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Abstract 

Colorectal cancer is a major cause of cancer-related death in the UK, in part as a 

consequence of a failure to detect the disease at its early stages and also to 

treatment failure due to the development of drug and radiation resistance. 

MicroRNAs (miRNAs), small non-coding RNAs, regulate the expression of tumour 

suppressor genes and oncogenes including KRAS and may influence cancer 

development and drug and radiation response in colorectal cancer. MiRNAs 

therefore have potential as biomarkers of disease progression and treatment 

response.  

Quantitative real time PCR analysis, in the form of Taqman Low Density Array 

(TLDA) miRNA cards, was firstly used to prolife colorectal adenomas, cancers and 

matched normal mucosae and isogenic KRAS mutant and wild-type colorectal 

cancer cell lines to identify potential candidate miRNAs that regulate KRAS 

signalling and are involved in colorectal cancer progression.  

The over-expression of miR-224 was identified to be an early and persistent 

event in colorectal cancer as it was increased in colorectal adenomas and 

cancers compared to patient-matched normal tissue. MiR-224 expression was 

also increased in KRAS WT cells compared to mutant cells and in KRAS/BRAF WT 

colorectal cancers compared to BRAF mutant cancers.  MiR-224 knockdown in 

KRAS WT cells increased the amount of GTP-bound activated KRAS, increased 

ERK 1/2 phosphorylation and also increased cellular 5-FU sensitivity thus 

mimicking a KRAS mutant phenotype. MiR-224 knockdown also reduced cell 



xx 
 

 
 

invasion in vitro and miR-224 expression was additionally increased in liver 

metastases compared to patient-matched primary colorectal cancers. 

To identify novel mechanisms of drug resistance, two colorectal cancer cell lines 

HCT116 and DLD-1 were made resistant to 5-FU or oxaliplatin, following 

continuous incremental drug selection, and chemosensitivity to the colorectal 

cancer drugs 5-FU, oxaliplatin and irinotecan were compared using MTT 

cytotoxicity assays. MiRNA and messenger RNA (mRNA) expression differences 

in paired drug sensitive and resistant cells were identified using TLDA miRNA 

cards and Illumina HT-12 BeadChip mRNA expression arrays. To identify miRNAs 

involved in KRAS-mediated radiation resistance, isogenic KRAS WT and mutant 

colorectal cancer cell lines were treated with 5 Gy of ionising radiation and 

profiled using TLDA miRNA cards.  

MiRNA target prediction databases (mirDB, miRANDA, miRBase, TargetMiner 

and  TargetScan) identified common candidate target genes for each 

differentially expressed miRNA, and Metacore analysis predicted key processes 

and pathways involved in drug and radiation resistance. 

In the paired drug sensitive and resistant cell lines, miRNA and mRNA profiling 

and bioinformatics analysis predicted cancer-related pathways and processes 

involved with cell invasion, cell cycle regulation and glycolysis as drug resistance 

mechanisms, which were then experimentally validated. I identified candidate 

drug resistance genes (ACTB, TUBB, ANGPTL4, MCM4, ALDOA, PGAM1, and 

AKR1C3) involved in the aforementioned cancer-related pathways and processes 



xxi 
 

 
 

as well as candidate drug resistance miRNAs predicted to regulate the 

expression of my candidate drug resistance genes.  

In radiation treated KRAS WT and mutant cells, the pathways and processes 

involved in radiation response were similar to those predicted in acquired drug 

resistance. I also identified a number of miRNAs, including miR-224, that were 

differentially expressed in irradiated KRAS WT and mutant cells and that may 

modulate KRAS-mediated radiation resistance. 

My data suggests that miR-224 could be a useful disease progression biomarker, 

in conjunction with other markers, to aid in determining patient prognosis. 

