR tubes and 2 μl of Proteinase K was 

added to the reaction.  The tubes were placed in a thermocycler for 55 °C for 30 min and 

80 °C for 2 hours.  After protein digestion 500μl of DNA purification buffer (provided in kit) 

was added to the tubes and vortexed. DNA filtration columns provided in the kit were used 

to extract the DNA by centrifugation.  The process involves passage of the reaction 

through the filtration column, five washes with DNA purification wash buffer with 70% 

ethanol and DNA extraction using DNA purification elution buffer (100μl).  The volume of 

elution buffer is reduced to 25 μl if a more concentrated sample is required e.g. (ChIP –

seq).  Eluted DNA can be stored at -20°C or used immediately for downstream 

applications such as PCR, QPCR or ChIP-Seq analysis.  

 

Figure 20: Schematic representation of stages involved in ChIP. Chromatin immunoprecipitation 
(ChIP) involves the following major stages.  Cells are sonicated to release chromatin from the 
nucleus and sheared into a homogenous sample.  Anti-bodies are used to immuno-precipitate the 
antigen of interest.  Once this stage is complete the cross-links between antigen and antibody is 
reversed.  The eluted DNA can subsequently be applied in a multitude of techniques including 
PCR, QPCR and Chip-Seq. 

2.7 ChIP-Seq 

ChIP was performed on DLD-SIP1 cells before and after mesenchymal transition for well-

recognised euchromatin (H3K9me3, H3K27me3) and heterochromatin (H3K9me3, 

H3K27me3) methylation marks.  The aim of the experiment was to understand genome 

wide changes in methylation marks induced by expression of EMT inducing TF’s. The 

extracted DNA that was acquired after reversal of crosslinking was quantified using a 
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nano-drop and sent for sequence at the Dana Faber cancer institute (DFCI) bio-

informatics facility.  All bioinformatics data analysis was performed by Dr Ricardo De-

Matos of DFCI radiation oncology department. 

2.8 Exposing cells to ionising radiation (IR) 

Cells were treated with ionising radiation (IR) using the Gamma cell 40 Exactor, low dose 

rate research irradiator (Best® Theratronics) at Dana Faber Cancer institute.  The source 

of the IR emitted by the irradiator is Caesium-137 and modulating exposure time modified 

dose of radiation.  DLD-SIP1 cells were exposed to IR before and after induction of EMT 

to study the impact of mesenchymal transition on DNA repair and treatment response. 

2.9 Total RNA extraction 

TRIzol® was used to extract RNA from DLD-SIP1 cells.  It is a monophasic solution, 

which contains phenol and guanidine isothiocyanate, which facilitate the isolation of 

nucleic acids (DNA and/or RNA) and proteins.  Homogenisation with the reagent disrupts 

cellular organelles and facilitates separation of macromolecules in liquid phases. The 

homogenised sample, when centrifuged separates into three monophasic layers; of which 

the clear upper layer contains the extracted RNA. The RNA is precipitated from the 

aqueous layer and re-suspended in water to be used in downstream application e.g. RT-

PCR, dot blot etc. DLD-SIP1 cells were induced with doxycycline as described previously. 

Frozen/fresh cell pellets (up to 107 cells) were defrosted on ice and suspended in 1 ml 

TRIzol to facilitate cell lysis. 200µl chloroform was added to each sample and centrifuged 

at 10000x g for 15 min. The upper aqueous layer containing RNA was collected and 

precipitated by adding 0.5 ml of 100% isopropanol. The precipitated RNA was washed 

with 1 ml of 75% ethanol, and centrifuged to isolate the RNA. The extracted RNA pellets 

were air-dried for 10 min at room temperature (RT). The RNA pellets were re-suspended 

in 50-100µl RNase-free water by vortexing and incubating at 55-60°C for 10 min. The total 

RNA yield was measured using a NanoDrop 1000 Spectrophotometer (Thermo Scientific).  

The extracted RNA was used immediately to synthesise cDNA or frozen at    -80°C. 
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2.10 cDNA synthesis 

RevertAid™ M-MuLV Reverse Transcriptase (RT) Kit (MBI, Fermentas) was used in this 

project. The RevertAid™ M-MuLV  RT is active at 42-50°C. The reaction also involves 

addition of RiboLock™ RNase inhibitor, which protects RNA from degradation. Oligo (dT) 

primer that selectively anneal to the 3´end of poly(A) RNA was used to ensure synthesis 

of extracted mRNA. Random hexamer primers that bind to RNA templates at a more 

random but frequent fashion may be used if total RNA extraction was intended.  As my 

experiments focused on expression analysis, Oligo (dT) primers were used for cDNA 

synthesis. The synthesised cDNA was used as a template for primers in RT-PCR 

experiments. The cDNA synthesis reactions were performed in sterile, nuclease-free, 

PCR tubes as follows:  

 2.5 µg extracted total RNA (Template) 

 1 µl Oligo (dT) primer (stock conc. 0.5 µg/µl) 

 Top the volume up to 12 µl with dH2O 

The PCR machine was set up with the following temperatures (70°C for 5 min, 37°C for 3 

min, 42°C for 45 min, 70°C for 5 min, 4°C forever). Upon reaching the last minute of the 

37°C, the programme was paused and 8µl Master Mix (MMX) was added to each 

reaction. The MMX contains the following reagents: 

 4 µl of 5X Reaction Buffer (250 mM Tris-HCl (pH 8.3), 250 mM KCl, 20 mM MgCl2, 

50mM DTT) 

 2 µl 10 mM dNTP Mix 

 1 µl RiboLock™ RNase inhibitor (stock conc. 20 U/µl) 

 1 µl RevertAid™ M-MuLV Reverse Transcriptase (stock conc. 20 U/µl) 

 1 µl dH2O 

The final cDNA product was either used immediately for reverse transcriptase PCR (RT-

PCR) or stored at -20°C. 
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2.11 QPCR Micro array  

After synthesis of cDNA from un-induced and induced DLD-SIP1 and A431-SIP1 cells a 

DNA damage micro-array with a focus on DNA damage response was undertaken.  A RT2  

ProfilerTM PCR Array with a focus on DNA  damage signalling was purchased from Qiagen 

to analyse gene expression changes after SIP1/ZEB2 induction.  The micro array PCR 

plate contains pre designed primer pairs and a master mix consisting of SYBR green for 

quantifications and analysis.  The procedure involves mixing the pre-prepared master mix 

with appropriate cDNA quantity and aliquoting equal volumes to the wells containing the 

primers.  The thermocycler was set up to predefined temperatures for 40 cycles. The data 

was analysed as described below.  

2.12 Quantitative PCR (QPCR) data analysis  

Quantitative PCR was undertaken using exactly the same principles as PCR, however 

Fast start Universal syber green master (Rox) was used instead for My Taq Red™ Mix.  

All reaction was set up in triplicate and expression levels normalised to GAPDH as 

controls.  Quantitation was done using the ΔΔCt method and presented as bar graphs 

generated on Prism version 4.06 (Graph software Inc., USA).  Data was presented as fold 

change in gene expression after SIP1/ZEB2 induction for each gene.  Statistical 

significance was calculated using a paired student t-test. 

2.13 Semi-Quantitative Polymerase chain reaction (PCR) 

Polymerase chain reaction (PCR) is a technique used to amplify segments of DNA by 

several orders of magnitude by thermal cycling.  PCR was performed using MyTaq™ Red 

Mix (BIOLINE).  This product contains all necessary reagents required for a reaction (1.5 

mM MgCl2, 200µM dNTP mix, Taq polymerase and DNA loading dye). Each reaction was 

set up by addition of the following components. 
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 10 µl 2 x MyTaq™ Red Mix 

 6 µl dH20 water 

 1 µl forward primer (stock conc.10 pmol/µl) 

 1 µl reverse primer (stock conc.10 pmol/µl) 

 2 µl of cDNA 

The thermocycler was set up to cycle through the following temperatures after 

optimisation: 

1. 95 °C for 5 min (Denaturation) 

2. 95°C for 30 sec (Denaturation) 

3. 57-60°C for 30 sec (Annealing)  (Stages 2-4 repeat 20-40 Cycles)   

4. 72 °C for 30 sec (Extension) 

5. 72 °C for 95 min (Extension) 

6. 4°C for ∞  (Stabilise product) 

The exact temperatures used during thermal cycles varied depending on the primer and 

product size.  In general <30 sec extension is required for products less than 1 Kb 

and >30 sec is required for products >1kb.  1.5 % agarose gel prepared in 1 x Tris-acetate 

EDTA buffer (1 x TAE) and ethidium bromide was used to visualise the PCR product. 20μl 

of each PCR reaction was loaded with 3μl of DNA ladder (NORGEN) into the gel.    The 

gel was run in 1X TAE buffer at 140V for 40-60 min.  A UVP transilluminator 

(3UV™transilluminator; Thermo Scientific) was used to visualise the amplified product. 

2.14 Generating Stably transfected cell lines 

Stable transfection enables the overexpression of a gene of interest into eukaryotic cells 

for longer period of time when compared to transient transfection where maximal gene 

expression is observed for only 24-96 hours.  Clonal selection of cells overexpressing the 

gene is achieved by the use of eukaryotic antibiotic resistance genes that are co-

transfected with the gene of interest (e.g: neomycin, blasticidin, and zeocin).  The 
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antibiotics resistance gene is found in plasmid containing the gene of interest.  The 

protocol to stably transfect a eukaryotic cell line consists of the following steps: - 

1. Plasmid construction  

2.  Generation of antibiotic kill curve, to identify the concentration that kills non-

transfected cells 

3. Transfection of plasmid with genes of interest 

4. Selection and expansion of transfected polyclonal colonies  

5. Validation of Gene expression  

6. Expansion of single clones stably over-expressing the gene of interest 

2.14.1 Plasmid construction  

The ERCC1 plasmid was kindly provided by Prof. Aziz Sancar.  A schematic 

representation of the plasmid construct is provided below.   

 

Figure 21: Scheme representing the mCherryC1-ERCC1 plasmid. 
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2.14.2 Neomycin kill curve  

0.5 x 104 DLD-1 cells were seeded into two 12 well plates.  Increasing concentrations of 

neomycin (100-500 μg/ml) was added to culture media in duplicate and cell toxicity 

followed using a light microscope for 7 days. Cells cultured without the presence of 

neomycin were used as controls. Optimal concentration (200 mg/ml) for selection of cells 

was chosen by inspecting cells for signs of toxicity for a maximum of 7 days.  

2.14.3 Transfection  

Cells were seeded at 60% confluency in a 10cm dishes and allowed to attach.  5μg of the 

plasmid construct (mcherry-ERCC1) containing ERCC1 and control empty Mcherry vector 

was transfected into the cells using Lipofectamine 3000 reagent as described in section 

2.13.  After 48 hours 200 μg/ml of neomycin was added to the culture media.  Cells were 

left in culture for 7 days.  DLD-1 cells that were un-transfected were selected out due to 

absence of antibiotic resistance gene to neomycin found in the plasmid.   

2.14.4 Selection and expansion of monoclonal colonies  

Cells were cultured in the presence of antibiotics for a total of 2 weeks, during which 

media change (DMEM containing 200 μg/ml of neomycin) was undertaken twice a week.  

Through visual inspection polyclonal colonies containing transfected cells were picked 

diluted and seeded in a 96 well plate at a density of 0.8 cells/well.  The wells containing 1 

cell were monitored and maintained in the presence of antibiotics until confluency.  The 

cells were then expanded into 6 well and 24 well plates as they reached confluency. 

2.14.5 Examination of ERCC1 expression  

Validation of ERCC1 overexpression was confirmed by undertaking western blots on the 

clones selected after transfection. The WB procedure was undertaken as described 

previously in section 2.2. 
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2.14.6 Expansion and freezing of single clones with high ERCC1 

After analysing ERCC1 expression by western blotting, DLD cells with ERCC1 expression 

were expanded in T75 flasks with low dose antibiotic (50μg/ml) until they reached 80% 

confluency.  Cells were then trypsinised and frozen down in freeze media, placed in a Mr 

frosty to an  -80 freezer.  Cells were they transferred to liquid nitrogen for long-term 

storage. 

2.15 Transfection 

Transfection is the process by which nucleic acids are introduced into the eukaryotic host 

cell for stable or transient integration into the host genome.  Commonly used methods of 

transfection include Calcium phosphate transfection, electroporation and lipid mediated 

transfection.  During my thesis I used the lipid mediated transfection method 

(Lipofectamine 3000).  The principle of this technique relies on the positive surface charge 

of liposomes that bind negatively charge nucleic acids (Phosphate back bone).  These 

complexes (Lipid/nucleic acids), fuse to the cell wall by direct interaction with the 

negatively charged cell membrane and endocytosis.  Once the nucleic acids are 

transferred to the cytoplasm they are either expressed temporarily or integrate with the 

genome for stable expression. This technique is simple fast non-toxic and suitable for 

many types of cells including adherent, suspension, and insect cells.  

 

Figure 22: Stages involved in lipofectamine transfection protocol. Lipid transfection involves 
incubating the plasmid of interest with the lipid reagent to enable the formation of micelles that 
contain the DNA/RNA of interest.  After incubation the mixture is added to cells enabling 
transfection across the lipid bilayer.  Transfection efficiency may be assessed using a fluorescence 
microscope if the vector contains a fluorescence protein.   
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2.15.1 Lipofectamine® 2000/3000 Protocol  

Lipofectamine® 2000/3000 (Thermo Scientific; Catalogue no. L3000001) was used as the 

reagent of choice for transfection.  The lipofectamine 3000 kit contains 2 lipid reagents, 

namely p3000 and lipofectamine 3000.  Transfection procedure involves diluting 

lipofectamine  in Opti-MEM®, vortex and keep aside at room temperature.  The plasmid of 

interest or a control plasmid (e.g. pGFP) is diluted in Opti-MEM® / P3000 reagent of 

appropriate volume.  The mixtures are added to each other and allowed to incubate at 

room temperature for 5 min.  After the incubation, the lipid/DNA mixture is added to cells 

in culture.  Care must be taken to add the reagent drop by drop and gentle agitation aids a 

uniform transfection.  The transfected cells were incubated for 6 hours and optimum 

removed and replaced with DMEM.  If a pGFP control plasmid is used, transfection 

efficiency can be assessed by fluorescence microscopy, 24-48 hours after transfection.   

Up or downstream effects of the transfected nucleic acids can be assessed using an 

appropriate assay (e.g. WB). The only difference with the protocol whilst using 

lipofectamine 3000 is the use of p300 reagent to dilute the DNA before incubation with the 

lipid component of the transfection reagent.  siRNA was transfected using lipofectamine 

2000 reagent, whilst all other DNA constructs were transfected using lipofectamine 3000. 

2.16 RNAi Interference  

RNAi interference (RNAi) involves the use of small interfering RNA (siRNA) transfected 

into cells to disrupt the expression of specific gene with complementary sequences.  

siRNA are double stranded sequence of RNA that are 20-25 nucleotides long.  

Sequences are constructed to complement the gene of interest and consequently disrupt 

transcription.  DLD-1 cells lines were transfected with siRNA targeting ERCC1 using 

lipofectamine 2000 reagents. 1 x 105 Cells were seeded in a six well plate and allowed to 

adhere over night. Three siRNA constructs targeting ERCC1 and 1 control non-targeting 

siRNA were transfected into the cells.  48 hours post transfection cells were treated with 

oxaliplatin of varying concentration for 24 hours and cells collected and stored in a -20 
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freezer.  The impact of ERCC1 knockdown on apoptosis resistance to chemotherapy were 

assessing by western blotting.  

2.17 Cloning and Recombination 

DNA cloning is defined as the production of identical copies of a DNA sequence using 

genetic engineering techniques.  Cloning has a wide array of applications including 

analysis of function, effect of mutation or protein synthesis in large quantities.  The 

process involves the following steps: - 

1. DNA amplification  

2. DNA extraction  

3. DNA ligation  

4. Transformation  

5. Purification 

2.17.1 DNA amplification 

Cloning was undertaken as part of an experiment to analyse whether SIP1/ZEB2 binds 

directly to E-boxes in the ERCC1 promoter. To achieve this goal, special primers with 

restriction enzyme sites were designed to incorporate segments of the ERCC1 promoter 

that contained E-box clusters.  In total 3 primer sets were used (Appendix Table 8) and 

human genomic DNA obtained from Prof John Stafford’s group was used to setup a PCR 

reaction using KOD polymerase (Novagen®).  Gel electrophoresis (1.5% agarose gel) 

was undertaken to visualise the product and the DNA extracted using QIAquick Gel 

Extraction kit using a micro-centrifuge (Qiagen, Catalogue no. 28704) 

2.17.2 Gel extraction 

The amplified DNA product visualised under UV light was cut from the gel using a scalpel.  

The gel was weighed and 300μl of buffer (QG) was added for each 100mg slice.  The gel 

was dissolved in the buffer by incubation at 50 °C for 30 min. To increase the yield of 

DNA, 100μl of isopropanol was added to every 100 mg of gel.  The samples were then 

passed through a QIAquick spin column by centrifugation at max speed for 1 min.  The 
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flow through was discarded and the samples washed with buffer PE to remove impurities.  

The DNA in the column was extracted by pipetting 50μl of de-ionised water into the 

column.  To obtain high elution efficiency, the pH of the water should be between pH 7-

8.5. The collected DNA was used immediately or stored at -20°C to avoid degradation.   

2.17.3 DNA ligation into the vector 

The extracted ERCC1 promoter was ligated into the PGL3 basic vector  (Figure 20).  The 

3 segments of the ERCC1 promoter was labelled  A, B and C. A 10 μl reaction was set up 

using the following reagents : - 

 5μl of 2x Ligation buffer (Takara, Clontech) 

 50ng of PGL3 and  

 200ng of ERCC1 promoter segment A,B or C.  

The reaction was incubated for 15 min and heat shock transformed into E-coli. 

 

 

Figure 23: pGL3 vector used to clone ERCC1 promoter. 

2.17.4 Plasmid transformation 

JM109 E-coli cells were used to transform the ligated PGL3-ERCC1 (A,B and C) 

plasmids.  The plasmid / E-coli mixture was mixed gently and incubated on ice for 30 min.  

The cells were then exposed to a 42°C water bath for 45 sec and then placed back 

immediately on ice for a further 2 minutes.  The entire content is added to 400 μl of SOC 

medium. The tubes are then incubated at 37 °C under constant agitation (200 rpm) for 1 
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hour.  The tube was then centrifuged and the pellet dissolved in 50 μl of Luria Bertani (LB; 

10 g/L Tryptone, 5 g/L Yeast extract and 10 g/L NaCl) and spread onto LB-Agar 

(LB+20g/L agar) containing 100µg/ml ampicillin.  The plate was incubated overnight at 

37°C and five colonies picked.  The presence of the plasmid was checked by performing 

PCR with pre-designed target primers for all three segments of the promoter. 

2.17.5 Plasmid DNA purification  

Plasmid DNA purification was performed using the Qiagen miniprep kit.  The transformed 

e-coli containing the PGL3-ERCC1 promoter (A,B and C) was cultured overnight in 5mls 

of LB media containing 100 μg/ ml of ampicillin at 37°C under constant agitation overnight.  

1.5mls of the media was then harvested and a bacterial isolated by centrifugation.  The 

bacterial pellet was re-suspended in 250 μl of buffer P1 in the presence of RNAase A and 

lyse blue reagent to ensure complete suspension of the pellet and elimination of RNA.  

250μl of buffer P2 is then added to the mixture and a colour change to blue indicates 

complete cell lysis.  Buffer N3 (350 μl) is then added to the suspension and this should 

turn the mixture colour less. This indicates the SDS has effectively precipitated and the 

lysate is neutralised and adjusted to high salt binding conditions.  The tube was then 

centrifuged to isolate the plasmid DNA from the remaining cellular components, which is 

found in the supernatant. The aqueous supernatant was applied to a QIAprep spin column 

and centrifuged at 10,000 x g for 1 min.  The column was then washed with buffer PB to 

remove high endonuclease activity found in JM109 cells.  Further washes with buffer PE 

was undertaken to remove impurities and DNA in the column extracted in a fresh tube 

eluted with 50 μl of deionised water.  The DNA product was validated by sending the 

sample for sequencing.   

2.18 Promoter reporter assay 

The Cloning step described previously was undertaken to ascertain if SIP1/ZEB2 

directly binds to the ERCC1 promoter and induces gene expression. PGL-3 plasmid 

contains the luciferase gene isolated from the firefly “Photinus pyralis”.  This enzyme 

oxidises D-luciferin in the presence of ATP, 02 and Mg2+ resulting in the emission of 
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bioluminescence.  Another luciferase enzyme renilla is co-transfected into the cells as 

means of normalising transfection efficiency.    Renilla reniformis, oxidises the substrate 

coelenterazine also resulting in the emission of bioluminescence.  The ratio of renilla: 

firefly enzyme activity is used as an indirect measure of promoter activity in the presence 

of SIP1/ZEB2 

The dual-Luciferase® reporter assay system (Promega; catalogue no:  E1910) was 

used to measure ERCC1 promoter activity in un-induced and induced DLD-SIP1 cells. 

After the ERCC1 promoters segments (A and B) were cloned into the vector.  DLD-SIP1 

cells were transfected using lipofectamine 3000 reagent as described previously.  ~20,000 

cells were seeded per well in a 96 well plate.   DLD-SIP1 cells were induced and seeded 

as described previously in section 2.1.5.   Un-induced and induced cells were transfected 

with the PGL-3- ERCC1 promoter (A and B)  using lipofectamine 3000 as described 

previously in section 2.13.3.  Cells were allowed to recover for 24 hours.  Before starting 

the protocol, all luciferase reagents supplied in the kit  (5 x Passive Lysis Buffer (PLB), 

Luciferase Assay Substrate (LAS) and 1X Stop & Glo® Substrate (SGS)) were prepared 

as recommended.  Cells were lysed by the application of PLB for 15 min at room 

temperature.  After lysis LSA and SGS was applied in turn and bioluminescence 

measured using a luminometer (Thermo Scientific).  The ratio of Firefly: Renilla luciferase 

activities was analysed using Microsoft Excel. 
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Figure 24: Principles of bioluminescence generation by promoter reporter assay. Luciferase 
assay was undertaken to decipher if SIP1/ZEB2 an EMT inducing transcription factor binds directly 
to the promoter segment of the ERCC1 gene.  To achieve this aim 3 segments of the ERCC1 
promoter were cloned into the PGL3 vector and transfected into DLD-SIP1 cells.  Tetracycline 
treatment of DLD-SIP1 cells leads to SIP1/ZEB2 expression.  If SIP1/ZEB2 promotes transcription of 
ERCC1, induction of EMT will lead to expression of the luciferase enzyme instead, which can be 
detected as a bioluminescence signal when the enzyme is exposed to the relevant substrate.   

2.19 Proliferation assay 

Proliferation assays were undertaken using Cell Titre-Glow® assay (CTG) (Promega).  