Furthermore, this study has identified novel candidate drug and radiation 

resistance signatures that could aid as additional markers of treatment 

response. 
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Chapter 1 

1. General Introduction 
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1.1. Introduction 

1.1.1. The nature of colorectal cancer  

Colorectal cancer is a disease characterised by cancerous growths within the 

colon and rectum. Initially, colorectal cancer presents as benign polyps 

(adenomas), some of which progress to colorectal adenocarcinomas and invade 

and metastasise to secondary sites within the body. Cases predominate in the 

left side of the bowel, with cancers in the sigmoid colon, recto-sigmoid junction 

and rectum accounting for 60% of colorectal cancer cases (CRUK, 2014; Figure 

1.1). Colorectal cancer can be categorised into sporadic and familial, the latter of 

which accounts for less than 10% of colorectal cancer cases (Söreide et al, 2006). 

 

Figure 1.1: The anatomical distribution of colorectal cancer cases. Data collected in the 

United Kingdom between 2007 and 2009 show that 60% of colorectal cancer cases were 

diagnosed on the left side of the bowel; namely in the descending colon, sigmoid colon, recto-

sigmoid junction, rectum and anus (CRUK, 2014). 
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risk of developing colorectal cancer compared to the general population 

(Lutgens et al, 2013).  

1.1.2. The development of colorectal cancer  
 

As previously mentioned, some colorectal adenomas are precursors to the 

development of colorectal adenocarcinomas, although many remain benign. 

Colorectal adenomas histologically present as either tubular, tubulovillous or 

villous and increasingly change from displaying low to intermediate to high 

grades of dysplasia during colorectal cancer progression (Konishi & Morson, 

1982).  

Vogelstein et al (1988) initially proposed colorectal carcinogenesis to be driven 

by a progressive acquisition of genetic mutations and chromosomal deletions. 

Their initial study in 172 colorectal specimens at different stages of cancer 

development proposed that a mutation in the KRAS gene and allelic losses or 

mutations in chromosomes 5q, 17p and 18q which correspond to, among others, 

mutations in the APC, TP53 and DCC genes respectively were required for the 

transition from normal colorectal epithelium to colorectal adenocarcinomas.  

However, a number of groups have since shown that this proposed model does 

not represent the majority of colorectal cancers (Smith et al, 2002; Frattini et al, 

2004; Samowitz et al, 2007). Smith et al (2002), for example, found in a cohort of 

106 colorectal cancers, that there was variability in mutation burden. For 

instance, the TP53 gene was mutated in 61.3% of all cancers, whilst 56% and 

27.4% of the cancers had mutations in the APC and KRAS genes respectively. 
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adenocarcinomas and, in Scotland, are reported to prevent at least 150 deaths 

from colorectal cancer each year (Scottish Bowel Screening Programme, 2014). 

However, despite these programmes, there is a need for molecular 

determinants that can further stratify patients into different risk categories and 

aid with prognosis and response to treatment. 

1.1.4. Current drug therapeutic approaches to colorectal cancer 
  

The first line of treatment for colorectal cancer patients is surgical resection, 

although this is only curative if the cancer is diagnosed at its early stages 

(Walther et al, 2009). In cases where the cancer has metastasised, neo-adjuvant 

(before surgery) or adjuvant (after surgery) chemotherapy is administered to 

patients in addition to surgical resection (Walther et al, 2009). Additionally, 

radiotherapy may also be administered, usually for the treatment of rectal 

cancer. 

5-Fluorouracil (5-FU) has been the mainstay treatment in colorectal cancer for 

over 50 years (Longley et al, 2003). 5-FU exerts its cytotoxic effects through its 

active metabolites (Figure 1.3). The main mechanism of action of 5-FU is through 

the active metabolite (FdUMP), which forms an irreversible complex with 

thymidine synthase (TYMS). This results in the depletion of thymidine 

triphosphate (TTP), one of the four nucleotide triphosphates used in the in vivo 

synthesis of DNA (Longley et al, 2003). Additionally, fluoro-deoxyuridine 

triphosphate (FdUTP) and fluorouridine triphosphate (FUTP) are active 

metabolites that are misincorporated into DNA and RNA (replacing uracil) 

http://www.bowelscreening.scot.nhs.uk/about
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respectively, thus inhibiting DNA and RNA synthesis and consequently cell 

growth (Longley et al, 2003; Figure 1.3). 