The assay relies on the mono-oxygenation of beetle luciferin by ultraglow-luciferase 

enzyme in the presence of ATP, oxygen and Magnesium.  As ATP levels are indicative of 

metabolically active cells, the intensity of the bioluminescence signal is used as indirect 

marker of cell number (Figure 21). The assay was undertaken by inducing DLD-SIP1 cells 

as described previously.  5000 un-induced and induced cells were seeded per well in 

triplicate in a 96 well plate.  Cells were allowed to adhere overnight and induced cells 

were cultured in the presence of doxycycline.  CTG reagent was prepared as per 

manufacturers instruction and 100μl of the reagent pipetted into each well using a multiple 

channel every 24 hrs.  The reagent was mixed with the medium by pipetting to promote 

cell lysis and allowed to incubate at RT for 15 min.  The luminescence signal was read 

using an illuminometer (Thermo fisher).  Mean signal intensity and standard deviation was 

calculated on excel and graphs generated using GraphPad prism.  

2.20 Colony formation assays  

The viability of DLD-SIP1 cells after exposure to ionising radiation was assessed using a 

colony formation assay. Approximately 5000 cells were seeded onto a 6cm dish and 

incubated overnight at 37°C.  Un-induced and induced DLD-SIP1 cells were exposed to 

ionising radiation at varying doses and allowed to recover for 10 days.  At the end of 10 

days cells were fixed using paraformaldehyde and stained using crystal violet.  The 

number of colonies formed, was manually counted and graphically present as viability 

curves generated using GraphPad prism software. 
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2.21  Viability assay 

Viability assay was undertaken using the Cell Titre-Glow® (Promega).  DLD-SIP1 cells 

were induced as described previously.  50000 cells were seeded in triplicate in a 96 well 

plate and allowed to adhere to the plate overnight.  The cells were then treated with a 

variety of chemotherapeutic agents at varying concentrations for 48 hrs.  Optimisation of 

drug concentration was undertaken to ensure a accurate drug response curve could be 

generated.  After 48 hours, 100 μl of CTG reagent was pipetted using a multichannel and 

incubated at RT for 15 min.  The plate was read on a luminometer (Thermo-fisher).  Sham 

treated (DMSO) cells were used as controls to measure cell viability of un-induced and 

induced cells.  Drug response curves and IC50 was measured using Graph pad.  

2.22 Slot blot 

Platinum based chemotherapeutic agents such as cisplatin and oxaliplatin induces DNA 

damage primarily by creating GG and TT inter and intra-strand adducts.  These DNA 

adducts can hamper a multitude of cellular processes leading to activation of apoptotic 

pathways.  Nucleotide excision repair (NER) is the DNA repair pathway primarily 

responsible for removal of DNA adducts created by exposure to platinum based 

chemotherapeutic agents.  Slot Blot is a technique that can be use for quantitative 

detection of NER activity using DNA damage specific antibodies such as anti-cisplatin 

DNA adduct antibody (clone ICR4, Millipore).  The process involves, DNA extraction, 

vacuum transfer of DNA to a nitrocellulose membrane using a micro-filtration apparatus 

(Bio-DOT SF microfiltration apparatus, Bio-Rad), immune blotting, DNA staining and 

development using chemiluminescence. 

2.22.1 Cell treatment  

Cells were cultured in DMEM as described previously.  Varying concentrations of 

oxaliplatin was added to the media and cells exposed to the chemotherapeutic agent.  

After 2 hours the media was removed, cells washed in 1X PBS, fresh DMEM added and 

cells allowed to recover.  Cells were trypsinised, collected and stored at -20 °C before 

analysis using a slot blot assay.  
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2.22.2 DNA extraction  

Gene Elute Mammalian DNA purification kit (Sigma Aldrich) was used to extract DNA from 

cultured cells.  A chatropic salt containing buffer is used for lysis of macromolecules.  The 

DNA is separated from the lysate by centrifugation in a spin column (Provided in Kit).  A 

filtration column is used top remove cell debris.  After washings with wash buffer (provided 

in kit) DNA is eluted into a fresh eppendorf using DNA elution buffer.  The quantity of DNA 

extracted is measured (λ) using a nanodrop.  

2.22.3 Vacuum transfer 

After DNA extraction, appropriate volume of DNA was diluted in 6X SSC (NaCL 3M, 

300mM Sodium citrate)  (pH 7) to load 1μg in each slot. DNA was denatured by placing on 

a 100°C hot plate for 10 min.  Two filter papers and one nitrocellulose membrane pre-

soaked in 6x SSC was placed in the vacuum manifold as demonstrated in figure x.  After 

locking the manifold tight, the nozzle was attached to a vacuum line. Volume equivalent to 

1μg of DNA was loaded into each slot and the vacuum turned on gently and left until the 

sample is no longer visible.  The nitrocellulose membrane was removed from the manifold 

and placed in an 80°C oven for 2 hours until dry.  

2.22.4 Immuno-blotting  

After transfer the membrane was blocked in 3’% BSA dissolved in 0.1% TBS-T.  The 

nitrocellulose membrane was subsequently incubated in primary antibody dissolved in 

BSA for 8 hours at room temperature.  Three 10 minute washes were undertaken using 

0.1% TBS-T.  The membrane was then incubated at room temperature in horseradish 

peroxide conjugated secondary antibody diluted in BSA.  A further three washes was 

undertaken in 0.1% TBS-T and immune-blots visualised using Supersignal ® West Dura 

chemiluminescence detection kit (Thermo Scientific, Rockford, USA). The enzymatic 

reaction and the band intensity were then detected by X-ray film and developer machine.  

The equal loading of DNA was ensured by staining the nitrocellulose membrane with 

propidiumiodide (PI) and visualising the bands using an UVP transilluminator (3UV™ 
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Transilluminator; Thermo Scientific).  Band intensity was later quantified using image J 

during data analysis. 

2.23 In-vivo murine models 

Animal experiments were undertaken to investigate the impact of ERCC1 overexpression 

in promoting resistance to oxaliplatin.  Two stable clones of DLD-ERCC1, clone 11 

(ERCC1-red fluorescence protein, in-cis) and clone 5 (red fluorescence protein only) were 

used for the animal experiments. All animal experiments were done on SCID mice in the 

BRF facility at Southampton general hospital.   ~2 x106 cells per animal of each clone was 

trypsinised, washed and suspended in matrigel.  Orthotopic injections were undertaken on 

a sterile laminar flow hood.  Animals were anaesthetised using increasing concentration of 

isoflurane.    After induction of anaesthesia, a small nozzle was used to maintain depth of 

anaesthesia.  Animals were prepped using iodine and a small midline incision made for 

access.  The caecum was isolated and an orthotopic injection performed taking care not 

to enter the lumen.  The incision was closed in layers and animals recovered in a heated 

chamber.  Animals were treated with an analgesic and antibiotic to reduce pain and risk of 

infection.  The mice that underwent orthotopic injections were housed separately and 

monitored twice a day for any signs of distress. In total 20 animals underwent orthotopic 

injections.  After 4 weeks of recovery, the treatment arm was given IP injection of 

oxaliplatin (10mg/g) whilst the control animals were administered PBS once a week for a 

further 5 weeks.  At the end of 11 weeks animals were culled in a CO2 chamber and their 

organs (Caecum, lungs, liver, spleen) retrieved.  An IVIS Lumina imaging system was 

used to detect the presence of primary tumours or metastasis by fluorescence emission 

from mCherry transfected cells. After analysis, the organs were paraffin fixed, cut into 

sections and H/E stained.  Sections representative of the whole organ were carefully 

analysed for the presence of primary tumour and metastasis.   
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2.24 Bioinformatics analysis  

External validation of survival outcomes was investigated using the open access portal 

progeneV2.  mRNA expression profile from the database GSE28814 (PMID for citation 

21251323) was queried for an association between, high ZEB2/CDH1 ratio and reduced 

time to metastasis.  Prognostic importance is demonstrated by generating Kaplan-Meier 

survival curves and statistical significance calculated by log rank test.  Bioinformatics 

analysis for ChIP-Seq data was performed by Dr. Ricardo De-Mateos of Dana-Farber 

cancer institute. 

2.25 Motility and migration assay 

Cell migration after SIP1/ZEB2 induced EMT was assessed using Transwell membrane 

inserts (8 micron pore size, BD Biosciences) in 24 well tissue culture plates. DLD-SIP1 

cells were induced as previously described and seeded at a density of 2X105 cells/well.  

Two hours after seeding the top layer of the chamber was filled with serum free media to 

establish a chemo-attractant gradient.  24 hours after, inserts were taken out fixed in 

acetone/methanol (50/50) and the bottom and top parts stained with DAPI and Eoisin 

respectively.  Following the staining, cells at the top were removed using a cotton wipe, 

imaged in the UV channel (to detect DAPI staining) and counted using imageJ.  The 

experiments were performed in triplicate and results presented as a mean and standard 

deviation.  Cell motility was assessed by tracking cells in culture using open access 

TrackMate software.  Uninduced and induced DLD-SIP1 cells were seeded at 50% 

confluency in a 6 well plate and allowed to adhere overnight.  The cells were subsequently 

transferred to a time lapse microscope facility (Olympus microscope and Hamamatsu 

camera system) where they were kept in CO2 enriched and humidified environmental 

chamber.  Representative pictures were obtained every 10 minutes in epi-light for 72 

hours. The acquired images were stacked and put together (5 frames/second) in “avi” 

format to be analysed as movies. The acquired images were presented in original 

(greyscale) format.  Open access TrackMate software was used to quantify single cell 

motility and presented as pixels/frame before and after EMT. 
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Chapter 3: SIP1/ZEB2 induces EMT in CRC cells 
Epithelial to mesenchymal transition (EMT) is a conserved genetic programme that 

promotes cell migration during embryogenesis.  Emerging evidence suggests this cellular 

programme may also play a key role in mediating metastasis and chemoresistance in 

cancer.  The cardinal features of EMT include, E-cadherin down regulation, acquisition of 

a more mesenchymal phenotype, attenuation of cellular proliferation and development of 

resistance to chemotherapeutic agents.  Although the role of EMT in promoting metastasis 

is clear, the contribution of SIP1/ZEB2 in the setting of CRC is sparsely studied.  I used 

DLD-SIP1, a stable inducible model to investigate the impact of SIP1/ZEB2 in promoting 

metastasis and chemoresistance in colorectal cancer (CRC).  

3.1 SIP1/ZEB2 expression induces EMT in CRC 

A cardinal feature of EMT is the down regulation of E-Cadherin from the cell surface and 

acquisition of a more spindle like or mesenchymal phenotype.  To investigate whether 

SIP1/ZEB2 TF induces EMT in CRC cells, DLD-SIP1 a tetracycline inducible model of 

EMT, was studied by RT-PCR, WB and IF.  Monitoring cellular phenotype by light 

microscopy revealed induced (DOX +VE) cells adopt a spindle like or mesenchymal 

phenotype.  Mesenchymal transition also resulted in the inability to form cell-cell adhesion 

complexes and consequently epithelial islands (Figure 25A).  WB and RT-PCR on un-

induced and induced DLD-SIP1 cells; demonstrated exposure to tetracycline in cell 

culture, resulted in mRNA and protein expression of SIP1/ZEB2 with associated down-

regulation of E-cadherin (Figure 25B).  These findings were further validated by IF, 

whereby nuclear SIP1/ZEB2 expression (Green) resulted in E-cadherin down regulation 

from the cell surface (Red) and mesenchymal transformation (Figure 25C). These results 

confirm SIP1/ZEB2 expression promotes EMT in DLD-SIP1 CRC cells, as previously 

described by Vandewalle and colleagues (324). To ensure the observed results are not 

cell line specific, CRC cell lines in the CCLE database were probed for associations 

between SIP1/ZEB2 TF’s and epithelial or mesenchymal genes. SIP1/ZEB2 TF 

expressing cell lines associated with low levels of epithelial markers (E-cadherin (CDH1), 
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PKP3 and mir200B) and high expression levels of mesenchymal markers such as 

Vimentin (VIM), ZEB1 and SNAIL2.  These findings suggest SIP1/ZEB2 expression in 

CRC cells leads to activation of EMT programmes and mesenchymal transformation. 

 

Figure 25: SIP1/ZEB2 expression promotes expression of mesenchymal cells, E-Cadherin down-
regulation and expression of a mesenchymal phenotype in CRC.  The above experiments were 
undertaken to investigate whether SIP1/ZEB2 TF expression in DLD-SIP1 results in EMT. (A) DLD-
SIP1 cells were treated with doxycycline to induce SIP1/ZEB2 expression and cell morphology 
studied by light microscopy.  After 5 days of induction the doxycycline treated cells (DOX +VE) lost 
the ability to form epithelial islands and expressed a more mesenchymal phenotype.  (B) WB and 
RT-PCR of DLD-SIP1 cells before and after induction of EMT resulted in protein and mRNA 
expression of SIP1/ZEB2 and associated down regulation of E-cadherin.  Actin and GAPDH were 
used as equal loading controls (C) IF further validated these findings by demonstrating, induction 
of EMT results in nuclear SIP1/ZEB2 expression and down regulation of E-cadherin from the cell 
surface.  (D) Analysis of genes in the CCLE gene-atlas revealed a notable association between 
SIP1/ZEB2 TF expression with low levels of epithelial markers (mir200b, CDH1) and high levels of 
mesenchymal markers (VIM). 
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3.2 SIP1/ZEB2 expression promotes chemoresistance 

A cardinal feature of EMT is the acquisition of apoptosis resistance to commonly used 

cytotoxic chemotherapeutic agents (66, 115). Mechanisms that mediate this feature 

however remain elusive.   Poly (ADP ribose) polymerase (PARP) is an enzyme that 

signals DNA damage to cellular DNA repair machinery, thus promoting cell survival.  

Apoptosis, results in caspase mediated PARP cleavage, resulting in loss of function and 

activation of programmed cell death (291).  Another early hallmark of apoptosis is 

externalisation of Phosphotidylserine (PT), a phospholipid detected by human anti-

coagulant Annexin V, conjugated with a flurophore.  Annexin V is often used in 

conjunction with PI in the Annexin V/ PI assay to discriminate apoptosis from necrosis.   

To examine the impact of SIP1/ZEB2 on chemoresistance; un-induced (ZEB2 –VE) 

and induced (ZEB2 +VE) cells were exposed to oxaliplatin, 5-flurouracil and doxorubicin.  

Apoptosis was quantified by detecting PARP cleavage by WB and phosphotidylserine 

(PT) externalisation by flowcytometry. Cleaved PARP band intensity was reduced in 

SIP1/ZEB2 expressing cells at all doses tested, regardless of chemotherapeutic agent 

used (Figure 26A). Untreated cells were used as negative controls and actin as a marker 

of equal loading.  Annexin V/PI assay was also used to quantify the apoptotic cell 

population after treatment with the cytotoxic agents mentioned above.  Cells were gated to 

ensure, quadrant A (Figure 26B) of the dot plot contained non-apoptotic cells, quadrant 

B/C contained apoptotic populations determined by high annexin V-FITC and PI signal 

and quadrant D necrotic cells in which cell membrane architecture is destroyed. The 

results further validated the findings of the WB experiment and highlighted a significant 

increase in apoptosis resistance of SIP1/ZEB2 expressing (DOX +VE) mesenchymal 

cells.  A 20-40% reduction in the apoptotic cell population was observed in SIP1/ZEB2 

expressing mesenchymal cells after exposure to identical doses of the same 

chemotherapeutic agent as the uninduced epithelial counterpart.  Untreated uninduced 

and induced cells were again used as negative controls during the experiment. 
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Figure 26: SIP1/ZEB2 expression promotes apoptosis resistance to chemotherapeutic agents. (A) 
Uninduced (SIP1/ZEB2 –VE) and induced (SIP1/ZEB2 +VE) DLD-SIP1 cells were treated with 
increasing concentrations of 5-FU, Doxorubicin and Oxaliplatin.  Apoptosis in response to drug 
treatment was detected by PARP cleavage.  WB highlighted a dramatic reduction is cleaved PARP 
(p89) band intensity after ZEB2 induced EMT to all chemotherapeutic agents and across all doses 
tested. (B) Represents example dot plots acquired by flowcytometry during the Annexin V/ PI 
assay.   Quadrant B/C contains cells cell populations that emit a high Annexin V/PI signal indicating 
activation of apoptosis pathways.  The middle  (DOX -VE) and the right (DOX+VE) dot plots provide 
examples of results obtained from DLD-SIP1 cells treated wit 200μM of oxaliplatin before and 
after SIP1/ZEB2 expression.  It is evident that SIP1/ZEB2 expression results in a smaller increase of 
the apoptotic cell population indicating acquisition of chemoresistance with SIP1/ZEB2 
expression. (C) Histograms representing mean apoptosis (%) as a response to drug treatment 
before and after SIP1/ZEB2 expression, detected by the Annexin V / PI assay. Uninduced (UI) cells 
were consistently more sensitive to apoptosis induced by all three chemotherapeutic agents, 
when compared to the induced (I) counterparts. Statistical differences in mean apoptosis 
between UI/I cells were calculated using a student t-test and the * symbol indicates a p-value 
<0.05. 
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3.3 SIP1/ZEB2 expression enhances migration and motility 

The association between EMT and increased motility has been recognised since its 

initial description by Hay et al.  Previous studies have observed an association between 

increased metastatic capacity and SIP1//ZEB2 expression in bladder and CRC cell lines 

(65, 66).    To investigate whether SIP1/ZEB2 expression in DLD-SIP1 CRC cells 

increases metastatic capability, a transwell migration assay and a cell motility assay was 

undertaken.  The motility assay, performed by tracking single cells, using TrackMate 

software highlighted an eight-fold increase in cell motility after SIP1/ZEB2 expression 

when compared to their uninduced counterparts (Figure 27A-B).  The transwell migration 

assay revealed a 3-fold increase in the number of cells that had migrated across the pores 

of the Boyden chamber (Figure 27C) after induction of EMT in DLD-SIP1 cells.  These 

results exhibit consistency with previous studies that have observed increased motility and 

migration capacity in SIP1/ZEB2 expressing mesenchymal cells (65, 66). 

 

Figure 27: SIP1/ZEB2 migration promotes increased motility and migration. (A) TrackMate 
software was used to quantify single cell motility from time-lapse microscopy images of DLD-SIP1 
cells before and after EMT. The first image provides an example of single cell selection (Pink 
Circles) by TrackMate software.  The middle and the right panels exhibit tracks (yellow lines) 
established by cell motility. (B) An eight- fold increase in cell motility was observed after 
SIP1/ZEB2 expression. The middle and right panels are dot plots of cell motility in all cells tracked 
by the software as pixels/frame.  (C) The transwell migration assay highlighted a 3-fold increase in 
cells that had migrated across the pores of the polycarbonate membrane of the Boyden chamber.  
Migrated cells were quantified by staining with DAPI and quantifying cell numbers using imageJ.  
Examples images of the automated cell counting process are provided. Statically significance was 
calculated using student t-test. UI-induced, I –induced. 
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3.4 SIP1/ZEB2 expression increases cells in G1 phase of the cell-cycle 
and reduces proliferation kinetics 

Cell proliferation is well known to influence sensitivity of cancer cell lines to DNA 

damaging chemotherapeutic agents.  Cancer cells that proliferate at a faster rate are more 

sensitive to DNA damage when compared to quiescent cells (331) .  Transcription factors 

that promote EMT have been shown to induce cell cycle arrest in certain cell lines (101).  

Consequently, I investigated the proliferation kinetics of DLD-SIP1 cells before and after 

induction of EMT by SIP1/ZEB2. The assay was performed using the Cell Titre-Glow® 

assay (CTG) (Promega) as described previously. The results demonstrated no statistically 

significant difference in proliferation kinetics between induced and uninduced cells (Figure 

28A). It is important to note, that previous experiments performed to assess 

chemoresistance properties to commonly used cytotoxic agents, were analysed after a 

36hr exposure to the drugs.  Consequently, the significant differences in apoptosis 

resistance that were observed cannot be attributed to changes in proliferation kinetics. 

Previous studies have also reported SIP1/ZEB2 expression results in a G1 cell cycle 

arrest, a cardinal feature of EMT that could explain the attenuation in proliferation kinetics 

observed after day 3 of the proliferation assay. Consequently, I examined the cell cycle 

profile of DLD-SIP cells before and after expression of SIP1/ZEB2. The experiment was 

performed by staining uninduced and induced cells with propidium iodide (PI) and 

detecting cells belonging to different phases of the cell cycle using flowcytometry. DLD-

SIP1/ZEB2 cells that had been induced for 4 days showed an increase in G1 and 

decreased S phase cells suggesting a slowdown of cell cycle, however the differences did 

not reach statistical significance (Figure 28B). These results demonstrate SIP1/ZEB2 

expression results in acquisition of all the cardinal features, which include E-cadherin 

down regulation, acquisition of a more metastatic phenotype, G1 cell cycle arrest and 

chemoresistance to cytotoxic agents through currently poorly understood mechanisms. 
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Figure 28:  SIP1/ZEB2 expression in DLD-SIP1 cells does not attenuate cell proliferation. (A) To 
investigate the influence of SIP1/ZEB2 on proliferation, DLD-SIP1 cells were plated in the wells of a 
96 well plate and induced for 5 days (D1-D5). Cell numbers were calculated using Cell Titre-Glow® 
assay (CTG) (Promega).  The assay relies on the mono-oxygenation of beetle luciferin by ultra-
glow-luciferase enzyme in the presence of ATP, oxygen and Magnesium.  As ATP levels are 
indicative of metabolically active cells, the intensity of the bioluminescence signal is used as 
indirect signal of cell number. (B) DLD-SIP1 cells were induced for 4 days and their cell cycle 
profile was assessed using PI staining. SIP1/ZEB2 expressing cells showed an increase in G1 and 
decrease in S phase cells suggesting a slowdown of the cell cycle. Statistical analysis was 
performed using the student t-test and significance set at p<0.05, however the differences did not 
reach statistical significance. 

3.5 Drug uptake is comparable between uninduced and induced cells 

A resistance mechanism that neoplastic cells use to abrogate the effect of 

chemotherapeutic agents is drug efflux or reduced drug uptake. Up regulation of drug 

efflux proteins by direct transcription activation by TF’s that induce EMT have been 

previously reported (127).  To investigate whether variations in drug uptake, or increased 

drug efflux contributes apoptosis resistance previously observed in SIP1/ZEB2 expressing 

CRC cells the intrinsic fluorescence property of doxorubicin was utilised.  Uninduced and 

induced cells were treated with two increasing concentrations of doxorubicin for 1hr, 

washed and allowed to recover for 4 hrs.  Induced cells had previously exhibited 

apoptosis resistance, detected by reduced PARP cleavage and PT externalisation, at 

these concentrations of doxorubicin when compared to uninduced counterparts (Figure 

26). Drug uptake was measured as intracellular fluorescence intensity detected by 

flowcytometry.  Comparison of the fluorescence intensity histograms of uninduced and 

induced cells revealed an identical shape and signal intensity, suggesting no differences 

in drug uptake or efflux after SIP1/ZEB2 induced EMT (Figure 29).  These results 
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suggest, the mechanism promoting apoptosis resistance in DLD-SIP1 cells is not 

secondary to intrinsic variations in intracellular doxorubicin concentration.   