 

Figure 1.3: The mechanisms of action of the active metabolites of 5-FU. 5-FU is metabolised 

to FdUMP, FdUTP and FUTP which respectively inhibits the action of TYMS, incorporates into DNA 

and incorporates into RNA (http://www.pharmgkb.org/pathway/PA165291507).   

5-FU or its pro-drug capecitabine is administered, either as bolus injections or by 

continuous infusion, with leucovorin (folinic acid). Leucovorin is co-administered 

to strengthen the binding of FdUMP to TYMS and thus potentiate the effect of 5-

FU. 5-FU or capecitabine are also co-administered with other drugs to increase 

efficacy in patients. The FOLFOX regimen consists of 5-FU, oxaliplatin and 

leucovorin whereas XELOX consists of capecitabine and oxaliplatin. Additionally, 

FOLFIRI consists of the administration of 5-FU, irinotecan and leucovorin. 

Current treatment guidelines in Scotland suggest that oxaliplatin should be used 

http://www.pharmgkb.org/pathway/PA165291507
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as second line therapy following first line irinotecan therapy and vice versa 

(Scottish Intercollegiate Guidelines Network (SIGN), 2011). Response to 5-FU in 

colorectal cancer patients as monotherapy has been shown to be approximately 

10-15% (Johnston & Kaye, 2001). However, response rate has been shown to 

improve to up to 50% when 5-FU and folinic acid is co-administered with 

oxaliplatin or irinotecan (de Gramont et al, 2000; Douillard et al, 2000). 

Oxaliplatin is a platinum-based agent which binds preferentially to the guanine 

and cytosine moieties of DNA, leading to cross-linking of DNA and thus inhibiting 

DNA synthesis and function (Di Francesco et al, 2002). The active metabolite of 

irinotecan, SN-38 (Figure 1.4), inhibits DNA Topoisomerase I (TOPO1), a nuclear 

enzyme which functions by unwinding DNA for replication and prevents DNA 

strand breaks (Pommier et al, 2010).  

 

 

 

 

 

http://www.sign.ac.uk/pdf/sign126.pdf
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Figure 1.4: The mechanism of action of irinotecan. Irinotecan is metabolised to SN-38 by 

butyrylcholinesterase (BCHE) and liver carboxylesterases (CES1 and CES2) and inhibits the action 

of topoisomerase 1 (TOP1). SN-38 thus prevents DNA unwinding (by inhibiting TOP1) and causes 

DNA damage leading to cell death. The action of SN-38 is deactivated by the action of UDP-

glucuronosyltransferase enzymes (e.g. UGT1A1; http://www.pharmgkb.org/pathway/PA2029). 

Recently, biological treatment such as humanised targeted monoclonal 

antibodies towards the epidermal growth factor receptor (EGFR) have been 

approved to treat colorectal cancer patients with metastatic disease, in 

combination with standard chemotherapy (SIGN, 2014). Studies have shown an 

improved efficacy for cetuximab in KRAS WT colorectal cancer patients (Lievre et 

al, 2006; Bokemeyer et al, 2008; Amado et al, 2008) compared to KRAS mutant 

patients. 

The inter-patient differences in response to chemotherapeutic drugs and 

biological therapy highlights the importance of identifying prognostic molecular 
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markers which may be used to select the most appropriate patients for adjuvant 

chemotherapy or to identify colorectal cancer patients at increased risk of 

disease progression. 