 

Figure 29:  SIP1/ZEB2 expression does not alter Doxorubicin uptake or efflux.  DLD-SIP1 cells 
were treated with 2 increasing concentrations of doxorubicin.  The concentrations used in the 
assay previously highlighted a disparity in apoptosis resistance between uninduced (UI) and 
induced (I) DLD-SIP1 cells.  After treatment for 1hr DLD-SIP1 cells were washed and allowed to 
recover for 4 hours. Intracellular fluorescence intensity was measured by flowcytometry.  The 
fluorescence intensity histograms, highlighted an increased in intracellular fluorescence signal, 
however the signal intensity detected from UI and I cells were almost identical at both 
concentrations, suggesting SIP1/ZEB2 expression does not alter drug uptake or efflux of 
doxorubicin, and consequently cannot be the mechanism promoting resistance to apoptosis.    

3.6 Results summary and discussion  

The above work was undertaken to delineate in detail the properties of DLD-SIP1 cells as 

a model to investigate mechanism mediating chemo/radio resistance in CRC.   Induction 

of SIP1/ZEB2 expression after treatment with doxycycline resulted in E-cadherin down 

regulation, increased metastatic capacity, attenuated proliferation kinetics, cell cycle  (G1) 

arrest and chemoresistance.  Despite displaying apoptosis resistance to doxorubicin, 

assessment of intracellular drug uptake remained identical between uninduced and 

induced cells. SIP1/ZEB2 expressing DLD-SIP1 cells displayed apoptosis resistance to 

treatment with oxaliplatin and 5-FU; the primary components of the first-line FOLFOX 

adjuvant chemotherapy regimen administered to patients deemed to be at high risk of 

disease recurrence after surgery for CRC. These findings provide compelling evidence 

that SIP1/ZEB2 expression alone is sufficient to promote chemoresistance and thus 

promote disease recurrence in patients with CRC. 

The first aim of this study was to establish whether SIP1/ZEB2 expression in CRC 

leads to EMT and acquisition of associated features.  A cardinal feature of EMT is the 

down regulation of epithelial cell adhesion proteins such as E-cadherin and expression of 

p=ns
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mesenchymal genes.  Western blotting, IF and data mining of the CCLE database 

demonstrated, SIP1/ZEB2 expression in CRC cell lines results in E-cadherin down 

regulation and expression of mesenchymal marker such as Vimentin.  Traditionally EMT 

was defined as a binary event, whereby cells were classified as either epithelial or 

mesenchymal.  Growing evidence now suggests EMT involves transition to multiple 

intermediary states during which cells can express both epithelial and mesenchymal 

markers simultaneously.  To ensure consistency in induction, DLD-SIP1 cells were 

consistently induced by treatment with doxycycline and for an identical period of time. 

Detailed analysis of SIP1/ZEB2 induced repression of epithelial genes after induction of 

EMT was demonstrated and published by Vanderweele and colleagues using the DLD-

SIP1/ZEB2 cells line in 2005 (324).  

The second aim of the above experiments was to investigate whether SIP1/ZEB2 

induced EMT promoted chemoresistance and metastasis.  To ensure experiments were 

not biased by differences in proliferation and cell cycle kinetics, I undertook a proliferation 

assay and flowcytometry to delineate in detail any differences between induced and 

uninduced cells. Mejlvang and colleagues had previously demonstrated SIP1/ZEB2 

induced EMT promoted cell cycle arrest at stage G1 of the cell cycle by direct repression 

of cyclin-D1, in A431 epidermoid cancer cells (101).  However, in DLD-SIP1 cells, 

expressed very small differences in proliferation and cell cycle kinetics after EMT.     This 

discrepancy is most likely secondary to DLD-SIP1 cells being APC and AXIN mutant.  

Webster and colleagues demonstrated AXIN mutation in DLD1 cells inhibits GSK3 

mediated phosphorylation and accumulation of cytoplasmic and nuclear β-catenin.  

Constant activation of the canonical Wnt/β-catenin  pathways may be postulated to off set 

the repressive effects of SIP1/ZEB2 on cell cycle kinetics (332).  This feature however 

makes DLDS-SIP1 cells an ideal model to study chemoresistance properties, as the 

results will not be biased by differences in proliferation kinetics and cell cycle profiles 

between epithelial and mesenchymal cohorts. 
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A cardinal feature of EMT is the acquisition of chemoresistance.  Seminal studies by 

Zheng and Fischer demonstrated EMT is dispensable for metastasis but promotes 

chemoresistance using a murine model (107, 108).  However, little mechanistic detail is 

understood with regards to cellular programs promoting resistance.  To investigate if 

SIP1/ZEB2 induced EMT promotes chemoresistance to DNA damaging agents routinely 

used in clinical care, WB analysis of PARP cleavage and phospotidylserine externalisation 

detected by flowcytometry was used to assess apoptosis after exposure to Oxaliplatin, 5-

FU and Doxorubicin.  The results demonstrated SIP1/ZEB2 expression alone was 

adequate to promote apoptosis resistance to all three chemotherapeutic agents.  These 

findings are supported by multiple other studies that have reported apoptosis resistance 

after EMT induction in multiple cancer cell lines (66, 107, 115, 127, 333).   

EMT is associated with chemoresistance and a mechanism by which cancer cells 

can become resistant to chemotherapeutic agents is by increased efflux.  Mesenchymal 

breast cancer cells have been shown to over express multi-drug resistant ABC 

transporters thus acquiring chemoresistance. Promoter regions of ABC transporter genes, 

have also been found to contain several EMT-TF binding sites, which suggests the 

mechanism driving gene expression is through direct transcriptional activation (127).  To 

investigate whether SIP1/ZEB2 induced chemoresistance was mediated by increased 

expression of cell membrane transport proteins that promote drug efflux; DLD-SIP1 cells 

were treated with increasing concentrations of doxorubicin.  Single cell drug uptake was 

quantified by flowcytometry measuring fluorescence intensity emitted by intracellular 

doxorubicin concentration.  The results demonstrated an identical pattern of drug uptake 

when uninduced and induced cells were compared, ruling out drug uptake or efflux as a 

potential resistance mechanism of apoptosis resistance in DLD-SIP1 CRC cells.   
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Chapter 4: Nuclear SIP1/ZEB2 expression associates with 
poor oncological outcomes and predicts recurrence. 

As previously highlighted, colorectal cancer (CRC) is a key public health issue, 

representing the commonest gastrointestinal malignancy in western civilisations and the 

second most common cause of cancer-associated mortality in Europe (1).  Surgery 

remains the mainstay of curative intent treatment for predicted non-metastatic CRC, 

however metachronous systemic and to a lesser extent local recurrence of disease from 

occult micro-metastatic spread is common, and remains the principal cause of mortality in 

CRC. (2).  One method to reduce the risk of recurrence is with the application of modern 

combination adjuvant chemotherapy (AC) regimens. Nevertheless decision making on the 

application of AC is challenging and inexact, and toxic side effects can be frequent, 

cumulative, and at times life threatening. As a result, many patients without occult micro-

metastases may be over treated, and are exposed to the detrimental effects of 

chemotherapy. Similarly, up to 35% with initially predicted early stage disease do not 

receive AC and yet subsequently develop systemic recurrence and are therefore 

undertreated. These observations underscore our imprecise methods for staging and 

selection for AC, and highlight the critical need for better markers to identify occult disease 

spread(334).  

For decades, the TNM staging system, based on depth of tumour invasion through 

the bowel wall and lymph node or distant organ spread has been used to stratify patient 

risk and to predict the need for AC (36).  However, in more recent years there has been 

growing acknowledgement of the limitations of the TNM system and of tumour 

heterogeneity and its contribution to stage independent variability in disease trajectory and 

treatment response (33).  For example in node negative disease incremental benefit from 

adjuvant chemotherapy for the average patient remains at less than 5% at 5 years (335).  

Identifying patients at high risk of recurrence therefore remains imprecise as current 

clinical decision-making relies primarily on histological features.  Despite the drive to 

improve precision in defining criteria to identify patients at high risk of recurrence, there 

are currently no biomarkers in routine clinical use to guide clinical management.  
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Refinement of the TNM classification system by the addition of validated biomarkers of 

micro-metastatic spread would therefore greatly improve identification of patients at high 

risk of recurrence and guide further individualisation of treatment.   

  In CRC, numerous in vitro and preclinical studies have demonstrated that EMT 

leads to increased metastatic capacity and apoptosis resistance to commonly used 

chemotherapeutic agents (66, 110, 115). An association between expression of 

mesenchymal markers and poor oncological outcomes in patients has also been reported 

in multiple other solid organ malignancies (65, 66, 268, 336). More recently, several high 

quality independent studies have conducted molecular profiling of CRC, and while they 

have differed in the number of molecular subtypes noted, they have all agreed that 

tumours displaying a mesenchymal profile have a very poor outcome and are 

characteristic of very aggressive tumours with poor response to chemotherapy (42, 272, 

273, 275).  Despite these compelling observations, the presence of a mesenchymal 

tumour phenotype is not routinely considered when stratifying recurrence risk or choosing 

adjuvant chemotherapeutic compounds to treat patients with CRC.  The aim of the 

following work is to assess the utility of SIP1/ZEB2 as a marker of micro-metastatic 

spread in CRC and precisely analyse the added value of its expression status in 

predicting disease recurrence after curative surgery. 

4.1 Patient demographics and clinic-pathological correlation 

Basic patient demographics and association of SIP1/ZEB2 with clinical and pathological 

parameters for the training cohort are provided in Table 3 and 4 below.  Of the 126 

patients in the training set, 11 (8.7%) were aged <60 and 115 (91.3) aged >60.  61 

(48.4%) patients were male and 65 (51.6%) female.  89 (70.6%) of the primary tumours 

were located in the colon, whilst 33 (26.2%) tumours were rectal carcinomas.  77 (61.2%) 

patients were classified as stage 1 or 2 disease, whilst 38.8% (48) had lymph node 

metastasis.  SIP1/ZEB2 expression was observed in 52 (41.3%) of the analysed samples. 

Clinical and pathological association by Chi-squared analysis revealed a statistically 

important association between SIP1/ZEB2 and lymph node metastasis (p<0.02) and 
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consequently advanced stage (p<0.06).  No statistical association was observed between 

SIP1/ZEB2 expression and differentiation.  In the validation cohort (n=210), 25 (12.4%) 

were aged <60.  111 (52.9%) patients were male, 159 (75.7%) tumours were colonic and 

51 (24.3%) rectal. Assessment of SIP1/ZEB2 immuno-expression, revealed 104 (49.5%) 

tumours to be SIP1/ZEB2 positive and 106 (50.5%) SIP1/ZEB2 negative.  Clinical and 

pathological association by Chi-squared test mirrored the associations observed in the 

training cohort and demonstrated a statistically significant association with stage III 

disease (p=0.03) and node positivity (p<0.06). Positive samples from both cohorts 

expressed nuclear SIP1/ZEB2 expression at the invasive front and the centre of the 

tumour. Positivity varied from 10% to ubiquitous expression.  Nuclear SIP1/ZEB2 

expression was not always associated with a mesenchymal phenotype.  Morphologically 

epithelial islands strongly expressed SIP1/ZEB2, suggesting induction of chemoresistance 

may be independent of E-cadherin down regulation.  Discrepancy in scoring was noted in 

less than 10% of tumour samples; in these instances, the specimens were re-analysed 

and a consensus reached. 
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Table 3: Patient demographics of the training and validation cohorts. 

 

 Training cohort Validation cohort 

n % n % 
 

Age (Yrs) 

  

<60 11 8.7 25 11.9 

>60 
Missing 

115 
0 

91.3 
0 

185 
0 

88.1 
0 

Sex   

Male 61 48.4 111 52.9 

Female 

Missing 

65 

0 

51.6 

0 

99 

0 

47.1 

0 
ASA grade   

1 9 7.1 21 10.0 

2 56 44.4 95 45.2 

3 34 27.0 82 39.0 

4 

Missing  

5 

22 

4.0 

17.4 

7 

5 

3.3 

2.4 
Site of tumours    

Right 49 38.9 96 45.7 

Left 40 31.7 63 30.0 

Rectum 

Missing 

33 

4 

26.2 

3.2 

51 

0 

24.3 

0.0 
Differentiation   

 
Well 

 
2 

 
1.6 

 
25 

 
11.9 

Moderate-well 47 37.3 4 1.9 

Moderate 54 42.9 103 49.0 

Moderate-poor  8 6.3 72 34.3 

Poor 
Missing 

14 
1 

11.1 
0.8 

4 
2 

1.9 
1.0 

Stage    

Stage 1 22 17.5 32 15.2 

Stage 2 55 43.7 111 52.9 

Stage 3 48 38.1 67 31.9 

Stage 4 
Missing 

0 
1 

0 
0.8 

 

0 
0 

0 
0 

 
T-stage    

T1 10 7.9 6 2.9 

T2 16 12.7 42 20 

T3 30 23.8 108 51.4 

T4 

Missing 

69 

1 

54.8 

0.8 

54 

0 

25.7 

0 
N-Positivity   

N0 78 61.9 144 68.2 

N1 

Missing 

48 

0 

38.1 

0 

67 

0 

31.8 

0 
Adjuvant Chemotherapy   

Yes 82 65.0 85 40.5 

No 42 33.3 125 59.5 

Missing 2 1.6 0 0 

ZEB2 Positive   

Yes 52 41.3 104 49.5 

No 74 51.7 106 50.5 
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Table 4: Association between clinico-pathalogical features and SIP1/ZEB2 expression. p-values 
were calculated using Chi-Squared or Fischer’s exact test as appropriate.  

 

         Training Cohort                              Validation cohort 

Characteristics ZEB2+VE ZEB2 –VE p-value ZEB2+VE ZEB2-VE p-value 

Age 
 
 

 
p = 0.52 

	

 

<60	 3	 8	 1																					15	1																						11	  

p = 0.52 
	

>60	 49	 66	 89	 95	

Sex	
 

 
p = 0.06 

	

  

 

p = 0.27 M	 20	 41	 51 60 

F	 32 33 53 46 

T-stage	     

T1	 3 7 

 

 
p = 0.62 

 

4 2 

 
p = 0.16 

T2	 5 11 14 28 

T3	 12 18 56 52 

T4	 32 37 30 24 

Nodal	Positivity  
 

 
P=0.06 

 

   

NO	 30 48 61 75 
p < 0.05 

N1/N2	 22 26 43 31 

Stage     

1	 6 16 

 
p = 0.06 

 

11 21 

p < 0.05 
2	 20 35 52 59 

3	 26 22 41 26 

4	 0 0 0 0 

Differentiation     

Well	 1 1 

 
 

p = 0.95 
 

2 4 

 

p = 0.19 

Mod-well	 18 29 49 54 

Moderate	 23 31 34 38 

Mod-poor	 3 5 4 0 

Poor	 7 7 15 10 
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4.2 Nuclear SIP1/ZEB2 expression prognosticates risk of early 
recurrence and reduced survival. 

IHC was initially performed on the training cohort of 126 consecutive CRC specimens for 

SIP1/ZEB2 expression and positivity recorded using a previously published scoring 

system (66). No ubiquitous expression of nuclear SIP1/ZEB2 was detected in normal 

colonic epithelium (Figure30A/B).  Mesenchymal cells such as fibroblasts or lymphocytes 

in the tissue naturally express SIP1/ZEB2 and served as a positive control. Two 

independent pathologists blinded to the groups and outcomes scored 41.3% (52) of the 

126 specimens as SIP1/ZEB2 positive (Figure 30 C-H). Survival analyses by log rank 

highlighted increased recurrence rates (DFS) (Figure 31B) and reduced survival (OS) 

(Figure 31A) in SIP1/ZEB2 expressing patients.  Mean OS of SIP1/ZEB2 expressing 

patients was 43.8 months compared to 60.4 months for SIP1/ZEB2 negative patients (log 

rank, p = 0.02). Mean DFS, in SIP1/ZEB2 positive patients was 48.0 months compared to 

60.5 months in SIP1/ZEB2 negative patients (log rank, p =0.001). Multi variable analysis 

by Cox regression highlighted SIP1/ZEB2 as an independent prognostic marker of both 

OS   (HR 1.7, 95% CI 1.1 - 2.8, p<0.04) and DFS (HR =1.82, 95% CI 1.4 – 3.7, p=0.01) 

(Table 5 and 6).  SIP1/ZEB2 positive patients had a 1.7 fold increased risk of mortality 

(OS) and two fold increase in recurrence risk within 5 years of surgical resection, when 

compared to SIP1/ZEB2 negative patients. 
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Figure 30: SIP1/ZEB2 expression in normal colonic epithelium and CRC.(A/B) shows normal 
colonic epithelium with absence of SIP1/ZEB2 nuclear staining.  (C/D) is an example of a CRC 
specimen that stained negative for SIP1/ZEB2.  The arrows highlight the absence of staining in the 
nucleus.  The nuclear staining of certain fibroblasts and immune cells serve as internal positive 
controls (E-H) CRC specimens expressing nuclear SIP/ZEB2 at the invasive front and the center of a 
tumour.  The blue (Haematoxylin) staining of cells in the middle of the cluster neoplastic cells in 
section G/H provides evidence for the specificity of the antibody.   
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Figure 31:Association between SIP/ZEB2 expression and oncological outcomes in the training 
cohort. (A/B) Kaplan-Meier (KM) survival curves demonstrating differences in overall survival (OS) 
and Disease free survival (DFS) when patients were stratified as SIP1/ZEB2 negative (Green) or 
positive (Blue).  Tables below indicate numbers at risk at each time point and p-values were 
calculated using log rank test.  (C/D) KM curves were generated by differentiating a DFS event as 
either distant or local recurrence, SIP1/ZEB2 expression associated with increased risk of distant 
but not local recurrence.   

 

 

 

 

 

        Training Cohort  

p<0.05 p<0.01

p<0.01 p=0.60

B

C D

A
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Table 5: Multi-variable Cox-regression analysis of OS in the training cohort, presented as hazard 
ratio (HR) with a 95% confidence interval (CI).   

 

Table 6: Multi-variable Cox-regression analysis of DFS (DR) in the training cohort, presented as 
hazard ratio (HR) with a 95% confidence interval (CI). 

 

4.3 Nuclear SIP1/ZEB2 expression prognosticates risk of early 
recurrence and reduced survival in a validation cohort. 

Based on the results obtained from the test cohort, a power calculation was undertaken. 

We identified a cohort size of 180 patients and 46 events as a requirement to achieve 

80% power using a two-sided test, at a significance of 5%, assuming a hazard ratio of 2.0. 

The validation cohort consisted of 211 consecutive patients that underwent a surgical 

resection for primary colorectal adenocarcinoma between 2008-2013. Patients with 

metastatic disease at the time of diagnosis (n=26) were excluded from the analysis.  An 

identical scoring criterion was implemented to identify SIP1/ZEB2 positive patients.  

49.5% of the tumours were scored SIP/ZEB2 positive whilst 50.5 % SIP1/ZEB2 negative.   

Survival analysis by log rank test maintained consistency with results from the pilot cohort.  

Characteristic HR 95% CI p - value 

Age (<60 vs. >60) 2.3 0.6 - 9.2 0.24 
T-stage  (Overall)   <0.01 
T stage (T1/2 vs. T4) 2.1 0.9 – 4.5 0.06 
T stage (T3 vs. T4) 1.1 0.3 – 2.0  
N-stage (N0 vs. N1/2) 1.4 0.4 - 1.7 0.32 
Differentiation   <0.01 
Differentiation (Well vs. Poor) 3.4 1.7 – 6.8 <0.01 
Differentiation (Mod vs. Poor) 1.0 0.6 – 1.9 0.89 
ZEB2 Status (pos vs. neg) 1.7 1.1 - 2.8 <0.05 
 

	

Characteristic HR 95% CI p - value 

Age (<60 vs. >60) 1.00 0.2 – 4.4 1.00 
T-stage  (Overall)   <0.05 
T stage (T1/2 vs. T4)    4.30 1.3 – 14.6 <0.05 
T stage (T3 vs. T4) 0.95 0.2 – 4.8 0.96 
N-stage (N0 vs. N1/2) 1.20 0.6 – 2.3 0.70 
Differentiation   0.52 
Differentiation (Well vs. Poor) 1.55 0.4 – 1.9 0.36 
Differentiation (Mod vs. Poor) 0.91 0.6 – 4.0 0.81 
ZEB2 Status (pos vs. neg) 1.82 1.4 – 3.7 <0.05 
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A 6.9 month reduction in mean OS (log rank, p<0.01) (Figure 32A) and 13 month 

reduction (log rank, p<0.001) (Figure 32B) in mean DFS was observed in SIP1/ZEB2 

positive patients when compared to SIP1/ZEB2 negative.  Multivariable analysis by Cox 

regression again highlighted SIP1/ZEB2 as an independent prognostic marker of OS (HR 

=1.4, 95% CI 1.2 – 2.1, p=0.05) and DFS (HR =3.2, 95% CI 1.6 – 6.6, p<0.01) (Table 7-

8). pN stage and SIP1/ZEB2 positivity were identified as independent prognostic markers 

of OS. pT stage, pN stage and differentiation were identified as independent prognostic 

markers of DFS. 

 

Figure 32: Association between SIP/ZEB2 expression and oncological outcomes in the validation 
cohort (A/B) Kaplan-Meier (KM) survival curves demonstrating differences in overall survival (OS) 
and Disease free survival (DFS) when patients were stratified as SIP1/ZEB2 negative (Green) or 
positive (Blue).  Tables below indicate numbers at risk at each time point and p-values were 
calculated using log rank test.  (C/D) KM curves were generated by differentiating a DFS event as 
either distant or local recurrence, SIP1/ZEB2 expression associated with increased risk of distant 
but not local recurrence.   

   Validation Cohort  

p<0.01 p=0.23

BA

DC

p<0.05 p<0.01
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Table 7: Multi-variable Cox-regression analysis of OS in the training cohort, presented as hazard 
ratio (HR) with a 95% confidence interval (CI).   

 

Table 8: Multi-variable Cox-regression analysis of DFS (DR) in the validation cohort, presented as 
hazard ratio (HR) with a 95% confidence interval (CI). 

 

4.4 Nuclear SIP1/ZEB2 expression prognosticates risk of early 
recurrence and reduced survival in a validation cohort. 

Several in vitro and in vivo studies have reported that the process of EMT results in an 

enhanced capacity to metastasise to distant organs(65, 103, 268). Hence, we 

differentiated distant (DR) from loco-regional recurrence (LR) and investigated the 

association of SIP1/ZEB2 in these contexts.   Distant recurrence was defined as any 

disease recurrence outside the colon or rectum.  Local recurrence was defined as disease 

recurrence, progression, or development at the anatomical site of resection or in adjacent 

anatomical mesenteric lymph nodes.  For rectal cancer the definitions put forward by the 

Beyond TME collaborative was utilised (337) .  

 

	

Characteristic HR 95% CI p - value 

Age (<60 vs. >60) 1.4 0.6 - 3.4 0.45 
T-stage  (Overall)   <0.05 
T stage (T1/2 vs. T4) 2.8 1.2- 6.3 <0.05 
T stage (T3 vs. T4) 1.5 0.7 - 3.1 0.32 
N-stage (N0 vs. N1/2) 1.8 1.1 - 2.9 <0.05 
Differentiation (Overall)   0.86 
Differentiation (Well vs. Poor) 1.2 0.6 - 2.5 0.64 
Differentiation (Mod vs. Poor) 1.1 0.5 - 2.4 0.89 
ZEB2 Status (pos vs. neg) 
 

1.4 1.2 - 2.1 <0.05 

	

Characteristic HR 95% CI p - value 

Age (<60 vs. >60) 1.2 0.5 - 3.7 0.72 
T-stage  (Overall)   <0.01 
T stage (T1/2 vs. T4) 4.3 1.5 - 12.4 <0.01 
T stage (T3 vs. T4) 1.3 0.5 - 3.5 0.65 
N-stage (N0 vs. N1/2) 3.1 1.6 - 6.6 <0.01 
Differentiation (Overall)   <0.01 
Differentiation (Well vs. Poor) 4.3 2.3 -13.2 <0.01 
Differentiation (Mod vs. Poor) 3.3 0.8 - 5.4 0.07 
ZEB2 Status (pos vs. neg) 
 

3.2 1.6 - 6.6 <0.01 
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Survival analysis in both training and validation cohorts revealed that SIP1/ZEB2 positivity 

selectively prognosticates for distant but not local recurrence, exhibiting consistency with 

the enhanced motility and migration features observed in in vitro EMT models.  The mean 

time to DR was significantly shorter in SIP1/ZEB2 positive patients in both cohorts. An 18-

month reduction (49.6 vs. 67.6, log rank, p<0.01) in time to DR was noted in the training 

cohort (Figure 31C) and an 11.4-month reduction (48.0 vs. 59.4, log rank, p<0.01) in the 

validation cohort (Figure 32C).  At 5 years, a 2 to 3 fold increased incidence of distant 

recurrence was observed in both training and validation cohorts. In contrast, no 

statistically significant differences in risk of LR were observed in the training (log rank, p = 

0.61; Figure 31D) or validation cohorts (Figure 32D) (log rank, p = 0.23).  Multivariable 

analysis by Cox proportional hazards model identified SIP1/ZEB2 as an independent 

prognostic marker of DR in both training (HR =1.82, 95% CI 1.4 – 3.7, p<0.05) and 

validation cohort (HR =3.28, 95% CI 1.7 – 6.1, p<0.01) (Table 6 and 8). 

4.5 External validation confirms association between SIP1/ZEB2 
expression and reduced disease free survival.  

To externally validate the above results of survival outcomes were investigated using the 

open access portal progeneV2.  mRNA expression profile from the database GSE28814 

(PMID for citation 21251323) was queried for an association between, high 

SIP1(ZEB2)/CDH1 ratio and time to metastasis. As observed in the test and validation 

cohort, high SIP(ZEB2)/CDH1 mRNA ratio, which is suggestive of SIP1/ZEB2 expressing 

mesenchymal phenotype, resulted in a statistically significant reduction in time to 

metastasis (Log rank, p=0.01). Patients classified as expressing high SIP1(ZEB2)/CDH1 

ratio were at a significantly greater risk of experiencing metastasis when compared to 

patients with a SIP1(ZEB2)/CDH1 low expression ratio (Hazard ratio 2.1, 95%CI 1.2-3.8) 

(Figure 33). 
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Figure 33: Association between SIP1(ZEB2)/CDH1 expression and disease recurrence. mRNA 
expression profile from the database GSE28814 (PMID for citation 21251323) was queried for an 
association between, high SIP1(ZEB2)/CDH1 ratio and reduced time to metastasis.  Univariate 
analysis highlighted a statistically significant association, (Log Rank p<0.01) between High 
SIP1(ZEB2)/CDH1 ratio.  All analysis was performed using the open access platform proggeneV2. 

4.6 SIP1/ZEB2 expression identifies patients at a high risk of disease 
recurrence in stage II disease 

The benefit of administering adjuvant chemotherapy in stage III CRC is well-recognised 

(23). Selecting patients with node negative disease that will derive maximal benefit from 

adjuvant chemotherapy using conventional clinical and pathological risk factors remains 

suboptimal, and the accurate identification of patients with occult micro-metastatic disease 

remains a significant clinical challenge (335, 338). Our previous observations demonstrate 

that SIP1/ZEB2 expression in CRC associates with earlier recurrence and reduced overall 

survival.  Consequently we undertook subset survival analysis to investigate whether 

SIP1/ZEB2 expression in node negative (stage I or II) CRC could aid in identifying 

patients at higher risk of recurrence.  In total 222 patients with node negative tumours 

from both training and validation cohorts were cumulatively analysed to ensure a sufficient 

number of cases were available. Patient demographics and clinico-pathological 

associations between SIP1/ZEB2 and conventional risk factors are outlined in Tables 9 
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and 10.  93 (41.9%) of the specimens were scored as SIP1/ZEB2 positive.  A statistically 

significant association was observed between SIP1/ZEB2 expression and poor 

differentiation status (p=0.01). Survival analysis by log rank test revealed SIP1/ZEB2 

expression associates with a statistically significant reduction in OS and DFS.  Patients 

with SIP1/ZEB2 positive, but node negative tumours experienced a 19.4-month reduction 

in time to recurrence (log rank, p<0.05) and 23.8-month decrease in overall survival (log 

rank, p<0.008) (Figure 33A-B). SIP1/ZEB2 expression again associated with early 

recurrence with specificity to distant (log rank, p=0.04) but not local recurrence (log rank, 

p=0.15) (Figure 33 C-D).  An 18.2-month reduction in time to distant recurrence from date 

of surgery was observed in patients scored SIP1/ZEB2 positive, when compared to 

negative.  Multivariable analysis by Cox regression, which incorporated known clinical and 

pathological risk factors of stage I and II disease identified SIP1/ZEB2 expression as an 

independent prognostic marker of recurrence (HR =1.9, 95% CI 1.2 – 3.2, p=0.009) and 

overall survival (HR =1.9, 95% CI 1.6 – 6.6, p=0.001) (Table 11 and 12).  At 5 years 

SIP1/ZEB2 expressing patients were almost twice as likely to have experienced disease 

recurrence or succumb to their disease when compared to SIP1/ZEB2 negative patients. 
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Table 9: Patients demographics of stage I & II disease 

 

	 n	 %	
	
Age	(Yrs)	

<60	 23	 10.4	

>60	
Missing	

199	
0	

89.6	
0	

Sex	

Male	 116	 53.3	

Female	
Missing	

106	
0	

47.7	
0	

ASA	grade	

1	 17	 7.6	

2	 87	 39.1	

3	 94	 42.3	

4	 7	 3.1	

Missing	 17	 7.7	

Site	of	tumours		

Right	 87	 39.2	

Left	 69	 31.0	

Rectum	 62	 27.9	

Missing	 4	 1.8	

Differentiation	

	
Well	

																											
																											6	

	
2.7	

Moderate-well	 																										107	 48.2	

Moderate	 81	 36.5	

Moderate-poor		 5	 2.3	

Poor	 23	 10.4	

T-stage		

T1	 12	 5.4	

T2	 47	 21.2	

T3	 99	 44.6	

T4	 64	 28.8	

Nodes	Sampled		 	 	

<12	 95	 42.8	

>12	 125	 56.3	

Missing	 1	 0.9	

Perineural/	Lympatic/EMVI	 	 	

POSTIVE	 44	 19.8	

NETATIVE	 173	 77.9	

Missing	 5	 2.3	

Adjuvant	Chemotherapy	

Yes	 54	 24.8	

No	 167	 74.8	

Missing	 1	 0.4	

SIP1	Positive	

Yes	 93	 41.9	

No	 129	 58.1	
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Table 10:Clinico-Pathalogical association and SIP1/ZEB2 expression in stage I &II disease 

 

 

Characteristics ZEB2 +VE ZEB2 –VE p-value 

Age  

 

p = 0.87 

 

<60 
10 13 

>60 
83 116 

Sex 
 

 

p = 0.32 

 

M 
45 71 

F 
48 58 

T-stage  
 

T1 
3 9  

 

p = 0.50 

 

T2 
             17 30 

T3 
44 55 

T4 
29 35 

Nodes Sampled 
   

<12 
37 58 p = 0.45 

>12 
55 70  

Lymphatic / Perineural /EMVI 
 

 

p = 0.23 

 

Yes 
22 22 

No 
71 102 

Differentiation 
 

Well 
19 9  

p < 0.01 

 

 

Mooderate 
29 52 

Poor 
45 68 
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Figure 34: Association between SIP/ZEB2 expression and oncological outcomes in node negative 
disease.(A/B) Kaplan-Meier (KM) survival curves demonstrating differences in overall survival (OS) 
and Disease free survival (DFS) when patients were stratified as SIP1/ZEB2 negative (Green) or 
positive (Blue) in subset analysis of patients with node negative disease.  Tables below indicate 
numbers at risk at each time point and p-values were calculated using log rank test.  (C/D) KM 
curves were generated by differentiating a DFS event as either distant or local recurrence, 
SIP1/ZEB2 expression associated with increased risk of distant but not local recurrence.   

 

 

 

 

 

 

p=0.12

p<0.01p<0.05

p<0.01

Stage I-II survival analysis 
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Table 11: Multi-variable Cox-regression analysis of overall survival in patients with node negative 
disease, presented as hazard ratio (HR) with a 95% confidence interval (CI). 

 

Table 12: Multi-variable Cox-regression analysis of disease free survival (DFS) in patients with 
node negative disease, presented as hazard ratio (HR) with a 95% confidence interval (CI). 

 

4.7 SIP1/ZEB2 expression improves capacity to predict early recurrence. 

The above data demonstrates a significant association between SIP1/ZEB2 expression 

and increased incidence of DR, independent of stage.  To investigate if addition of 

SIP1/ZEB2 expression status to conventional histological risk factors improves predictive 

capacity to identify patients at higher risk of experiencing early DR (<3yrs) after curative 

surgery; nomograms (Figure 35F) with or without SIP1/ZEB2 expression score were 

developed as described previously. The nomograms were developed in the training cohort 

and applied to the validation cohort to assess external validity.  In the training cohort, the 

C-index to predict DR within 3 years of surgery using conventional histological risk factors 

was 0.73 (95% CI: 0.62-0.84) and improved to 0.77 (95% CI: 0.66-0.87, iAUC = 0.04) with 

	

Characteristic HR 95% CI p - value 

Age (<60 vs. >60) 1.82 0.5 – 6.1 0.33 
T-stage  (Overall)   <0.01 
T stage (T3 vs. T4) 1.24 0.5 – 2.1 0.84 
T stage (T1/2 vs. T4) 4.12 1.2 – 4.5 <0.01 
Nodes sampled (<12 vs >12) 1.52 0.9 – 2.5 0.09 
EMVI (Pos vs. Neg) 2.10 1.1 – 2.4 <0.05 
Differentiation   0.28 
Differentiation (Well vs. Poor) 0.82 0.3 – 1.9 0.64 
Differentiation (Mod vs. Poor) 1.27 0.5 – 2.4 0.54 
Chemotherapy (Yes vs. No) 2.57 1.3 – 5.0 <0.01 
ZEB2 Status (pos vs. neg) 1.91 1.2 – 3.2 <0.01 
    
	

Characteristic HR 95% CI p - value 

Age (<60 vs. >60) 1.06 0.5 – 6.1 0.33 
T-stage  (Overall)   <0.01 
T stage (T3 vs. T4)   1.00 0.5 – 2.1 0.13 
T stage (T1/2 vs. T4) 4.00 1.2– 4.5 <0.01 
Nodes sampled (<12 vs. >12) 1.19 0.9 – 2.5 0.09 
EMVI (Pos vs. Neg) 2.82 0.9 – 2.4 0.03 
Differentiation   <0.01 
Differentiation (Well vs. Poor) 7.64 1.5 – 7.8 <0.01 
Differentiation (Mod vs. Poor) 2.83 0.5 – 4.8 0.22 
Chemotherapy (Yes vs. No) 1.20 0.5 – 2.8 0.69 
ZEB2 Status (pos vs. neg) 1.91 1.6 – 6.6 <0.01 
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the addition of SIP1/ZEB2 expression score. Application of the nomograms to the 

validation cohort (n=185) highlighted an identical trend with C-indexes improving from 

0.82 (95% CI: 0.75-0.87) to 0.87 (95% CI: 0.80-94, iAUC-0.05) (Figure 35A/B). Kaplan-

Meier survival plots generated by applying the risk score to the validation cohort revealed 

greater separation and improvements in both sensitivity and specificity (Figure 35C/D).  

Calibration plots demonstrated good concordance between expected and observed 

outcome (data not shown).  Taken together, these observations suggest that SIP1/ZEB2 

expression, if used in conjunction with conventional histological staging, improves the 

ability to identify patients at increased risk of experiencing distant recurrence after surgical 

resection.  

4.8 SIP1/ZEB2 expression improves ability to predict recurrence in 
patients with stage I & II disease. 

The inability to stratify patient risk more precisely in node-negative CRC impedes 

clinicians’ ability to identify patients that will derive maximum benefit from adjuvant 

chemotherapy. To investigate whether SIP1/ZEB2 expression aids detection of patients at 

increased risk of recurrence in lymph node negative CRC, a multivariable logistic 

regression model containing conventional pathological and clinical risk factors was 

constructed, to identify independent variables. Clinical and pathological variables 

considered and subsequently incorporated into the multivariable model are listed in Table 

8.  In node negative disease the C-index for the prediction of distant recurrence and 

overall survival at 36 months were 0.83 (95% CI:0. 70 - 0.95) and 0.84 (95% CI: 0.78 - 

0.90).  The C-index improved from 0.80 to 0.83 with the addition of SIP1/ZEB2 to predict 

DR within 3 years (Figure 35E), demonstrating that the addition of SIP1/ZEB2 expression 

to conventional risk factors in node-negative CRC increases the ability to identify patients 

at increased risk of disease recurrence.    
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Figure 35:  Addition of SIP1/ZEB2 to TNM staging system imporves ablity to idenity patients at 
high risk of early disease recurrence. (A/B) ROCcurves was generated with and withoud addition 
of SIP1/ZEB2 to TNM staginig system to demonstrate the imporvement in incremenatl area under 
the curve (iAUC).  Green ROC curve is after the additon of SIP1/ZEB2 whilst the dotted blue line is 
the TNM staging crieteion only.  Panel B highlights the imporvement in iAUC secondary to additon 
of SIP1/ZEB2 as a histogram.  Confidence intervals (95% CI) are represented as error bars.  (C/D) 
KM curves show an imporvement in stratification when SIP1/ZEB2 is addeded to the nomogram.  
Patients were stratified as either high risk or low based on scores that give equal weigting for 
sensitivity and specificty, Score of >1.2 was scored a high risk patient.  (E)  Histogram representing 
imporvement in incremenatl area under the curve (iAUC) in the subset of patients with node 
negative disease. (F)  Visual representation of the histogram which was used to construct risk 
scores the predict risk of ditant recuurence in patients with CRC after surgery. 
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4.9 Results summary and discussion 

Currently CRC is treated as a genetically homogenous disease.  Despite the drive 

towards precision medicine, only KRAS mutational status has been approved as a 

negative predictive factor in patients treated with Cetuximab (339, 340).  There are 

currently no molecular biomarkers in routine clinical use to stratify risk of recurrence after 

surgical resection of the primary tumour.   In this study, we demonstrate that SIP1/ZEB2, 

an EMT inducing transcription factor expressed in mesenchymal cancer cells, predicts an 

increased risk of distant recurrence and reduced OS after curative surgery.  Subset 

analysis of patients with node negative disease highlighted SIP1/ZEB2 as a biomarker 

with the ability to predict recurrence independent of stage.  Addition of SIP1/ZEB2 to 

nomograms encompassing conventional pathological risk factors improved the predictive 

capacity to identify patients at high risk of recurrence.  These results if validated in a 

prospective clinical trial will accelerate clinical application of SIP1/ZEB2 as a biomarker, to 

identify patients at high risk of recurrence.   

EMT is thought to be a critical event in cancer metastasis (44, 52).  The association 

between EMT, down regulation of epithelial adhesion molecules (57), modulation of the 

extracellular matrix to promote invasion (341) and cytoskeletal alterations that increase 

motility (57) have been reported in in vitro models.  Consequently, it can be postulated 

that biomarkers detecting features of an EMT phenotype in the primary tumour may aid in 

identifying patients at high risk of recurrence due to increased probability of these patients 

harbouring occult micro-metastases that are undetectable by current imaging modalities.  

E-cadherin down regulation is a cardinal feature of EMT and has been extensively 

investigated as a biomarker (266-268). However, studies proposing the use of E-cadherin 

have reported conflicting results (43). Factors contributing towards these inconsistencies 

include, variations in methodology, biomarker scoring, data analysis and reporting 

standards (104).   
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A further layer of complexity has been introduced by the concept of cellular plasticity 

(49).  It recent years it has been proposed cancer cells can transition into an intermediary 

phenotype during which they may simultaneously express both epithelial and 

mesenchymal features (53). An analysis of 43 ovarian cancer cells revealed co-

expression of Vimentin and N-cadherin only occurred in 50% of cases (129).  Thus 

defining mesenchymal phenotype solely based on expression or repression of a single 

adhesion molecules, may bias scoring systems and make identification of fully de-

differentiated mesenchymal cancer cells challenging. Gaining a global consensus on 

adhesion molecule expression profile of cancer cells belonging to an intermediary 

transition states, using in vitro models and further tissue specimen analysis is required 

before application in the clinical setting is feasible. 

Transcription factors that belong to the Twist, SNAIL and Zinc finger enhancer 

binding (ZEB) families are known to induce EMT (145).  Of the above transcription factors 

ZEB proteins and their potential role as a biomarker has been sparsely studied in the 

setting of CRC.  Further, there have been no studies that have validated their findings on 

an independent patient cohort, making transition to a clinical trial challenging. Kahlert et al 

previously reported cytoplasmic expression of SIP1/ZEB2 at the invasive front of primary 

CRC’s prognosticated for poor cancer specific survival (65).  However, nuclear expression 

of SIP1/ZEB2, the ability to differentiate local from distant recurrence, applicability in node 

negative disease and predictive capacity to identify patients at high risk of distant 

recurrence was not considered.  Our scoring system emphasised the importance of 

nuclear positivity, as SIP1/ZEB2 proteins modulate gene expression through epigenetic 

regulation in the nucleus (324).  Thus, nuclear expression may more accurately denote 

activation of EMT pathways and improve identification of mesenchymal CRC cells. 

A large-scale consortium of leading scientist within the colorectal field have recently 

highlighted the importance of identifying tumours expressing a mesenchymal phenotype 

(33).  Cumulative analysis of six independent cohorts by genomic subtyping studies 

reported that patients with tumours expressing a mesenchymal gene profile were 
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repeatedly found to have a worse prognosis and increased risk of distant recurrence (42, 

272, 273, 275, 276, 342).  These findings are consistent with oncological outcomes 

observed in patients expressing SIP1/ZEB2 in our cohort.  A major advantage to using 

SIP1/ZEB2 to identify mesenchymal cancer cells is its non-dependence on specialised 

genetic testing.  IHC is routinely performed in all clinical pathology laboratories and 

therefore readily translated into routine clinical practice, without the need for specialist and 

expensive molecular profiling platforms. Further, most gene expression platforms quantify 

mRNA expression and transcriptional changes. In vitro studies have however proven 

beyond doubt that EMT is highly regulated by microRNA’s; consequently mRNA 

expression does not automatically result in protein expression and activation of EMT 

pathways therefore cannot be assumed based on transcriptional changes only (67).  A 

further limitation of polymerase chain reaction (PCR) based assays relates to tumour 

sampling.  EMT often occurs in a subset of cancer cells within a solid tumour (51).  

Therefore, quantifying the gene expression profile by sampling a small area of the tumour 

may fail to be representative of the true genetic heterogeneity of the sample.  This 

limitation can be significantly reduced by analysis of multiple section of a single tumour by 

IHC. 

A recognised feature of EMT is the acquisition of chemoresistance to compounds 

routinely used in clinical practice (66, 107).  Gupta and co-workers reported breast cancer 

cells that had undergone EMT acquired apoptosis resistance to most conventional 

chemotherapeutic agents used in a drug screen (115). Patients with tumours that express 

a gene profile signature suggesting activation of EMT pathways acquired limited benefit 

from conventional chemotherapeutic strategies and expressed selective sensitivity to 

certain targeted agents (42).  Therefore, detection of a mesenchymal gene expression 

profile or SIP1/ZEB2 expression not only prognosticates recurrence risk, but may also 

predict response to chemotherapeutic agents routinely used in the adjuvant setting.  

Although agents with specific toxicity to mesenchymal CRC cells are yet to be validated in 

prospective clinical trials, its is likely that biomarkers such as SIP1/ZEB2 may guide 
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identification of high risk patients and subsequently aid in selecting compounds from 

which patients will derive maximum benefit in future years.   

In this study, we demonstrate using a training and validation cohort that nuclear 

SIP1/ZEB2 expression in CRC prognosticates for a high risk of relapse with specificity to 

distant recurrence after curative surgery.  Subgroup analysis of patients with node 

negative disease identified SIP1/ZEB2 as an independent prognostic marker of early 

recurrence and reduced survival.  Addition of SIP1/ZEB2 expression status to nomograms 

composed of conventional pathological risk factors improved the ability to identify patients 

at higher risk of recurrence.  Recent large-scale gene profile analysis, have proven 

beyond doubt the importance of identifying tumours that belong to the mesenchymal 

subtype, due to their consistent association with distant recurrence and resistance to 

conventional chemotherapeutic agents (33). Detection of SIP1/ZEB2 expression by IHC 

simplifies the process of detecting these mesenchymal tumours and could aid in 

development of an easily translatable IHC assay to identify mesenchymal CRC cells.  In 

future years, simplifying CRC subtyping akin to the four-biomarker panel (ER, PR, HER2 

and Ki67) used to classify breast cancer could aid improvements in risk stratification and 

guide administration of treatment strategies from which patients will derive maximal 

benefit(343, 344)
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Chapter 5: SIP1/ZEB2 induced EMT and drives 
chemoresistance   activating nucleotide excision repair 

in colorectal cancer. 
Disease progression and recurrence are the principle causes of death in colorectal 

cancer and occurs in up to 30% at presentation and subsequently develop in 50% after 

curative surgery (2, 3). The majority of patients with recurrent disease are incurable and 

experience a median survival of less than 3 years, even with the latest chemotherapy and 

targeted biological agents (345). Surgical resection combined with DNA damaging agents 

such as 5-flurouracil (5-FU), irinotecan and oxaliplatin based chemotherapeutic strategies 

(FOLFOX or FOLFIRI), with or without addition of biological agents remains the standard 

of care in patients with high-risk stage II and advanced disease. Majority of patients, 

however, fail to respond to treatment, and can suffer toxic side effects without therapeutic 

benefit (346). Despite the drive towards personalised care in recent years the only 

biomarker in standard clinical use is KRAS mutation status, which predicts response to 

EGFR inhibitors such as Cetuximab (274). Nevertheless, this example provides proof-of-

principle that a mechanistic understanding of CRC biology can be translated to improved 

patient outcomes in the clinical setting and highlights the pressing requirement for the 

identification of new markers predictive of therapy response. 