1.1.5. Molecular therapeutic biomarkers 
 

There is considerable interest in how somatic mutations and genetic alterations 

previously mentioned to play key roles in colorectal cancer development and 

progression could affect patient survival and response to treatment. KRAS 

mutation status, as previously mentioned, has been shown to play a role in 

patient response to anti-EGFR therapy.  

KRAS is one of three human RAS genes (the others being NRAS and HRAS) that 

code for small p21RAS G proteins which transduce signals across the plasma 

membrane and mainly activate the RAS/MAPK signalling pathway (Barbacid, 

1990). The proteins thus play key roles in the control of cell growth and 

differentiation through their intrinsic GTPase activity (Downward et al, 2003).  

KRAS in its active form binds guanosine triphosphate (GTP) allowing it to affect 

downstream signalling pathways. However, GTPase activating protein (GAP) 

triggers the hydrolysis of GTP to guanosine disphosphate (GDP), resulting in the 

inactivation of KRAS (Figure 1.5; Ellis & Clarke, 2000). The mutant form of KRAS 

is constantly activated as it is less sensitive to the hydrolysing action of GAP 

(Downward et al, 2003). Therefore, in its constitutively active form, KRAS 

induces unregulated cellular proliferation leading to malignant transformation.  



14 
 

 
 

 

Figure 1.5: The activation and inactivation of KRAS (Wicki et al, 2010). 

KRAS gene mutations, particularly in exon 1 (codon 12 and 13) and exon 2 

(codon 61) have been evaluated for their association with colorectal cancer 

outcome. Many groups have linked KRAS mutations in these regions with 

advanced cancer stage (Smith et al, 2002) and poor prognosis (Andreyev et al, 

1998; Andreyev et al, 2001; Conlin et al, 2005). Smith et al (2010) also identified 

a number of other KRAS mutations in addition to those in codons 12, 13 and 61. 

An alanine-to-threonine amino-acid substitution at codon 146 (A146T), in 

particular, was shown to occur as frequently as mutations in codon 13. In 

experiments using NIH3T3 mouse fibroblast cells stably transfected with various 

mutants of KRAS, cells with A146T  KRAS mutations were found to have a similar 

transforming phenotype to mutations in codon 13 (Smith et al, 2010). 

Many groups have also demonstrated that KRAS mutant colorectal cancer 

patients are less likely to respond to anti-EGFR therapy such as cetuximab and 

panitumumab compared to WT KRAS patients (Lievre et al, 2006; Bokemeyer et 

al, 2008; Amado et al, 2008). The binding of a specific ligand to EGFR activates a 

number of signalling cascades including the RAS/MAPK pathway (Figure 1.6). 
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Figure 1.6: The downstream effects of EGFR (Walther et al, 2009). 

Cetuximab and panitumumab exert their anti-cancer effects by targeting and 

blocking the extracellular domain of EGFR, which is up-regulated in 60-80% of 

colorectal cancer cases (Cunningham et al, 2004), and thus reducing oncogenic 

growth signalling. However, mutations in KRAS lead to the constitutive 

activation of downstream signalling pathways, rendering the vast majority of 

KRAS mutant patients nonresponsive to anti-EGFR therapy as EGFR no longer 

has regulatory control over KRAS.  

DiNicolantonio et al (2008) showed in a cohort of 113 metastatic colorectal 

cancer patients that a lack of response to cetuximab in KRAS WT patients was 

very strongly associated with the presence of a BRAF V600E mutation. KRAS and 

BRAF mutations have been found to be mutually exclusive events (Rajagopalan 

et al, 2002) and both genes could be important determinates of resistance to 

EGFR-specific therapies.  
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1.1.7. The nature of microRNAs 
 

Much work has been conducted to show how molecular characteristics of 

cancers could act as potential markers of patient prognosis and response to 

chemo- and radiotherapy. However, microRNAs (miRNAs) have in the last 15 

years emerged as additional regulators of gene expression. In light of this, it is 

necessary to gain better insights into the role of miRNAs in colorectal cancer 

development and regulating chemotherapy and radiotherapy response in 

patients.   