The association between EMT, poor oncological outcomes and treatment resistance 

has been highlighted in many solid tumours (347). Earlier studies described a link 

between drug resistance and EMT by incubating epithelial carcinoma cells with DNA 

damaging agents for extended periods and reporting the mesenchymal morphology of the 

selected (chemo-resistant) CRC cells (117). In line with these in vitro observations, 

molecular stratification of CRC patients revealed patients displaying a mesenchymal gene 

expression pattern respond poorly to adjuvant chemotherapy, experience earlier 

recurrence and reduced survival (33) (42). Despite these compelling observations, the 

cellular mechanisms driving EMT induced chemoresistance are poorly understood. 

Increased drug efflux, improved DNA repair, rewiring of cellular signalling, attenuated 
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DNA damage response and pro-apoptotic signalling have thus far been suggested as 

contributing factors (53, 66, 127, 347).  

The ZEB family of transcription factors comprises of two genes, ZEB1 and 

SIP1/ZEB2, which have thus far been sparsely studied in CRC and in the context of 

chemotherapy response. Here we report, nuclear SIP1/ZEB2 immuno-expression as a 

marker of poor response to adjuvant FOLFOX chemotherapy. In Chapter 3 I 

demonstrated, CRC cells expressing SIP1/ZEB2 undergo EMT and became resistant to 

oxaliplatin and 5-FU; compounds administered in the FOLFOX regime to treat CRC 

patients.  In this chapter I demonstrate, critical components of the nucleotide excision 

repair (NER) pathway, such as ERCC1, are induced upon SIP1/ZEB2 expression. High 

ERCC1 abundance in CRC cells enhanced kinetics of oxaliplatin induced DNA crosslink 

clearance, thus promoting DNA repair and resistance to apoptosis both in vitro and in 

vivo. Taken together, these findings identify the mechanism of SIP1/ZEB2 induced 

chemoresistance, and suggest nuclear SIP1/ZEB2 may have clinical utility in predicting 

recurrence and response to oxaliplatin- based chemotherapy regimes in CRC. 

5.1 Nuclear SIP1/ZEB2 expression associates with poor response to 
FOLFOX chemotherapy 

Dr Sayan group previously published SIP1/ZEB2 overexpression induces resistance to 

DNA damage induced apoptosis (66).  To investigate if this in vitro feature translates to 

poor survival in CRC patients, IHC for SIP1/ZEB2 and survival analysis were performed 

on a pilot cohort of 34 consecutive patients who received the FOLFOX chemotherapy 

regimen after surgical resection of primary CRC between 2005 and 2006. SIP1/ZEB2 

scoring was performed using previously established criteria (66, 348). Nuclear SIP1/ZEB2 

was not detectable in normal colonic epithelium whereas more than 70% (24/34) of the 

CRC specimens registered SIP1/ZEB2 positive (Figure 36A). Survival analysis 

demonstrated a reduction in mean Overall Survival (OS) of 15.6 months and Disease Free 

Survival (DFS) of 19.5 months if SIP1/ZEB2 is expressed. However, these differences did 

not reach statistical significance (Figure 36B). Based on this data, a power calculation 
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was undertaken to exclude the possibility of a type 2 error. We identified a minimum 

cohort size of 86 patients and 24 events as a requirement to achieve 80% power using a 

two-sided test, at a significance of 5%, and assuming a hazard ration of 3.0. 

Consequently, a validation cohort consisting of 99 further consecutive patients matching 

the previous inclusion/exclusion criteria (Appendix : Table 21)were identified and 

analysed. A 15.9-month reduction in mean OS (log rank, p <0.002) and 19.5 month 

reduction in mean DFS (log rank, p <0.002) was observed in patients with SIP1/ZEB2 

positive tumours when compared to SIP1/ZEB2 negative (Figure 36C). These results, for 

the first time, strongly demonstrate SIP1/ZEB2 positive patients that received FOLFOX 

adjuvant chemotherapy experienced a poor response, indicated by reduced survival and 

increased recurrence rates. Association of clinico-pathalogical variables with SIP1/ZEB2 

and patient demographics are listed in tables 10 and 11 in compliance with REMARK 

biomarker reporting guidelines (349). Multivariable Cox-regression analysis highlighted 

SIP1/ZEB2 as an independent prognostic marker of OS (HR 3.13, 95% CI 1.59 -6.16, 

p=0.001) and DFS (HR 3.12, 95% CI 1.53 -6.65, p=0.002 Tables15, 16). 

Figure 36: SIP1/ZEB2 expression in normal colon and CRC. (A) Normal colon, SIP1/ZEB2 negative 
(-VE) CRC and positive (+VE) CRC staining. Normal colonic cells and SIP-VE CRC registered no 
positive staining other than occasional stromal cells, whereas strong nuclear staining was 
observed in SIP+VE tumours as marked by arrows. Kaplan-Meier curves displaying overall survival 
(OS) and disease free survival (DFS) in accordance with nuclear SIP1/ZEB2 expression (Blue = 
SIP1/ZEB2 +VE, Green = SIP1/ZEB2 -VE) of patients in the pilot study (B) and validation cohort 
(C).  Nuclear SIP1/ZEB2 expression associated with reduced OS and DFS in the validation cohort 
(log rank, p<0.002). 
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Table 13: Clinical and pathological parameters of patients in the pilot and validation study. 

 

 

 

	

 Pilot study Validation study 

 n % n % 

 
Age (Yrs) 

  

<60 2 5.8 24 24.3 

>60 32 94.6 75 75.8 

Sex   

Male 16 47.0 53.5 53.5 

Female 18 53.0 46.5 46.5 

Site of tumours    

Right 15 44.1 34 34.3 

Left 15 44.1 34 34.3 

Rectum 4 22.8 30 30.3 

Missing 0 0 1 1 

Differentiation   

Well 0 0.0 3 3.0 

Moderate-well 14 41.2 54 54.5 

Moderate 11 32.4 27 27.2 

Moderate-poor  2 5.9 4 4.0 

Poor 7 20.6 10 10.1 

Missing 0 0 1 1 

Stage    

Stage 1 0 0 0 0 

Stage 2 11 41.7 44 44.2 

Stage 3 23 58.3 54 54.5 

Stage 4 0 0 0 0 

Missing 0 0 1 1 

T-stage    

T1 0 0 0 0 

T2 0 2.8 10 10.1 

T3 14 41.2 50 50.5 

T4 20 58.8 38 38.3 

Missing 0 0 1 0 

N-Positivity   

N0 11 41.7 44 44.5 

N1 23 58.3 55 55.5 

Missing 0 0 0 0 

SIP1 Positive   

Yes 24 53.8 49 49.5 

No 10 47.2 50 50.5 
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Table 14: Clinical and pathological parameters of patients in the pilot and validation study and 
their association with nuclear SIP1 expression. p-values were derived by using Chi squared or 
fishers exact test as appropriate. 

 

 

 

 

 

 

 

	

 Pilot study Validation cohort 

Characteristics SIP1+VE SIP1-VE p-value SIP1+VE SIP1-VE p-value 

 

Age 

      

<60 1 1 p=0.51 14 10 p=0.60 
>60 23 9  36 39  

 

Sex 

      

M 10 6 p=0.46 24 29 p=0.40 

F 14 4  25 21  

 
pT-stage 

      

T1 0 0 p=0.15 0 0 p=0.30 

T2 0 0  5 5  
T3 8 6  27 23  

T4 16 4  18 21  

 
pN status 

      

N0 8 3 p=0.85 19 25 p=0.30 
N1/N2 16 7  30 25  

 

AJCC Stage 

      

1 0 0 p=0.17 0 0 p=0.25 

2 8 3  18 26  

3 16 7  31 23  
4 0 0  0 0  

 

Differentiation 

      

Well 0 0 p=0.64 2 1 p=0.84 

Mod-well 10 4  26 28  

Moderate 9 2  13 14  
Mod-poor 1 1  3 1  

Poor 4 3  5 5  
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Table 15: Multivariate analysis (Cox proportional hazard regression model) of prognostic 
parameters for overall survival in colorectal cancer patients that received adjuvant FOLFOX 
therapy. 

 

Table 16: Multivariate analysis (Cox proportional hazard regression model) of prognostic 
parameters for disease free survival (DFS) in colorectal cancer patients that received adjuvant 
FOLFOX therapy. 

 

5.2 SIP1/ZEB2 expression is maintained in a sub-population of cells in 
CRC liver metastasis. 

The above data suggest SIP1/ZEB2 expression in primary CRC increases risk of 

recurrence after treatment with FOLFOX therapy. This may be due to SIP1/ZEB2 

promoting chemoresistance in occult micro-metastases as previously shown using in vitro 

models (66). Canonical models of metastasis have proposed a requirement to down 

regulate EMT inducing transcription factors (EMT-TF’s), such as SIP1/ZEB2, and revert 

back to epithelial morphology (mesenchymal to epithelial transition, MET) for successful 

distant colonisation (44). It is also well known that the plastic/stem-cell nature of 

metastatic cells at the distant site can define chemotherapy response and prognosis 

Characteristic HR 95% CI p - value 

Age (<60 vs. >60) 1.2 0.48 – 3.24 0.66 

T-stage  (Overall)   0.01 
T stage (T1/2 vs. T4) 7.01 1.60 – 30.89 0.01 

T stage (T3 vs. T4) 3.10 0.69 – 13.67 0.15 

N-stage (N0 vs. N1/2) 2.10          1.60 – 6.17 0.03 

Differentiation   0.18 

Differentiation (Well vs. Poor) 1.29 0.58 – 2.85 0.537 
Differentiation (Mod vs. Poor) 1.04           0.23 – 1.63 0.33 

SIP1 Status (pos vs. neg) 3.13 1.59 - 6.16 0.001 

 

	

Characteristic HR 95% CI p - value 

Age (<60 vs. >60) 1.91 0.738 – 4.98 0.19 

T-stage  (Overall)   0.006 
T stage (T1/2 vs. T4)     7.03 1.53 – 32.25 0.01 

T stage (T3 vs. T4)    2.29 0.50- 10.50 0.29 

N-stage (N0 vs. N1/2)    2.04 1.02 – 4.12 0.05 

Differentiation   0.19 

Differentiation (Well vs. Poor) 0.97 0.430 -2.16 0.92 
Differentiation (Mod vs. Poor) 0.46 0.17 – 1.23 0.12 

SIP1 Status (pos vs. neg) 3.12 1.53 – 6.65 0.002 
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(reviewed in (350). However, SIP1/ZEB2 protein expression in CRC metastases remains 

unexplored; therefore it is not clear if SIP1/ZEB2 may directly promote chemoresistance in 

distant metastatic foci. To investigate if SIP1/ZEB2 expression persists in distant 

metastasis, we investigated 30-paired samples from patients that underwent a surgical 

resection for primary CRC and synchronous/metachronous liver metastasis. Clinical and 

pathological variables of this cohort are presented in Table 17. Nuclear SIP1/ZEB2 was 

observed in 87% (26/30) of the primary CRC tumors and 83% (25/30) of the paired liver 

metastases. More than 96% (25/26) of SIP1/ZEB2 positive primary tumors also stained 

positive for SIP1/ZEB2 in their corresponding liver metastases. No SIP1/ZEB2 negative 

primary tumor exhibited SIP1/ZEB2 in the recurrence. This data suggests SIP1/ZEB2 

expression can persist at the metastatic foci. The intrinsic chemoresistance properties of 

SIP1/ZEB2 expressing mesenchymal cancer cells may result in the reduced survival 

observed in patients administered adjuvant FOLFOX therapy.  

 

Figure 37: SIP1/ZEB2 expression in CRC liver metastasis. SIP1/ZEB2 expression in CRC-liver 
metastasis. SIP1/ZEB2 expression is analyzed in a cohort of CRC 30 patients with 
synchronous/metachronous metastasis as paired with their primary tumour. Both negative (A) 
and positive nuclear SIP1/ZEB2 (B) have been observed.    
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Table 17:Clinical and pathological parameters of patients with primary colorectal cancer and 
matched colorectal liver metastasis. 

 

 

	

 n % 

 

Age (Yrs) 
<60 8 26.7 

>60 22 73.3 

Site of tumour 

Colon 14 46.7 

Rectum 16 53.3 

pT stage  

1 0 0 

2 3 10 

3 21 70 

4 6 20 

pN-Positivity   

N0 12 40 

N1/2 18 60 

Metastasis at presentation   

MO 12 40 

M1 18 60 

Stage    

Stage 1 0 0 

Stage 2 4 13.3 

Stage 3 8 26.7 

Stage 4 18 60 

Synchronous  vs. metachronous 

Synchronous 12 40 

Metachronous 18 60 

Differentiation 

Well 0 0 

Moderate-well 9 30 

Moderate 18 60 

Moderate-poor  0 0 

Poor  1 3.3 

Missing  2 6.7 

Neo Adjuvant Chemotherapy 

Yes 11 63.3 

No 19 36.6 

SIP1 Positive primary  

Yes 26 86.6 

No 4 13.4 

SIP1 positive Liver metastasis  

Yes 25 83.3 

No 5 16.7 
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5.3 SIP1/ZEB2 induced EMT up-regulates expression of multiple 
components of Nucleotide Excision Repair pathway. 

A striking feature of the above data is the association of SIP1/ZEB2 with chemotherapy 

resistance, disease recurrence and reduced survival. EMT has been associated with 

chemoresistance in previous studies, however the mechanism remains unclear. We 

previously reported that SIP1/ZEB2-induced EMT attenuates DNA damage response 

upstream of ATM/ATR activation (66). A potential explanation of this observation could be 

improved DNA repair capacity in SIP1/ZEB2-expressing carcinoma cells. A qPCR array, 

with a focus on DNA damage response, performed on two SIP1/ZEB2 inducible cell line 

models (A431-SIP1 and DLD-SIP1), highlighted increased expression of multiple 

components of the nucleotide excision repair (NER) pathway (Figure 38).  NER is 

responsible for removal of DNA adducts generated by UV mimetic (e.g. mitomycin C) or 

platinum-based chemotherapeutic agents (351). Efficient removal of oxaliplatin induced 

DNA crosslinks via NER, therefore, may represent a survival strategy that could be 

adopted by mesenchymal CRC cells to combat DNA damage induced cell death (321). 

Among the up-regulated genes, Excision Repair Cross Complementation group 1 

(ERCC1) demonstrated a 2.5 fold increase after SIP1/ZEB2 induced EMT both in RNA 

and protein level (Figure 39A).  

ERCC1 forms a heterodimer with XPF (ERCC4) and acts as part of the 5’-

endonuclease complex during nucleotide excision and double strand break (DSB) repair 

(352).  Deficiency of any component of the NER machinery renders cells sensitive to DNA 

crosslinking agents, however ERCC1 heterozygosity/loss produces the most prominent 

DNA repair deficient phenotype (351). ERCC1 expression has been investigated in 

several clinical trials as a predictive biomarker of platinum resistance with conflicting 

results (353). Consequently, we probed whether full length ERCC1 (ERCC1-202, 891 

nucleotides) overexpression is associated with EMT status of CRC. We found strikingly 

higher ERCC1 levels in CRC cell lines expressing low/no E-Cadherin (Figure 39B). This 

observation was extended to the CCLE cohort of Geneatlas database where 41 CRC cell 

lines are present (354). ERCC1 expression was highest when epithelial genes such as 
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CDH1, mIR200b or PKP3 were low or mesenchymal genes such as SIP1/ZEB2, 

SNAIL2(SLUG) or vimentin were high (Figure 39C). These observations suggest ERCC1 

overexpression and enhanced NER capacity may be the underlying mechanism of 

oxaliplatin resistance of metastatic CRC cells.   

 

Figure 38: SIP1/ZEB2 expression up-regulates expression of multiple genes involved in the 
nucleotide excision repair (NER) pathway.  SIP1/ZEB2 inducible A431 and DLD cells were 
subjected to a qPCR array with the focus on DNA damage response/repair. The genes that show 
significant increase/decrease (p<0.05 as calculated by student t test) were presented as heat map. 
Note multiple genes implicated in NER pathway (ERCC1, ERCC4, ERCC2, XPA and XPC) were 
clustered (indicating a similar trend in regulation) and up regulated in both cell lines upon 
SIP1/ZEB2 induction.  
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Figure 39: SIP1/ZEB2 regulates ERCC1 expression. (A) SIP1/ZEB2 induction increased ERCC1 
expression as assessed by qPCR, RT-PCR (ERCC1-202 form, full length ERCC1) and western blotting 
(37kDa, full length form). (B) ERCC1 expression is associated with EMT status of CRC cell lines. The 
ratio of ERCC1-202/CDH1 expression was plotted according to quantification of bands from 3 
independent RT-PCR experiments. Mesenchymal CRC cell lines CT26, RKO and SW480 displayed 
the highest ERCC1 and lowest CDH1 expression. (C)The CRC cell lines in the CCLE cohort of 
Geneatlas database were probed for epithelial (MIR200B, E-Cadherin (CDH1), Plakophilin 3 (PKP3) 
and mesenchymal (Vimentin (VIM), ZEB1, SIP1/ZEB2, SNAI1, SNAI2) genes to observe correlation 
with ERCC1 expression. ERCC1 is abundantly expressed when CDH1 or PKP3 were low and when 
VIM, ZEB1, SIP1/ZEB2 or SNAIL2 were high. Four out of 6 High ERCC1 expressing CRC cell lines 
were also positive for SIP1/ZEB2 or SNAIL2. These results suggest ERCC1 expression is induced 
when CRC cells undergo EMT.    
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5.4 SIP1/ZEB2 directly binds to E-boxes in the promoter region of the 
ERCC1 gene to induce gene expression 

Due to the positive correlation observed between SIP1/ZEB2 and ERCC1 expression we 

hypothesised SIP1/ZEB2 directly controls ERCC1 transcription. An earlier study had 

reported the presence of several E-Boxes, the DNA motif that SIP1/ZEB2 binds, in 

ERCC1 promoter (321). Our extended in silico analysis identified eight E-box elements in 

the 2kb regulatory region encompassing the promoter and the first exon of ERCC1 gene 

(Figure 40A). We, therefore, cloned ERCC1 promoter into PGL3 vector as two segments 

(ERCC1-lucA and ERCC1-lucB, Figure 40B). A significant increase in luciferase signal 

was detected after SIP1/ZEB2 expression in DLD-ZEB2 cells transfected with segments A 

or B containing E-Boxes 4-8 (Figure 40C). Luciferase activity reduced as the number of 

E-boxes in the cloned segment decreased suggesting interaction of SIP1/ZEB2 with E-

boxes in the promoter contributes to increased gene expression. Due to possible 

complications in analysing reporter activity in transcribed regions of ERCC1, we 

performed chromatin immunoprecipitation (ChIP) to analyse SIP1/ZEB2 binding to E-

Boxes 1-3. We found interaction of SIP1/ZEB2 with both ERCC1 and CDH1 (Positive 

control) transcriptional regulatory regions and the functional effect of this binding has been 

demonstrated by alterations of RNA pol II presence on these promoters (Figure 40C). 

These results demonstrate that SIP1/ZEB2 directly binds to ERCC1 promoter and up 

regulates its expression.   
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Figure 40: SIP1/ZEB2 directly binds to E-boxes in the promoter of ERCC1. (A) Scheme of potential 
SIP1/ZEB2 binding sites (E-boxes, CANNTG) on the left and sequence presented on the right in 
relation to ERCC1 transcription start site marked as “0”. (B) Luciferase reporter assay of segments 
A and B of ERCC1 promoter as measured in un-induced and induced DLD-SIP1 cells. (C) SIP1/ZEB2 
binds to regulatory regions of ERCC1. Exogenous SIP1/ZEB2 was immuno-precipitated by tag 
(myc) antibody; negative control IgG and RNA Pol II were used as controls. SIP1/ZEB2 enrichment 
was detected at both ERCC1 and CDH1 (SIP1/ZEB2 binding positive control) regulatory regions 
(lane 6 highlighted by a box as compared to lane 5). SIP1/ZEB2 repression of CDH1 was evident as 
Pol II binding to CDH1 promoter decreased (lane 8). 

5.5 ERCC1 overexpressing CRC cells register less DNA damage, 
attenuated DNA damage response, reduced apoptosis signalling 
and enhanced resistance to oxaliplatin. 

We next aimed to study if ERCC1 is the main effector of oxaliplatin resistance in 

SIP1/ZEB2 expressing CRC cells.  Wild type (epithelial) DLD-1 cells were transfected with 

mCherry-ERCC1 or mCherry alone (control) to create stable cell lines. Two clones 

expressing differing levels of ERCC1 were selected to dissect the contribution of ERCC1 

overexpression to oxaliplatin resistance. Both control (DLD-C1 and DLD-C2) and ERCC1 

overexpressing clones (DLD-E1 and E2) were E-Cadherin-positive and retained epithelial 

features of parental DLD-1 cells (Figure 41A). Despite the epithelial phenotype, DLD-E1 

and E2 exhibited up to 10 fold increased resistance to oxaliplatin treatment as determined 

by viability assays (Figure 41B). DLD-E1 and E2 also exhibited resistance to apoptosis 

(reduced PARP cleavage) and attenuated H2AX phosphorylation (marker of DNA 

damage) after treatment with increasing concentrations of oxaliplatin, when compared to 
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controls (Figure 41C). To investigate if mesenchymal CRC cell lines become sensitive to 

oxaliplatin via high ERCC1 expression we knocked down ERCC1 in RKO and SW480 

cells which showed the highest ERCC1/CDH1 ratio (Figure 39B). Decreased ERCC1 

expression sensitised both cell lines to oxaliplatin-induced apoptosis (Figure 42A). A 

possible explanation of these observations is ERCC1 overexpressing cells possess 

enhanced DNA repair capacity to oxaliplatin induced DNA damage. Improved repair 

capacity may in turn result in reduced DNA damage signalling and apoptosis. To 

investigate if ERCC1 facilitates resistance to other chemotherapeutic agents that cause 

alternative types of DNA damage, ERCC1 over-expressing and control cells were treated 

with doxorubicin and 5-FU. Extent of apoptosis assessed by PARP cleavage revealed no 

difference in the magnitude of cell death when compared to controls (Figure 42B) 

suggesting ERCC1 plays a key role in regulating oxaliplatin induced DNA repair.  

 

Figure 41: ERCC1 induces oxaliplatin resistance. (A) ERCC1 expression in relation to EMT status 
(E-cadherin and vimentin expression) is shown. Both control (DLD-C1 and C2) and ERCC1 
expressing clones (DLD-EC1 and EC2) retained epithelial identity. SW480 cells were used as a 
positive control for mesenchymal features (Reduced/no E-cadherin, increased vimentin and high 
ERCC1). Exogenous (mCherry tagged, 67kDa) and endogenous (37kDa) ERCC1 are presented 
separately because of size difference. (B) Viability assay for control and ERCC1 clones showed 
increased IC50 values and stratification for chemoresistance according to ERCC1 protein 
abundance. (C) ERCC1 clones were treated with increasing concentrations of oxaliplatin. PARP 

cleavage (presence of p89 PARP) and increased H2AX phosphorylation were assessed to 
determine apoptosis and DNA damage response pathway activation. DLD-EC1 and EC2 showed 
reduced pro-apoptotic signaling as compared to DLD-C1 and C2    
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Figure 42: ERCC1 knockdown sensitises mesenchymal CRC cells to Oxaliplatin. (A) ERCC1 was 
knocked down in mesenchymal CRC cell lines SW480 and RKO and these cells were treated with 
100mM oxaliplatin for 24h. Control siRNA transfected cells no apoptotic response however ERCC1 
down regulation (ERCC1si) induced significant cell death, as assessed by PARP cleavage (p89 
PARP).  (B) Control (C1 and C2) and ERCC1 overexpressing (EC1, EC2) DLD cells were incubated 
with chemotherapeutic agents (doxorubicin or 5-FU). All clones, overexpressing, ERCC1 or 
controls mCherry transfected ERCC1 cell, died at a similar magnitude as shown by PARP cleavage 
(p89 PARP).    

5.6 Efficient repair of oxaliplatin induced DNA crosslinks is due to 
ERCC1 overexpression.  

Next we investigated if ERCC1 enhances apoptosis resistance due to enhanced NER 

capacity. The platinum adduct antibody (ICR4) was used to detect DNA damage and 

quantify repair after oxaliplatin treatment. ERCC1 overexpressing cells registered lower 

DNA damage at all doses tested as compared to controls (Figure 43A). Further, DLD-

EC1 and EC2 cells exhibited enhanced repair kinetics. A one hour oxaliplatin treatment 

and twelve hours recovery revealed the kinetics of DNA repair correlated with ERCC1 

protein abundance, with the highest ERCC1 expresser’s exhibiting the fastest repair 

capacity (Figure 43B). The same pattern of enhanced DNA repair was also observed in 

SIP1/ZEB2 induced DLD-SIP1 cells as compared to uninduced counterpart (Figure 43C). 
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The above evidence suggests SIP1/ZEB2-induced ERCC1 enhances DNA repair capacity 

of CRC cells and consequently may promote an apoptosis-resistance phenotype in CRC 

patients treated with oxaliplatin containing combination chemotherapy.    

 

Figure 43: ERCC1 overexpression augments clearance of platinum-DNA crosslinks. All 
experiments in this figure has been repeated at least 3 times and a representative figure (left) and 
quantification (right) are presented. (A) DLD-C2 and DLD-EC2 cells were treated with increasing 

concentrations of oxaliplatin for 4 hours. Genomic DNA was isolated and equal amount (1g) 
from each sample was transferred to nitrocellulose membrane. Platinum-DNA adduct antibody 
(ICR4) was used to assess the abundance of oxaliplatin induced DNA damage (upper panel). DLD-
EC2 cells registered to have less oxaliplatin damage as normalized to total DNA load (bottom).  (B) 

Control and ERCC1 overexpressing DLD1 clones were treated with 100M oxaliplatin, washed and 
assessed for DNA repair capacity for 12 hours as mentioned in Fig. 5A. DLD-EC1 and EC2 cleared 
oxaliplatin induced DNA crosslinks quicker than controls indicating faster DNA repair. (C) 

SIP1/ZEB2 inducible DLD cells (un-induced or induced foe 3 days) were incubated with 100M 
oxaliplatin, washed and assessed for platinum adduct clearance. Induced cells registered less 
damage and quicker recovery   
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5.7 ERCC1 expression levels predict response to oxaliplatin in vivo. 

We next evaluated the effects of ERCC1 over expressing (DLD-EC2) and control 

(DLD-C2) cells in an orthotopic immuno-compromised murine model by direct intra-caecal 

implantation of tumour cells. Mice were allowed to recover from surgery and control (PBS) 

or oxaliplatin was administered intra-peritoneally at weekly intervals. Tumour growth was 

assessed by measuring mCherry fluorescence intensity. Distant metastasis was not 

detected in lung, liver or spleen by fluorescence imaging or histopathological analysis of 

the organs confirming the epithelial identity of DLD-C2 and DLD-EC2 cells. Tumour 

formation and ERCC1 expression in tumours were confirmed by histopathological analysis 

and IHC (Figure 44A, 44B). Primary tumours expressing low/no ERCC1 (DLD-C2) 

exhibited a significant reduction in fluorescence signal indicating tumour shrinkage upon 

Oxaliplatin treatment (Figure 44C). ERCC1 overexpressing primary tumours (DLD-EC2), 

however, exhibited a limited response to oxaliplatin treatment when compared to controls 

(Figure 41D). This data suggests ERCC1 over-expression contributes to oxaliplatin 

resistance in CRC and may explain why SIP1/ZEB2 expressing CRC tumours show 

limited response upon FOLXOX treatment. 
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Figure 44: ERCC1 overexpression predicts therapy response in CRC. (A) DLD-EC2 and DLD-C2 
clones were injected to the caecum of immuno-compromised mice and allowed to grow for 7 
weeks. The tumours were taken out and assessed for histopathological properties. Both cell lines 
produced similar sized tumours consistent with differentiated primary CRC and (B) clone EC2 
retained ERCC1 expression as assessed by IHC. (C) Imaging primary tumour generated by DLD-C2 
and EC2, with or without oxaliplatin treatment, showed a decrease in fluorescence signal in DLD-
C2 but not in DLD-EC2 as quantified in (D). The starting fluorescence of DLD-EC2 was less than 
DLD-C1, possibly because the fusion protein of mCherry-ERCC1 is emitting less light than mCherry 
alone. 

5.8 Results and discussion 

Metastasis and therapy resistance are major causes of cancer-associated mortality (1). A 

growing body of data suggests EMT signature is associated with poor oncological 

outcomes in CRC (42).  In this study, we demonstrate that nuclear SIP1/ZEB2 expression 

predicts early recurrence and reduced survival in patients that received adjuvant FOLFOX 

chemotherapy after a surgical resection for primary CRC. SIP1/ZEB2 enhanced 

resistance of mesenchymal CRC cells to oxaliplatin induced DNA damage, by increasing 

NER capacity. Enhanced DNA repair capacity resulted in reduced pro-apoptotic signalling 

and treatment resistance both in vitro and in vivo. 

Chemotherapeutic regimens encompassing use of conventional DNA damaging 

agents (FOLFOX, FOLFIRI) continue to represent a major treatment option in patients 

with CRC (355). Although the association between chemo/radio-resistance and EMT has 

been documented previously, the mechanistic details remain poorly understood and are 
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likely to be multifactorial (66, 107, 108). Clinical studies suggest CRC patients with 

tumours belonging to the mesenchymal molecular subtype exhibit poor response to 

conventional adjuvant chemotherapy (274). We previously reported SIP1/ZEB2 

expression promotes resistance to DNA damage induced apoptosis due to attenuated 

ATM/ATR activation (66). This finding may have different explanations: SIP1/ZEB2 either 

compromises recognition of the damaged DNA or enhances repair capacity. Our results 

suggest that faster and more efficient repair of oxaliplatin-induced damage is the main 

contributing factor to chemoresistance. A central role for SIP1/ZEB1 in promoting 

resistance to ionising radiation by enhancing homologous recombination (HR) has also 

been demonstrated recently (356). Hence, SIP1/ZEB-mediated activation of DNA repair 

pathways emerges as a viable cellular strategy to gain chemo/radio-resistance. 

The majority of DNA damage inflicted by platinum-based chemotherapeutic agents 

are intra-strand G-G dimers, although inter-stand cross-links between two Guanines 

nucleotides are also observed (357). These DNA adducts distort DNA helix, inhibit 

replication and transcription to drive cells into apoptosis (351). Of several DNA repair 

systems in eukaryotic cells, NER is credited with playing a central role in removal of 

platinum induced DNA adducts (351). The process of intra-strand crosslink removal 

involves, DNA damage recognition, unwinding, adduct excision by endonucleases, DNA 

re-synthesis and ligation. The key feature of NER is the introduction of incisions by XPG 

(at 3’) and ERCC1-XPF (at 5’) into the damaged DNA strand on either side of the adduct, 

resulting in the excision and removal of a single strand DNA fragment, containing the DNA 

adduct (307). In contrast, inter-strand crosslinks are converted into a DSB during DNA 

replication where the ERCC1-XPF complex plays a key role in removal of non-

homologous 3’ single stranded flaps, which is subsequently repaired by HR (358).   

Among all NER proteins ERCC1 stands out as it is also involved in Fanconi 

Anaemia pathway and DSB repair (308, 359). Hypersensitivity of ERCC1 mutants to DNA 

crosslinking agents, when compared to other NER proteins is also well accepted (351).  In 

CRC cell lines, mRNA levels of ERCC1 directly correlated with enhanced repair capacity; 
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whilst small interfering RNA mediated knockdown increased sensitivity, as shown in this 

article and by others (360, 361) (362). Ovarian, bladder and lung cancer cell lines that 

exhibit resistance to platinum derivatives have been shown to possess enhanced NER 

activity (363-365). The hypersensitivity of testicular cancer to platinum-based 

chemotherapy is also associated with low abundance of ERCC1 and impaired DNA repair 

capacity (366). In early clinical trials, high ERCC1 expression has also been associated 

with cisplatin resistance in ovarian and non-small cell lung cancers (367-369). A single 

nucleotide polymorphism of the ERCC1 gene (C118T), is associated with reduced protein 

translation and improved response to therapy involving platinum compounds in both CRC 

and NSCLC (370) (371).  However, to date, the cellular mechanisms controlling ERCC1 

expression and promoting intrinsic platinum resistance in CRC have remained elusive. 

Here we demonstrate, for the first time, that the activation of EMT by SIP1/ZEB2 is 

instrumental for ERCC1 overexpression, enhanced NER capacity and oxaliplatin 

resistance.   

Over the years there has been significant attention to the clinical use of ERCC1 as a 

predictive biomarker of platinum resistance (372-376).  IHC, RNA expression and 

polymorphism genotyping have been trialled with mixed results (353). The FOCUS trial 

(n=1197) utilised IHC to associate ERCC1 protein expression to predict clinical response 

to platinum treatment. ERCC1 expression was reported not to be predictive of response to 

FOLFOX therapy (377). This conclusion, however, needs to be interpreted with caution. 

Protein quantification of ERCC1 in clinical samples is complicated by the existence of four 

functionally distinct protein isoforms that differentially impact DNA repair.  Of the 

recognised isoforms, only ERCC1-202 (297aa) was associated with nucleotide excision 

and inter-strand crosslink repair capacity (359). A meticulous screen of commercially 

available ERCC1 antibodies demonstrated an inability to differentiate between the four 

isoforms, consequently, rendering quantification of functionally relevant ERCC1 by IHC 

impossible (378). Therefore, we did not attempt to stain our CRC cohorts with ERCC1 

antibody and associate SIP1/ZEB2 with ERCC1 expression levels in this study. Another 

important biasing feature of ERCC1 as a biomarker to platinum resistance in clinical 
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samples is its expression pattern. ERCC1 is a ubiquitously expressed gene and as shown 

in this article, its expression is enhanced during EMT. Although ERCC1 up-regulation can 

have a dramatic impact on oxaliplatin response, it has proven to be difficult to quantify 

accurately by IHC without a standardised reporting system. Whilst some clinical trials 

have reported negative results with regards to the predictive capacity of ERCC1, this 

conclusion needs to be interpreted with caution due to the factors summarised above.  

A paucity of data relating to EMT inducing transcription factors and their association 

with chemoresistance, in particular for SIP1/ZEB2, exists due to the absence of effective 

antibodies that have been meticulously validated. We overcame this hurdle by generating 

and validating our own SIP1/ZEB2 antibody and demonstrating specificity in western 

blotting and IHC (66, 348, 379).  Kahlert et al previously reported cytoplasmic expression 

of SIP1/ZEB2 at the invasive front of primary CRC’s prognosticated for poor cancer 

specific survival (65). Surprisingly, nuclear nature of SIP1/ZEB2 and its prognostics value 

to differentiate response to chemotherapy were not considered. In this study, we 

investigated and validated for the first time, the prognostic value of SIP1/ZEB2 expression 

in a cohort CRC patients, who received adjuvant FOLFOX therapy after surgical resection 

of the primary tumour. Nuclear SIP1ZEB2 expression was associated with poor 

oncological outcomes in terms of both OS and DFS. We emphasize the importance of 

nuclear expression of SIP1/ZEB2 in our scoring system, as SIP1/ZEB2 proteins are 

transcription factors executing their function in the nucleus. 

In this study, we demonstrate that SIP1/ZEB2 directly induces ERCC1 expression, 

thus enhancing DNA damage repair capacity and apoptosis resistance in vitro and in vivo.  

Due to the intrinsic complexity of scoring ERCC1 using IHC, we propose SIP1/ZEB2 is a 

promising candidate biomarker, predicting FOLFOX resistance in patients with primary 

CRC. Unlike ERCC1, that is expressed in normal cells, nuclear SIP1/ZEB2 protein is not 

observed in normal colonic epithelium, but exclusively detected in mesenchymal CRC 

cells, which simplifies scoring and its application as a clinical tool. Another important 

feature of SIP1/ZEB2, as shown in this article, is its capacity to induce resistance to both 
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components of the FOLFOX regimen. The molecular mechanism driving 5-FU resistance 

in CRC was highlighted as up regulation of thymidylate synthase (380) however the 

contribution of SIP1/ZEB2 to this phenomenon should be investigated in a separate study.  

In conclusion our results show that SIP1/ZEB2 expression is associated with multiple 

aspects (metastasis and chemoresistance) of tumour progression, making it a valuable 

biomarker to prognosticate disease trajectory. Further validation and progression to a 

prospective clinical trial will aid the application of SIP1/ZEB2 immuno-expression as a 

useful clinical tool in the near future. 
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Chapter 6: SIP1/ZEB2 induced EMT promotes radio 
resistance through enhanced double strand break 

repair. 
Radiation therapy is a major tool for cancer treatment, and is widely used in the neo-

adjuvant setting in the treatment of rectal adenocarcinoma (32).  Ionising radiation (IR) 

induces apoptosis by producing DNA double strand breaks (DSB’s) directly or via the 

generation of reactive oxygen species (ROS) (226).    Over the last three decades multiple 

clinical trials have investigated the efficacy of IR in the management of rectal cancer.  

Cumulative analysis of this data has clearly demonstrated that IR improves oncological 

outcomes in patients with advanced  (T3/T4, N1/2) rectal cancer, making neo-adjuvant 

chemo-radiotherapy the standard of care (381).  Despite these advances, it is clear that all 

patients with rectal cancer do not respond in a ubiquitous manner to IR (32).   There is 

also mounting evidence from in vitro and animal models that suggest certain cancer cells 

subpopulations acquire resistance to IR induced apoptosis, though currently poorly 

understood mechanisms (66, 356, 382).  Greater capacity to differentiate patients that will 

acquire benefit from neo-adjuvant treatment from those that will poorly and dissecting 

cellular mechanism that drive apoptosis resistance to IR will greatly improve treatment 

outcomes in patients with rectal cancer in future years.   

 In recent years, there has been growing acknowledgement that mesenchymal 

cancer cells that express EMT inducing TF’s such as SLUG, SNAIL, ZEB1 and ZEB2 

acquire apoptosis resistance to IR (66, 382-384).  A mechanism that could drive apoptosis 

resistance to IR is enhanced DNA repair.  We previously reported SIP1/ZEB2 expressing 

bladder cancer cells are protected from cytotoxic injury induced by UV radiation (66).  In 

addition, ZEB1 has also been implicated in stabilising CHK1, in an ATM dependent 

manner and enhancing homologous recombination (HR) in response to IR (356).  

Although the above data suggests an association between ZEB proteins and enhanced 

DNA repair, paucity in detail remains in terms of the contribution of the underlying 

chromatin structure towards DNA repair.  The access-repair-restore model highlights the 
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initial need to modify histones at the site of injury for successful repair of DSB induced by 

IR (226) .  The impact of chromatin architecture at the site of injury on DNA repair is 

highlighted by studies that have reported slower rates of DNA repair in heterochromatin 

rich DNA domains (318).  However, the contribution EMT inducing TF’s towards chromatin 

structure and consequently DNA repair is yet to be studied.   In this chapter I investigate 

the contribution SIP1/ZEB2 mediated EMT towards chromatin structure, DNA repair and 

consequently apoptosis resistance.  

6.1 SIP1/ZEB2 expression promotes apoptosis resistance to IR 

The association between expression of EMT TF’s and apoptosis resistance to 

radiotherapy has been previously described.  In Figure 24 of this thesis, I demonstrated 

tetracycline treatment of DIP-SIP1 cells in culture induces SIP1/ZEB2 mediated EMT.  To 

evaluate the contribution of SIP1/ZEB2 mediated EMT towards apoptosis resistance in 

CRC, uninduced (ui) and induced (i) cells were exposed to increasing doses of ionising 

radiation (IR).  Cells were allowed to recover for 48hrs and apoptotic cell populations 

quantified by detecting PARP cleavage by western blotting.  The results revealed, 

SIP1/ZEB2 expressing mesenchymal cells were resistant to IR induced apoptosis 

induced.  The attenuation in PARP cleavage, which was used a marker of caspase 

activation, was observed at all doses tested. PARP cleavage was not observed in 

untreated cells and actin was used as an equal loading control (Figure 45A).  

 γH2AX (Ser139) is a well-recognised marker of DNA damage, in particular double 

strand breaks. ATM mediated phosphorylation of H2AX at serine 139 in response to DNA 

damage results in the activation of DNA damage recognition and repair (226).  To 

evaluate if the observed apoptosis resistance is secondary to enhanced DNA repair, 

γH2AX was quantified in uninduced and induced DLD-SIP1 cells after exposure to 

increasing doses of IR.  A dramatic reduction in γH2AX levels was noted in SIP1/ZEB2 

expressing cells when compared to uninduced counterparts, at all doses tested; 

suggesting SIP1/ZEB2 expressing mesenchymal cells possess the capacity for enhanced 

DNA repair, γH2AX clearance and consequently apoptosis resistance.  Total H2AX levels 
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in uninduced and induced cells were quantified and demonstrated to be equal to ensure, 

the observed results are not biased by baseline changes in total H2AX expression after 

SIP1/ZEB2 induced EMT (Figure 45A).    

To evaluate weather the apoptosis resistance observed in vitro translates to 

improved cell viability, DLD-SIP1 cells were exposed to increasing doses of IR after 

SIP1/ZEB2 induced EMT.  Cells were allowed to recover for 1 week and number of 

colonies quantified using imageJ software.  A statistically significant improvement in cell 

viability was observed in mesenchymal (induced) DLD-SIP1 cells when compared to 

uninduced cells (Figure 45B).  These results demonstrate SIP1/ZEB2 induced EMT 

results in enhanced DNA repair and consequently apoptosis and resistance after 

exposure to IR. 
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Figure 45:SIP1/ZEB2 expression promotes resistance to ionizing radiation (IR) in CRC. (A) 
Uninduced and induced DLD-SIP1 cells were exposed to increasing doses of IR.  Cells were 
collected after 48 hours and WB analysis for features of DNA damage (γH2AX) and apoptosis 
(PARP cleavage) performed.  The results revealed SIP1/ZEB2 expressing cells exhibited a dramatic 
reduction in H2AX phosphorylation and PARP cleavage when compared to uninduced 
counterparts.  Untreated cells did not reveal any evidence of DNA damage or apoptosis and were 
used as negative controls, whilst β-Tubulin and actin were equal loading controls.  Total H2AX 
levels were quantified before and after induction of SIP1/ZEB2 to ensure observed differences in 
H2AX phosphorylation are not secondary to baseline changes H2AX expression after EMT.  (B) 
Uninduced and induced DLD-SIP1 cells were exposed to increasing doses of IR.  Cells were allowed 
to recover for 1 week and viability assessed by colony formation assay.  Colonies were stained 
using crystal violet and numbers counted using imageJ software. At all doses tested, induced cells 
exhibited greater capacity to survive DNA damage and form colonies when compared to 
uninduced cells. Mean differences in colony formation (experiment conducted in triplicate) 
capacity between uninduced and induced cells were compared and statistical significance 
calculated using a student T-test.  Significance was set to <0.05.  Gy-Gray, UI-uniniduce, i-induced, 
γH2AX- Histone H2AX phosphorylated at serine 139. 

6.2  SIP1/ZEB2 expression associates with faster DSB repair  

Next I wanted to investigate whether the observed differences in apoptosis and DNA 

damage, which was observed in SIP1/ZEB2 expressing cells is secondary to faster DNA 

repair. To achieve this aim, DLD-SIP1 cells were exposed to 2.5Gy of IR before and after 

SIP1/ZEB2 induced EMT.  A pulse-chase experiment was performed and cells fixed using 
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paraformaldehyde at varying time points over an 8-hours window.  IF for γH2AX was 

performed and foci detected using fluorescence microscopy. γH2AX foci generation and 

clearance was used as a surrogate marker for DNA double strand breaks and their 

subsequent repair. Results are presented as a 100-cell mean, which was obtained by 

manually counting γH2AX foci in DLD-SIP1 cells. 

 The results revealed SIP1/ZEB2 expressing cells exhibit an enhanced capacity to 

recognise DNA damage and subsequently repair the DSB.  At earlier time points (30min-2 

hrs.) induced cells expressed twice the number of γH2AX foci when compared to 

uninduced cells (p<0.05).  By contrast at 8 hours induced cells had cleared the majority of 

γH2AX foci and exhibited half the number of foci when compared to uninduced cells 

(p<0.05).  This data suggests, SIP1/ZEB2 expression associates with enhanced capacity 

to detect and repair DSB’s that occur as a consequence of exposure to IR (Figure 46A).  

The enhanced ability to repair DSB’s will contribute to the apoptosis resistance and 

increased viability observed previously.  From a clinical perspective, patients that express 

SIP1/ZEB2 in rectal adenocarcinoma may exhibit apoptosis resistance to radiation 

therapy and consequently experience limited tumour regression.  Delaying surgical 

intervention in this subgroup may consequently be ill advised as these patients may 

acquire minimal benefit from neo-adjuvant radiation therapy, whilst enduring the 

associated side effects.  The current evidence for the above suggestions is however 

limited and clinical translation will require greater evidence from in vitro studies and 

clinical trials. 
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Figure 46: SIP/ZEB2 expression enhances of the kinetics of DNA damage repair after exposure to 
IR.  DLD-SIP1 cells were exposed to 2.5Gy of IR before and after SIP1/ZEB2 induced EMT.  A pulse-
chase experiment was performed and cells fixed using paraformaldehyde at varying time points 
over an 8-hours window.  IF for γH2AX was performed and foci detected using fluorescence 
microscopy. γH2AX foci generation and clearance was used as a surrogate marker for DNA double 
strand breaks and their subsequent repair. Results are presented as a 100-cell mean, which was 
obtained by manually counting γH2AX foci in individual DLD-SIP1 cells.  SIP1/ZEB2 cells expressed 
twice and many foci (p<0.05) at the earlier time points (30min-2 hours), however repaired the 
DSB’s and consequently cleared the majority of foci by 8hrs (p<0.05).  These findings suggest 
SIP1/ZEB2 mediated EMT associates with mesenchymal cells that possess enhanced capacity to 
recognise DNA damage, repair DSB and consequently exhibit apoptosis resistance to radiation 
therapy. Statistical significance was calculated using student t-test. Hrs-hours, γH2AX- histone 
H2AX phosphorylated at ser-139. 
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6.3 SIP1/ZEB2 results in genome wide loss of heterochromatin mark 
H3K27me3 

The above data suggests SIP1/ZEB2 expressing cells intrinsically possess 

enhanced capacity to recognised DNA damage and repair DSB’s more rapidly when 

compared to uninduced cells.  To repair DSB’s efficiently, the repair machinery 

needs to be able to access the DNA, repair the damage and restore chromatin 

conformation.  The critical influence of chromatin organisation in modulating DNA 

repair is underscored by studies that have highlighted slower rates of DNA repair 

and higher levels of mutations in compact heterochromatin (318, 385).  These 

findings imply that chromatin content at the site of damage can influence the 

detection and repair of DSB’s and consequently apoptosis signalling.  In simple 

terms, the ability of the DNA repair machinery to access the DSB’s can have a 

significant influence on repair kinetics and genomic stability.   

Consequently, I wanted to investigate whether SIP1/ZEB2 induced EMT, 

resulted in genome scale modification in heterochromatin marks and dissect the 

impact of observed changes to chromatin organisation to DNA damage recognition 

and repair.  Previous, studies using a TGFβ and Twist inducible EMT model have 

suggested EMT results in a net loss of heterochromatin histone H3 modifications 

and transition to a more open chromatin structure (225). Loss of heterochromatin 

marks and adoption of a more open chromatin structure could in-turn promote easier 

access, enhanced recognition and faster repair of DNA damage.  In general, 

H3K9me3 and H3K27me3 are considered heterochromatin marks, whilst H3K4me3 

associates with euchromatin.  To investigate the impact of ZEB1 protein expression 

on genome wide heterochromatin content, I undertook WB analysis on three 

SIP1/ZEB2 inducible cell lines (MCF-7-SIP1, A431-SIP1, and DLD-SIP1) and one 

ZEB1 inducible cell line (MCF7-ZEB1) for heterochromatin histone modifications 

after EMT.  The results exhibited consistency with previous studies and revealed a 

striking reduction in heterochromatin expression (H3K9me3 / H3K27me3) after 

mesenchymal transition (Figure 47A).  Due to lack of sensitivity of WB as a 
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technique to detect genome scale changes in methylation marks, I also performed 

ChIP-Seq on DLD-SIP1 cells before and after mesenchymal transformation.  Peak 

calling was performed by a bio-information and results presented as density plots for 

heterochromatin mark H3K27me3. The ChIP-Seq results exhibited consistency with 

the findings from the WB and highlighted a dramatic loss of heterochromatin mark 

H3K27me3 after SIP1/ZEB2 induced EMT (Figure 47B).  These findings suggest 

mesenchymal transition secondary to expression of SIP1/ZEB2 protein results in 

genome wide loss of heterochromatin mark and adoption of a more open chromatin 

formation, which could in turn facilitate more efficient DNA damage recognition and 

repair.  

 

Figure 47: SIP1/ZEB2 expression in multiple inducible models associated with a reduction in 
total genomic heterochromatin. (A) WB performed on three SIP1/ZEB2 inducible cell lines (MCF7-
SIP1/ZEB2, A431-SIP1/ZEB2, DLD-SIP1/ZEB2) and one (MCF7-ZEB1) inducible cell line for 
heterochromatin mark H3K27me3 and H3K9me3 revealed mesenchymal transition resulted in 
genome wide loss of heterochromatin marks.  Total histone H3 was used as an equal loading 
control and to ensure EMT dose not result in baseline expression changes in histone H3 protein. 
(B) ChIP-Seq performed after immuno-precipitating using H3K27me3 antibody on uninduced and 
induced DLD-SIP1 cells reveled a dramatic paucity in H3K27me3 read density in induced SIP1/ZEB2 
expressing cells when compared to uninduced counterparts. 
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6.4 H3K27me3 loss occurs secondary to SIP1/ZEB2 mediated 
transcriptional repression of enhancer of zeste homolog 2 (EZH2) 

Next I investigated the mechanism which regulates SIP1/ZEB2 mediated H3K27me3 

hypo-methylation.   Methylation of histone H3 at lysine-27 is catalysed by the enzyme 

enhancer of zeste homolog 2 (EZH2) a histone lysine N-methyltransferase.  EZH2 is a 

subunit of the polycomb repressive complex (PRC2), which is primarily implicated in 

epigenetic regulation of gene expression by catalysing the formation of transcriptionally 

repressive heterochromatin (H3K27me3) structures at the promoter of target genes.  The 

genome scale hypomethylation observed in SIP1/ZEB2 expressing mesenchymal cells 

may be secondary to the reduced catalytic activity of histone methyltransferases (EZH2) 

or enhanced activity of histone demethylases.  To evaluate whether SIP1/ZEB2 regulates 

EZH2 protein expression, WB was performed on two SIP1/ZEB2 inducible cell lines, 

before and after induction of EMT.  SIP1/ZEB2 expression resulted in a striking reduction 

in EZH2 protein expression after mesenchymal transformation in both cell lines, 

suggesting direct or indirect regulation of EZH2 by SIP1/ZEB2 (Figure 48A). Repression 

of EZH2 protein expression could in-turn result in reduced methyltransferases activity of 

the PRC2 complex and mediate the hypomethylation of H3K27me3 observed in 

SIP1/ZEB2 expressing mesenchymal cells.  To ensure the observed association is not 

confined to the cell lines studied, a mutual exclusivity analysis was performed on a TCGA 

dataset using the CBioPortal software.  High mRNA expression levels of SIP/ZEB2 was 

detected in 29% of colorectal adenocarcinoma tumour samples analysed in the nature 

cohort of the TCGA data set, which exhibited a statistically significant association with low 

or absent EZH2 mRNA expression.  This data suggests EZH2 expression and 

consequently chromatin conformation is regulated by SIP1/ZEB2 transcription factor by 

modulating transcription of the EZH2 gene (Figure 48A).  To evaluate, whether 

SIP1/ZEB2 regulates EZH2 protein expression by direct interaction with E-boxes in the 

promoter region of the EZH2 gene, in-silico analysis was performed on Ensemble to 

identify E-box (CANNTG) motifs in the EZH2 promoter (1Kb from 1st intron).  ChIP was 

performed on DLD-SIP1 cells before and after induction of EMT for SIP1/ZEB2 and RNA 
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polymerase II. qPCR was undertaken using two sets of primers, designed to in cooperate 

regions of the promoter that contained clusters  E-boxes that could represent putative 

binding sites.  The results revealed a 4-fold (p<0.05) increase signal from the first cluster 

of E-box elements and a 1.5 fold (p<0.05) increase from the second in induced 

SIP1/ZEB2 expressing DLD-SIP1 cells (Figure 48B/C).  This data suggests SIP1/ZEB2 

directly binds to the promoter segment of the EZH2 gene to mediate transcriptional 

repression.  To further validate the suggestion of transcriptional repression, qPCR was 

also performed after chromatin immuno-precipitation with RNA polymerase II antibody.  

The RNA Pol II qPCR exhibited a significant (p<0.05) reduction in signal after SIP1/ZEB2 

expression, validating the suggestion that binding of SIP1/ZEB2 to E-boxes in the 

promoter of EZH2 enforces transcriptional repression. 

 

Figure 48:SIP1/ZEB2 expression represses EZH2 expression. (A) WB was performed on DLD-SIP1 
and A431-SIP1 cells before and after induction of EMT for EZH2. The EZH2 band intensity 
dramatically reduced in both cell lines after SIP1/ZEB2 expression.  This association was further 
validated by mutual exclusivity analysis performed on the nature TCGA colorectal 
adenocarcinoma cohort using the CBioPortal software.  The analysis revealed an inverse 
association between SIP1/ZEB2 high expression levels and EZH2 mRNA levels (p<0.025). (B/C) 
qPCR was performed after ChIP using SIP/ZEB2 and RNA Pol II antibody on uninduced and induced 
DLD-SIP1 cells.  The results demonstrated a statically significant increase in SIP1/ZEB2 signal 
(p<0.05) and reduction in RNA Pol II signal (p<0.05) suggesting, SIP1/ZEB2 directly binds E-box 
elements in the promoter of the EZH2 gene inducing transcriptional repression.  Statistical 
significance was calculated using a t-test for results presented in B/C.  
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6.5 EZH2 inhibition by GSK126 promotes radio-resistance in uninduced 
DLD-SIP1 cells. 

My data suggests SIP1/ZEB2 mediated repression of EZH2 promotes loss of 

heterochromatin mark (H3K27me3), which may in turn enhance DNA damage recognition, 

DSB repair and apoptosis resistance.  To evaluate the contribution of loss of 

heterochromatin (H3K27me3) towards promoting apoptosis resistance to radiation 

therapy, I treated DLD-SIP1 cells with increasing concentrations of a highly selective 

EZH2 inhibitor GSK126.   To evaluate the impact of GSK126 mediated inhibition of EZH2 

on chromatin conformation, I pre-treated uninduced and induced DLD-SIP1 cells for 12 

hours with increasing concentrations of EZH2 and undertook WB analysis to detect 

changes in euchromatin (H3K4me3) and heterochromatin (H3K27me3, H3K27me3).  The 

WB revealed GSK126 pre-treatment lead to a highly specific depletion of H3K27 tri-

methylation secondary to selective inhibition of EZH2. No change in WB band intensity 

was observed with respect to euchromatin mark (H3K4me3) or heterochromatin mark 

(H3K9me3) highlighting the selectivity of GSK126 as an EZH2 inhibitor.  It is important to 

note that the complete depletion of H3K27 tri-methylation occurred at much lower doses 

(2.5μM) in induced cells when compared to uninduced (10μM) counterparts.  This 

observation is likely to be secondary to SIP1/ZEB2 mediated transcriptional repression of 

EZH2 resulting in the reduction in the dose of the inhibitor required for complete inhibition 

of catalytic activity.   

 To evaluate the association between loss of H3K27me3 and apoptosis resistance to 

radiation therapy I pre-treated uninduced DLD-SIP1 cells with 5μM and 10μM of GSK126.  

My previous WB (Figure 49A) had demonstrated 10μM pre-treatment with GSK126 of 

uninduced DLD-SIP1 cells for 12 hours results in complete depletion of H3K27me3 marks 

and adoption of a more open chromatin structure akin to induced cells that express 

SIP1/ZEB2.  Therefore, I postulated pre-treatment of uninduced DLD-SIP1 cells with 

GSK126 will result in an open chromatin conformation which will promote the acquisition 

of apoptosis resistance observed in mesenchymal cells that express SIP1/ZEB2.  To 

investigate my hypothesis I pre-treated uninduced DLD-SIP1 cells with 5μM and 10μM of 
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GSK126 and subsequently exposed them to 7.5Gy of IR.  Cells were collected after 24 

hours and apoptosis detected by WB for PARP cleavage.  The results demonstrated that 

uninduced cells treated with 7.5Gy of IR exhibited PARP cleavage, however pre-treatment 

of uninduced cells with 5/10μM of GSK126 before exposure to IR resulted in acquisition of 

apoptosis resistance detected by absence of the cleaved PARP band on the WB (Figure 

49B).  Untreated cells, Sham (DMSO) and uninduced cells pre-treated with GSK126 but 

not exposed to IR were used as negative controls. Actin was used as a marker of equal 

protein loading.  I also performed a colony formation assay to investigate if GSK126 pre-

treatment of uninduced DLD-SIP1 cells improves cell viability after treatment with IR. Pre-

treatment of un-induced cells with GSK126 before exposure to IR also lead to a 

statistically significant improvement (p<0.05) in cell viability detected by ability to form 

colonies after exposure to radiation therapy (Figure 49C). The above results suggests 

hypomethylation and depletion of genomic heterochromatin may improve the ability 

SIP1/ZEB2 expressing mesenchymal CRC cells to detect and repair DNA DSB’s and 

consequently avoid activation of apoptosis pathways in response to radiation therapy.  

The application of SIP1/ZEB2 as a marker of resistance to radiation therapy however 

requires further validation in human tissue specimens and clinical trials before 

translational potential as a biomarker can be fully assessed. 
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Figure 49: Loss of heterochromatin mark H3K27me3 in uninduced DLD-SIP1 cells by treatment 
with GSK126 promotes acquisition radioresistance properties. (A) WB performed on DLD-UI and 
DLD-I cells after 12-hour pre-treatment with EZH2 inhibitor GSK-126.  The WB demonstrates 
specific loss of H3K27me3 in UI and I cells.  Loss of other tri-methylation marks is not observed 
highlighting the specificity of GSK126 as a competitive inhibitor of the catalytic activity of EZH2.  
Actin was used as a marker of equal loading control.  (B) DLD-UI cells pre-treated with GSK126 
were exposed to 7.5Gy of IR.  The pretreated cells exhibited apoptosis resistance to IR when 
compared DLD-UI cells that retained H3K27me3 marks.  This suggests loss of heterochromatin 
mark H3K27me3 associates with radio-resistance independent of SIP1/ZEB2 mediated EMT. (C) 
Cell viability assessed by colony formation assay also highlighted a statistically significant 
improvement in cell viability in DLD-SIP1 cells pre-treated with GSK126.  The colony formation 
assay was performed in triplicate and statistical significance calculated using a T-test.  

6.6 Results summary and discussion  

The findings presented here provide the first evidence to comprehensively 

demonstrate an important association between SIP1/ZEB2 mediated EMT and apoptosis 

resistance to radiation therapy in CRC.  SIP1/ZEB2 mediated EMT resulted in the 

formation of mesenchymal cells with enhanced ability to recognise DNA damage, repair 

DSB’s faster and consequently exhibit apoptosis resistance to IR.    Previous studies have 
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highlighted the association between heterochromatin marks and delayed DNA repair 

kinetics (318).  In this study, we demonstrate for the first time, that SIP/ZEB2 mediated 

EMT results in genome scale loss of heterochromatin mark H3K27me3.  EZH2 the 

catalytic subunit of the PRC2 complex, which is primarily responsible for tri-methylation of 

histone H3 at lysine 27 is repressed by the interaction of SIP1/ZEB2 with E-Boxes in the 

promoter segment of the EZH2 gene. Repression of EZH2 protein expression leads to a 

more open chromatin conformation and associated with enhanced apoptosis resistance. 

Uninduced DLD-SIP1 cells pre-treated with GSK126, lost their H3K27me3 chromatin 

modifications and acquire apoptosis resistance to radiation therapy.   This study for the 

first time highlights a potentially important interaction between EMT, loss of genome scale 

heterochromatin, enhanced DNA repair and apoptosis resistance to radiation therapy.   

Radiation therapy is a common strategy that continues to be used in the 

management of rectal cancer (32).  The association between epithelial mesenchymal 

transition and chemoresistance has been reported by many studies in multiple tissue 

types (65, 66, 115).  However, the evidence linking SIP1/ZEB2 mediated EMT and 

radiation therapy resistance remains sparse.  Sayan and colleagues previous highlighted 

attenuation in ATM activation and reduced γH2AX phosphorylation after exposure to UV-

irradiation in SIP1/ZEB2 expressing mesenchymal cells (66).  SIP1/ZEB2 expressing cells 

were found to protected from DNA damage induced cell death and highlighted to have 

independent prognostic value as a biomarker in bladder cancer (66).  More recently ZEB1 

protein phosphorylation by ATM in response to radiation therapy was found to enhance 

DNA damage repair and resistance (356).  Despite Radiation therapy being a commonly 

used modality of treatment in locally advanced rectal cancer, mechanism that mediate 

resistance to radiotherapy remains poorly elucidated.  In this study we present in vitro 

evidence, which strongly suggests SIP1/ZEB2 mediated EMT, promotes apoptosis 

resistance to IR, secondary to improved recognition of DNA damage and faster kinetics of 

DNA repair.  Enhanced apoptosis resistance is demonstrated by a reduction in caspase 

mediated PARP cleavage and improved cell viability in response to IR.  The increased 
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capacity to recognise DNA damage and repair DSB’s was identified by the following the 

kinetics of γH2AX generation and clearance. 

For decades, models of DNA damage repair have recognised the critical importance 

of a permissive chromatin architecture to access and efficiently repair DNA damage (226). 

Sequencing of multiple cancer genomes has revealed mutations accrue at a higher rate in 

compact heterochromatin when compared to euchromatin, providing evidence for the 

notion that DNA repair is less efficient when the damage is encountered in 

heterochromatin rich domains (385).  Slower rates of DNA repair and increased 

requirement for ATM mediated DNA damage signalling has also been reported in 

heterochromatin regions (318).  However, the impact of genome scale epigenetic 

alterations to chromatin architecture, DNA damage repair and EMT is yet to be studied.  

Recently, 2 studies have suggested, TGFβ and TWIST mediated EMT results in genome 

scale loss of heterochromatin (H3K27me3, H3K9me3) and gain of euchromatin histone 

modifications (224, 225).  Therefore, it is logical to postulate that the depletion of 

heterochromatin rich histone modifications will contribute towards enhanced DNA damage 

recognition, repair and apoptosis resistance observed in mesenchymal cancer cells.   

In this study we demonstrate by Western Blotting and ChIP-Seq analysis that 

SIP1/ZEB2 mediated mesenchymal transition associates with a dramatic depletion in 

heterochromatin histone modification H3K27me3. These findings exhibit consistency with 

previously reported studies, even though the mechanism by which EMT was induced 

varied in each case (TGFβ, Twist, SIP1/ZEB2).  Further, the loss of histone modification 

H3K27me3 was found to be secondary to transcriptional repression of the 

methyltransferases EZH2 by direct interaction of SIP1/ZEB2 TF with E-boxes in the 

promoter of the EZH2 gene.  Malouf and colleagues previously suggested the loss of 

H3K27me3 peaks observed after Twist mediated EMT is due to phosphorylation of EZH2 

at Ser21, resulting in loss of catalytic function (225).  However, we demonstrate using two 

SIP1/ZEB2 inducible cell lines clear down regulation in expression of EZH2 protein after 

mesenchymal transformation.  Further; mutual exclusivity analysis on the TCGA CRC 
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dataset further affirms this suggestion.  The biological reason for this observed difference 

in regulation of EZH2 activity remains unclear, however differences in TF, cell line and 

tissue studied may be contribute towards the observed differences.  ChIP and qPCR of 

DLD-SIP1 cells before and after induction of EMT also clearly demonstrated SIP1/ZEB2 

directly binds the promoter regions of the EZH2 gene to mediate transcriptional repression 

of the gene, in a RNA POL II dependent manner.  This suggests binding of SIP1/ZEB2 

likely results in dissociation or reduced affinity of the transcriptional machinery to the 

promoter of the gene.  The epigenetic modifications that ensue after SIP1/ZEB2 binds to 

the promoter resulting in transcriptional repression needs careful dissection in future 

studies.   

Radiation therapy remains a major modality of treatment in the management of 

locally advanced rectal cancer. Currently, there are no known biomarkers that could 

predict response neo-adjuvant therapy and mechanism that mediate resistance remain 

poorly elucidated.  Through the above work, we present compelling in vitro evidence for  a 

novel mechanism by which SIP1/ZEB2 expressing mesenchymal cancer cells accrue 

apoptosis resistance to IR.  SIP1/ZEB2 mediated EMT has also been previously 

associated with chemoresistance and increased risk of metastasis (65, 66).  Further 

translational efforts are urgently needed to aid the clinical application of SIP1/ZEB2 as a 

predictive biomarker with the ability to differentiate patients that will acquire maximal 

benefit from neo-adjuvant chemo-radiotherapy therapy from non-responders.
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Chapter 7: Final Discussion 
In this thesis I believe I provide compelling evidence that SIP1/ZEB2 induced EMT 

results in acquisition of all the cardinal features of mesenchymal transition.  SIP1/ZEB2 

expressing cells down regulated E-cadherin, transformed to acquire a more metastatic 

phenotype and acquired resistance to of chemo-radio therapeutic strategies routinely 

used in the clinical setting.  Although the association between EMT, metastasis and 

chemoresistance is not new, translational efforts to utilise EMT inducing TF’s in the clinical 

setting are yet succeed.  In particular, a scarcity in knowledge exists with regard to 

assessing the contribution of SIP1/ZEB2 in promoting metastasis and chemo-radio 

resistance in CRC. Through my work, I highlight the exciting translational potential of 

SIP1/ZEB2 as a biomarker with the ability to identify patients that are at high risk of distant 

recurrence after curative surgery.  

Many studies in multiple cancers have previously reported a strong association 

between activation EMT pathways, increased metastatic capacity and poor survival (65, 

66, 188). A large-scale consortium of leading scientist within the colorectal field have 

recently highlighted the importance of identifying tumours expressing a mesenchymal 

phenotype(33).  Cumulative analysis of six independent cohorts by genomic subtyping 

studies reported that patients with tumours expressing a mesenchymal gene profile were 

repeatedly found to have a worse prognosis and increased risk of distant recurrence (42, 

272, 273, 275, 276, 342). Further, Kahlert and colleagues previously associated 

cytoplasmic expression of SIP1/ZEB2 at the invasive front of primary CRC’s as an 

independent prognostic marker of poor oncological outcomes (65).   

However a number of limitations to study design, scoring and data analysis have 

hampered progression towards clinical trials. For example the IHC data presented in this 

thesis is he first emphasis the importance of nuclear expression in the scoring system as 

SIP/ZEB2 mediates transcriptional regulation by interacting with specific DNA motifs in the 

nucleus.  Other limitations include failure to validate findings in an independent patients 
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cohort, not differentiating distant from local recurrence and not assessing the added value 

of cooperating SIP1/ZEB2 expression score to the currently used TNM staging system.  

The data presented in Chapter 4 highlights the clinical utility of SIP1/ZEB2 as a biomarker 

to aid in identifying patients at high risk of recurrence independent of stage.  The clinical 

utility of analysing SIP/ZEB2 expression in CRC, in concordance with other recently 

identified biomarkers such as KRAS mutation or microsatellite instability through clinical 

trials will aid in the successful application of these biomarkers in the clinical setting, 

improving the precision with high risk patients are identified and treated. 

 Next, I investigated the mechanism, which mediated apoptosis resistance in 

SIP1/ZEB2 expressing cells to routinely used chemotherapeutic agent in the management 

of CRC.  Nuclear expression of SIP1/ZEB2 in a cohort of (n=99) patients that received 

adjuvant FOLFOX chemotherapy after curative surgical resection highlighted SIP1/ZEB2 

positivity as an independent prognostic marker of poor survival outcomes after adjuvant 

FOLFOX therapy.  This finding mirrors the apoptosis resistance observed in SIP1/ZEB2 

expressing cells in vitro and strongly supports the notion that SIP1/ZEB2 expressing cells 

promote chemoresistance in CRC.  Several studies have demonstrated EMT promotes 

resistance to DNA damaging chemotherapeutic agents (66, 115).  However, the 

mechanism promoting metastasis is as yet poorly understood.  

 To dissect cellular mechanism promoting chemoresistance, a qPCR array with a 

focus on DNA damage repair was undertaken.  The results highlighted up regulation of 

several components of the NER pathway.  In particular a 2.5 fold up regulation of ERCC1 

a critical component of the NER pathway was observed after SIP1/ZEB2 expression in 

both DLD and A431-SIP1 inducible models.  To validate this observation real time PCR 

and WB analysis was undertaken in DLD-SIP1 cells.  The generality of this observation 

was investigated by RT-PCR of 11 CRC cell lines, which demonstrated a perfect 

correlation between mesenchymal status and ERCC1 overexpression.   
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  Excision repair cross complementation group 1 (ERCC1) is a gene known to play a 

critical a role in nucleotide excision repair (NER) and double strand break repair pathway 

(293, 300).  ERCC1 forms a heterodimer with XPF and functions as a 5’->3’ structure 

specific endonuclease (386).  It is essential for repair of inter and intra strand cross links 

created by UV radiation, platinum based chemotherapeutic agents and DSB created by 

ionising radiation (387).  Within the ERCC1-XPF heterodimer, ERCC1 is catalytically 

inactive and regulates DNA and protein-protein interactions whilst XPF possesses the 

capacity to undertake endonuclease activity(388). During NER, ERCC1-XPF makes an 

incision at the 5’ end, and is essential for excision of a single strand of DNA which 

contains the adduct (351, 388).  A review of NER and the sensitivity of mammalian NER 

mutants to ICL agents found that while all XP mutants were sensitised to platinum based 

chemotherapeutic agents, ERCC1 mutants were hyper sensitive. A potential explanation 

for this evidence is the suggestion that endonuclease action of ERCC1-XPF may be the 

rate limiting reaction during NER (307). The importance of ERCC1-XPF in DSB repair was 

shown in budding yeast, where mutations in RAD10 or RAD1, orthologous of ERCC1 and 

XPF disrupts HR and NHEJ. The key activity of ERCC1-XPF in both types of DNA repair  

(HR/NHEJ) is its ability to remove 3’ single stranded flaps at broken ends before they are 

ligated(307).    

Over the years there has been significant attention on the potential use of ERCC1 

as a predictive biomarker of response to platinum based chemotherapeutic agents (372-

376).  In-vitro analysis in colon, ovarian and testicular cancer cells have demonstrated that 

low ERCC1 and mRNA protein levels correlate with sensitivity to cisplatin in various cell 

lines (353).  Arnould et al demonstrated low ERCC1 expression was associated with 

sensitivity to Oxaliplatin in CRC cell lines (360).   Youn et al demonstrated transient 

knockdown of ERCC1 with siRNA resulted in sensitisation to cisplatin in fibroblasts (389).  

Boyer et al demonstrated higher levels ERCC1 mRNA levels in CRC cells when 

compared to parental cells(390).  Recently, SNAIL1 an EMT inducing TF was reported as 

a direct regulator of ERCC1 expression in head and neck tumours, thus promoting 

resistance to Oxaliplatin (321). 
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Several clinical trials have also investigated the potential use of ERCC1 as a 

predictive or prognostic biomarker (376, 391, 392).  Three techniques, IHC, RT-PCR and 

genotyping for single nucleotide polymorphisms have been used.  The most common 

polymorphism studied is a synonymous C>T SNP situated at codon 118.  The T variant 

has been shown to associate with lower mRNA and protein levels thus altering DNA repair 

capacity. Unfortunately these studies reported mixed results(353, 393).  Several studies 

have reported the association between mRNA levels of ERCC1 and response to 

Oxaliplatin by RT-PCR.  Shirota and colleagues in a cohort of 50 CRC patients reported 

ERCC1 correlated with poor response to FOLFOX chemotherapy when ERCC1 

expression levels are high (393).  More recently a Phase 1 clinical trial demonstrated high 

ERCC1 levels was associated with shorter time to treatment failure, highlighting ERCC1 

as a potential predictive marker of response to chemotherapy with platinum based agents 

(394).  Several large trials have also used IHC as a tool to measure protein levels of 

ERCC1 and use expression levels to predict clinical response.  Braun et al in the FOCUS 

trial evaluated ERCC1 expression levels in 1197 patients with CRC (377).  Disappointingly 

ERCC1 expression was not linked to outcome.  This data, however, has to be interpreted 

with caution.  IHC as a technique has many pitfalls, the primary being the dependence of 

antibody specificity for antigen detection.  Previously conducted studies have not used 

identical protocols in terms of antigen retrieval, antibody clone used and scoring system, 

making the results prone to bias.   

Friboulet et al dissected the specificity of commercially available ERCC1 anti-bodies 

in IHC and reported non-specificity of the available antibodies to differentiate between 4 

isoforms of the ERCC1 protein.  The authors postulated whilst some large clinical trials 

have reported negative results with regards to predictive capacity to platinum based 

chemotherapy, this observation might be biased by the inability of available antibodies to 

specifically recognise the epitope of the active isoform (378). In this study, we 

demonstrate SIP1/ZEB2 directly binds E-box elements in the promoter of the ERCC1 
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gene and consequently directly regulates transcription and protein expression.  

Consequently, due to the innate complexity introduced by the existence of active and 

inactive isoforms of ERCC1 and inability of existing commercially available antibodies to 

identify the active isoform of ERCC1, SIP1/ZEB2 could instead be used as a predictive 

biomarker to identify patients that will respond poor to adjuvant chemotherapeutic 

strategies that encompass oxaliplatin. 

The final chapter of my thesis highlights the novel association between SIP1/ZEB2 

expression and apoptosis resistance to IR.  In recent years there has been growing 

acknowledgement of the significant impact chromatin architecture has on DNA repair.  

Models of DSB repair have been constructed within the principles that successful DNA 

repair fist requires histone modifications that facilitate access to damaged DNA within a 

complex chromatin architecture (226).    Previous studies have reported, mutations accrue 

at a much higher rate and DNA repair kinetics is attenuated if DNA damage is 

encountered within compact heterochromatin (318).  These findings suggest the 

chromatin architecture imposes significant influence on DNA damage recognition and 

repair. 

Mesenchymal transformation requires genome scale re-programming of the cells 

epigenetic architecture (64).  Recent studies report, TGFβ and Twist induced EMT results 

in genome scale loss of histone H3 heterochromatin modification (H3K9me2, H3K27me3) 

(224, 225).  Therefore it was logical to hypothesise, SIP1/ZEB2 induced EMT, will lead to 

genome scale loss of heterochromatin rich histone modifications, resulting in enhanced 

capacity to recognise DNA damage and successfully repair the insult.  The enhanced 

capacity to repair DNA more proficiently may in-turn attenuate apoptotic signalling and 

promote acquisition of resistance to radiation therapy.  WB and ChIP-Seq analysis of 

SIP1/ZEB2 inducible cell lines demonstrated a dramatic reduction in heterochromatin 

mark H3K27me3.  The transcriptional repression of the methyltransferase EZH2 by 

SIP1/ZEB2 was identified as the mechanism responsible for the genome scale switch in 

the chromatin landscape and inhibition of EZH2 by small molecule inhibitor GSK126 
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resulted in acquisition of apoptosis resistance to DNA damage independent of EMT. This 

suggests an SIP1/ZEB2 mediated EMT, promotes genome scale loss of heterochromatin 

mark H3K27me3, which in turn associates with enhanced apoptosis resistance to IR. 

Radiation therapy continue to represent a major modality of treatment of patients 

locally advanced CRC.  Subgroups of these patients however, respond poorly and exhibit 

minimal tumour regression, whilst enduring the significant side effects associated with IR.  

The data above provides a novel mechanism by which CRC cells may acquire resistance 

to cytotoxic stress. More detailed dissection of cellular mechanism that may drive this 

resistance mechanism will aid in the development and translational application of agents, 

which may sensitise resistant tumour to IR or as a minimum provide a diagnostic tool, 

whereby SIP1/ZEB2 expression may be utilised as a predictive biomarker of resistance to 

neo-adjuvant chemo-radio therapeutic strategies.  Successful development and clinical 

application of SIP1/ZEB2 will improve the precision with which treatment strategies are 

tailored and administered to patients with rectal cancer in future years. 
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Appendix  

Figure 46: Formula used for preparation of SDS gels for Western blotting 
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Table 18: List of primary and secondary antibodies used in the thesis. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Primary antibody Used as Molecular 
Weight  

Animal host Supplier 

Human Vimentin  Mesenchymal 
marker 

57 C5741 / Rabbit 
monoclonal 

Cell Signalling 

Human ERCC1 NER component 37 Rabbit 
monoclonal 
D6G6 

Cell signalling 

Human SIP1 Mesenchymal 
marker 

220 Rabbit 
monoclonal 

In House antibody 
(Sayan, Griffiths et al., 
2009) 

Human E-Cadherin Epithelial 
marker  

140 Rabbit 
monoclonal  

24E01 

BD Transduction 
Laboratories™ 

Human PARP Mesenchymal 
marker 

119-89 Rabbit 
monoclonal 

46d11 

Cell signalling 

Human Actin Equal loading 
marker 

45 Goat 

Monoclonal 

SC-1615 

Santa Cruz 

Myc-Tag Tag 30 Mouse 
monoclonal 

9B11 

Cell signalling 

-Tubulin Equal Loading 
control 

52 Rabbit 

Monoclonal 

11H10 

Cell signalling 

RNA Pol II Positive control 217 Mouse  

Monoclonal 

Active Motif ChIP-IT 
Cat no. 53010 

 

Bridging antibody Increase IP 
efficiency 

N/A Mouse  

Monoclonal 

Active Motif ChIP-IT 
Cat no. 53010 

 

Human anti-mouse 
IgG 

Negative control N/A Mouse 
Monoclonal 

Active Motif ChIP-IT 

Cat no. 53010 

 

γH2AX DNA damage 
marker  

15 Rabbit 
Monolclonal 

Cell signalling 

H3K27me3 Heterochromatin 15 Rabbit 
monoclonal 

Cell signalling 

H3K9me3 Heterochromatin 15 Rabbit  
Monoclonal 

Cell signalling 

H3K4me3 Euchromatin 15 Rabbit  
monoclonal 

Cell signalling 

Total H2AX H2AX histone 15 Rabbit 
monoclonal 

Cell signalling 
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Table 19: Formula used for preparation of reagents and buffers 

Buffer Name Buffer Components Supplier 

30% (w/v) 37.5:1 Acrylamide: Bis-

acrylamide solution 

37.5 g Acrylamide (Fisher)  

1 g Bis-Acrylamide (Fisher)  

Dissolved in dH2O to a final 

concentration of 30% 

Geneflow  

30% (w/v) 29:1 Acrylamide : Bis-

acrylamide solution 

29.0 g Acrylamide (Fisher) 

1 g Bis-Acrylamide (Fisher) 

Dissolved in dH2O to a final 

concentration of 30% 

Geneflow 

 

1.5M Tris buffer (pH 8.0 and pH 8.8) 182.25g Tris (Fisher). 

dH2O  

Adjust pH to 8.0, adjust volume to 1L 

Adjust pH to 8.8, adjust volume to 1L 

In house  

1M Tris buffer (pH 6.8) 121.1g Tris-base (Fisher) 

dH2O  

Adjust pH to 6.8, adjust volume to 1 L 

In house  

10% APS  1 g APS (Fisher) 

Adjust volume to 10 ml with dH2O  

Store at 4ºC for several weeks  

In house  

10% SDS  1 g SDS (Fisher) 

Adjust volume to 10 ml with dH2O  

Store at RT  

In house  

5 X SDS-PAGE buffer  dH20  

0.5 M Tris (pH 6.8) ----------12.5%  

Glycerol (Sigma)--------------10%  

10% SDS (w/v) ---------------20%  

In house  

5 X SDS-PAGE Gel Loading buffer  dH20  

0.5 M Tris (pH 6.8) ----------12.5%  

glycerol-------------------------10%  

10% SDS (w/v)----------------20%  

2β- Me---------------------------5%  

0.05%(w/v) BPB---------------5%  

In house  

10 X Tris-Glycine-SDS (TGS)  0.25M Tris  

1.92M Glycine  

1% SDS  

dH2O  

Geneflow/In house  

10 X Tris-Glycine-Methanol (TGM)  0.25M Tris  

1.92M Glycine  

20% Menthol (Fisher)  

dH2O  

Geneflow/ In house  

10 X TBS  

 

 

 

100 mM Tris (pH 8.0)  

1.5 M NaCl  

dH2O  

In house  
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1 X TBS-T (1 litre)  100ml 10X TBS ( Geneflow)  

900ml dH2O  

0.1% Tween®20 (Sigma) 

 

In house  

4% Dried skimmed milk in TBS-T 2g dried skimmed milk (Marvel) 

50 ml 1X TBS-T  

In house  

2.5% BSA in TBS-T  1.25g BSA (Fisher) 

50 ml 1X TBS-T  

In house  

PBS  125mM NaCl (Fisher) 

16mM Na2HPO4.7H20  

10mM KH2PO4  

HCL to Adjust pH 7.3-7.6  

In house  

PBS -T  1 x PBS buffer  

0.1%-1.0% Tween-20  

In house  

0.05 M EDTA (Di sodium 

Ethylenediaminetetraacetic acid)  

8.61 g EDTA (Sigma)  

80 ml dH2O  

Adjust pH to 8.0, Adjust volume to 100 

ml  

In house  

TAE Electrophoresis buffer (50X stock 

solution)  

242 g Tris-base  

57.1 ml glacial acetic acid  

100 ml 0.5 M EDTA (pH 8.0)  

Adjust volume to 1 litre  

In house  

1% agarose  1g agarose (Fisher) 

100ml TAE buffer  

In house  

4% paraformaldehyde (v/v)  4ml paraformaldehyde (Fisher) 

96 ml dH2O  

In house  

0.2% Triton in PBS  98.8 ml 1 x PBS  

200μl Triton  

In house  

Specific cell lysate for human 

chemokine and cytokine arrays  

1% Igepal CA-630, 20 mM Tris-HCl 

(pH 8.0), 137 mM NaCl, 10% glycerol, 

2 mM EDTA and tablet contains 10 

μg/mL Aprotinin, 10 μg/mL Leupeptin, 

and 10 μg/mL Pepstatin.  

In house 

Luria Bertani (LB)  10g/L Tryptone, 5 g/L Yeast extract and 

10 g/L NaCl  

In house 
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Table 20: List of primers used during the thesis 

Name  Sequence (5’-3’) Product Size  Purpose  Supplier  

GAPDH-F CAAGGTCATCCATGACAACTTTG 496 bp Expression 
analysis 

Sigma 

GAPDH-R  GTCCACCACCCTGTTGCTGTAG 

CDH1-F  CACTCGGGCTGAGCTGGACAGGG 619 bp Expression 
analysis 

Sigma 

 CDH1-R  CCGGGTGTCATCCTCTGGG 

ZEB2-F AAGATAGGTGGCGCGTGTTT 752 bp Expression 
analysis 

Sigma 

ZEB2-R CTGGCCCCATAGTGTCATAGTC 

Pol II-F Not disclosed by supplier  180 bp ChIP Active Motif  

Pol II-R  Not disclosed by supplier  

ERCC1-F ATGGACCCTGGGAAGGAC 822 bp Expression 
analysis 
/PCR 

Sigma 

ERCC1-R  TCAGGGTACTTTCAAGAAGGG 

ERCC1-P-  
Forward 1 

TAGGAGCTCTTGGTCAACTTGAGACA
ATTGG 

1554 bp Promoter/ 
Cloning  

Sigma 

ERCC1 
Reverse 

TGTAAGCTTACATTGACTTGGCTTCAG
TTTCCTC 

ERCC1-P- 
Forward 2  

TAGGAGCTCTCAGAACGGAACGGGAT
TGATAAATAG  

 

667 bp Promoter / 
Cloning  

Sigma  

ERCC1- F1  

EBOX 1-3 

ACCAAGTTGGATCTCCTGCG 435 bp PCR/ ChIP Sigma  

ERCC1-F2 
EBOX 1-2 

GTACAGAGATCGCCCTGCTC 267 bp PCR/ChIP Sigma  

ERCC1-PR1  TCCATCTCTCAGACTCGGCA  PCR/ChIP Sigma 

CDH1-F  

E-box 4 

ACCCTAGCAACTCCAGGCTA 224 bp PCR/ChIP Sigma  

CDH1-R E- E-
box 4 

CAAGCTCACAGGTGCTTTGC         PCR/ChIP 

 

Sigma  

 

CDH1-F  

E-box 1-3 

GTAATCCAACACTTCAGGAG 524 PCR/ChIP Sigma 

CDH1-R  

E-box 1-3 

GCC TCT CTA GTA GCT GGG AG PCR/ChIP  Sigma  

EZH2-F1 AGATCGAGACCATCCTGGCT 300 qPCR Sigma 

EZH2-R1 TGGTCTCGAACTCCCGACTT 

EZH2-F2 CCACAGCTGAGCCGACC         264 qPCR Sigma 

EZH2-R2 GAGGATAGGTGGCGGGAACC      
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Table 21: Methodological detail of the FOLFOX resistance biomarker study reported in accordance 
with REMARK guidelines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

	

REMARK guidelines for biomarker reporting 
Biomarker examined SIP1/ZEB2 

Disease studied  Colorectal adenocarcinoma 

Database  Prospective 
Time period 2005-2013 

Hypothesis SIP1 expression prognosticates poor patient survival after adjuvant FOLFOX chemotherapy 

Inclusion criteria  Primary colorectal adenocarcinoma + Surgical resection  

Exclusion criteria  Synchronous metastasis at presentation 

Treatment  Surgical resection + FOLFOX chemotherapy 
Biological material Paraffin embedded human tissue  

Biomarker detection Automated Immunohistochemistry / Leica XL Autostainer  

Antibody In-house/Rabbit/Polyclonal/1:750 dilution 

Quality control Antibody optimisation on uterine myometrium 

Positive Control – Fibroblasts / Uterine tissue / Tonsil 
Negative control – Normal colon 

Scoring  2 independent blinded pathologists / Nuclear SIP1 staining / >10% of cancer cells  / Positive or Negative 

Median follow up 

  

Pilot study 
Validation study 

 

 

36 months 
42 months 

Clinical end points  Overall survival – time to death (Clinical records) from date of surgery 

Disease free survival – Radiological detection of recurrence from date of surgery.  

Distant recurrence – Radiological detection of metastasis outside the colon/rectum after surgery 

Local recurrence – Radiological evidence of recurrence in the colon or rectum after surgery 

Cox regression model Age, T stage, Node positivity, Differentiation, SIP1/ZEB2,  
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Table 22: Methodological detail of the SIP1/ZEB2 biomarker study reported in accordance with 
REMARK guidelines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

	

REMARK guidelines for biomarker reporting 
Biomarker examined SIP1/ZEB2 

Disease studied  Colorectal adenocarcinoma 

Database  Prospective 
Time period 2005-2013 

Hypothesis SIP1 expression prognosticates poor patient survival after adjuvant FOLFOX chemotherapy 

Inclusion criteria  Primary colorectal adenocarcinoma + Surgical resection  

Exclusion criteria  Synchronous metastasis at presentation 

Treatment  Surgical resection + FOLFOX chemotherapy 
Biological material Paraffin embedded human tissue  

Biomarker detection Automated Immunohistochemistry / Leica XL Autostainer  

Antibody In-house/Rabbit/Polyclonal/1:750 dilution 

Quality control Antibody optimisation on uterine myometrium 

Positive Control – Fibroblasts / Uterine tissue / Tonsil 
Negative control – Normal colon 

Scoring  2 independent blinded pathologists / Nuclear SIP1 staining / >10% of cancer cells  / Positive or Negative 

Median follow up 

  

Pilot study 
Validation study 

 

 

36 months 
42 months 

Clinical end points  Overall survival – time to death (Clinical records) from date of surgery 

Disease free survival – Radiological detection of recurrence from date of surgery.  

Distant recurrence – Radiological detection of metastasis outside the colon/rectum after surgery 

Local recurrence – Radiological evidence of recurrence in the colon or rectum after surgery 

Cox regression model Age, T stage, Node positivity, Differentiation, SIP1/ZEB2,  
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Table 23: List of cell lines used during PhD with source, morphology and depositor 

Cell line Organism Source Morphology  oncogene  Depositor Supplier 

CT26 Mus musculus Undifferentiated colon 
carcinoma (BALB/c 
mouse) 

Fibroblast/ 

adherent 

Not known (395)  ATCC® 
CCL2638™ 

Caco-2 Homo sapiens 

 

Colorectal 

adenocarcinoma 

(Dukes’ type NDᶷ) 

Epithelial 
/adherent 

c-myc+; ras+; 

myb+; fos+; sis+; 
p53+abl- ; ros-; 
src- 

(396, 397) ATCC® 

HTB -37™ 

COLO205 Homo sapiens Colorectal 

adenocarcinoma 

(Dukes’ type D) 

Epithelial mixed, 
adherent and 
suspension 

 

c-myc+; ras+; 

myb+; fos+; sis+; 
p53+abl- ; ros-; 
src- 

(397, 398) ATCC® 

CCL 222™ 

DLD-1 Homo sapiens 

 

Colorectal 

adenocarcinoma 

(Dukes’ type C). 

Epithelial/ 
adherent 

c-myc+; ras+; 

myb+;fos+;sis+; 
p53+abl- ; ros-; 
src- 

(397, 399, 400) ATCC® 

CCL 221™ 

HCT116 Homo sapiens 

 

Colorectal carcinoma Epithelial with 
very few scattered 
mesenchymal 
cells/adherent   

 

c-myc+; ras+; 

myb+; fos+; sis+; 
p53+abl- ; ros-; 
src- 

TGFβ1 and 
TGFβ2 

Positive 

(401) ATCC® 

CCL -247™ 

HT29 Homo sapiens Colorectal 

adenocarcinoma 

(Dukes’ stage ND) 

Epithelial / 
adherent 

c-myc+; ras+; 

myb+; fos+; sis+; 
p53+abl- ; ros-; 
src- 

(396, 397)1 ATCC® 

CCL -38™ 

LoVo Homo sapiens 

 

Colorectal 
adenocarcinoma 

Derived from a metastatic 
site (left supraclavicular 
region- Dukes’ type ND) 

Epithelial with 
many scattered 
mesenchymal 
cells/adherent 

c-myc+; ras+; 

myb+; fos+; sis+; 
p53+abl- ; ros-; 
src- 

(402) ATCC® 

CCL229™ 

RKO Homo sapiens 

 

Poorly differentiated 
primary Colon carcinoma 

Mesenchymal 
phenotype/ 
adherent 

p53+ (403)  Packham 

Laboratory, 
University of 
Southampton-
ATCC® 

CCL2577™ 

SW48 Homo sapiens Colorectal 
adenocarcinoma 

(Dukes' typeC, grade IV) 

Epithelial / 
adherent 

c-myc+; ras+; 

myb+; fos+; sis+; 
p53+abl- ; ros-; 
src 

(396, 397, 404) ATCC® 

CCL 231™ 

SW480 Homo sapiens Colorectal 
adenocarcinoma 

(Dukes’ type B). 

Mesenchymal c-myc+; ras+; 

myb+; fos+; 
sis+;p53+abl-
ros-; src 

(396, 397) 
(405) 

Not known 

SW620 Homo sapiens  Colorectal 
adenocarcinoma 

Derived from a metastatic 
site (lymph node). The 
line was derived from the 
same tissue as SW480 
(Dukes’ type ND) 

Epithelial with 
some  scattered 
mesenchymal 
cells /adherent 

c-myc+; ras+; 

myb+;fos+; 
sis+;p53+abl- ; 
ros-; src- 

(396) (397, 
405) 

ATCC® 

CCL227™ 
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