MiRNAs are small non-coding RNAs (18-25 nucleotides) which function by 

repressing protein translation by binding to target messenger RNAs (mRNAs; 

Bartel, 2004). MiRNAs were initially discovered when the lin-4 gene, which codes 

for a small non-coding RNA molecule, was found to regulate development in 

Caenorhabditis elegans (Lee et al, 1993). MiRNAs have since been identified in a 

number of species, including humans. It is suggested that miRNAs regulate up to 

30% of all human genes and that each miRNA has control over hundreds of gene 

targets (Lewis et al, 2005). MiRNAs therefore play an important regulatory role 

in processes such as development, cellular differentiation, proliferation and 

apoptosis and thus have wider roles in diseases such as cancer (Esquela-Kerscher 

& Slack, 2006).   

MiRNA genes are present throughout the genome and are transcribed from 

their own promoters by the action of RNA polymerase II or III to generate 

primary microRNA (pri-miRNA; Bartel, 2004). As shown in Figure 1.7, pri-miRNAs 
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are cleaved to precursor miRNA (pre-miRNA), a 70-nucleotide stem loop 

structure, by a microprocessor comprising Drosha (a ribonuclease) and DGCR8 (a 

double stranded RNA binding protein). Pre-miRNA is then transported from the 

nucleus to the cytoplasm by Exportin-5. In the cytoplasm, pre-miRNA is cleaved 

by a complex formed of the endonuclease enzyme Dicer and the double-

stranded RNA binding protein TRBP to form a double-stranded miRNA duplex. 

One of the strands, together with argonauate (Ago2) then incorporates into the 

RNA-induced silencing complex (RISC). The passenger miRNA star (*) strand (e.g. 

miRNA-18*) is usually degraded although it can also be incorporated into RISC. 

  

 

Figure 1.7: The classical pathway of microRNA processing (Winter et al, 2009). 
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Since their discovery miRNAs have been described to have roles in the 

development of cancer through the negative regulation of key oncogenes and 

tumour suppressor genes (Esquela-Kerscher & Slack, 2006) and to predict 

patient prognosis (Calin et al, 2004a). MiRNAs have also been reported to be 

differentially expressed in response to chemo- and radiotherapy and may play a 

key role in regulating and predicting cellular response to treatment and in drug 

and/or radiation resistance (Hummel et al, 2010).  

1.1.9. Aims and objectives   
 

The aims of the present study were therefore to explore the potential of miRNAs 

as markers and modulators of disease progression and treatment response in 

colorectal cancer by undertaking 3 separate approaches: 

Firstly, the present study aimed to explore how the inter-individual expression of 

miRNAs that regulate KRAS and its downstream pathways contributed to 

colorectal cancer progression and whether they could further sub-classify 

colorectal cancers at a molecular level (Chapter 3). 

Secondly, the study aimed to identify a miRNA and mRNA signature of drug 

resistance in colorectal cancer by profiling 5-FU and oxaliplatin resistant 

colorectal cancer cells that were created by incremental drug selection, to gain a 

better understanding into the mechanisms of acquired drug resistance (Chapter 

4).  
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Finally, the present study also aimed to use an in vitro model of radiation 

therapy to identify a miRNA radiation response signature that would help in the 

understanding of the cellular response to radiation and mechanisms by which 

KRAS signalling affects radiation sensitivity (Chapter 5).  
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Chapter 2 

2. Materials and Methods 
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Chemicals 

All other chemicals were purchased from Sigma Aldrich unless otherwise stated. 

2.2. Methods 

2.2.1. Ethical approval 
 

All studies involving human tissue were approved by the Tayside Tissue Bank 

Research Ethics Committee, a devolved sub-committee of the Tayside 

Committee on Medical Research Ethics. 

2.2.2. Mammalian cell culture 
 

Six colorectal cancer cell lines were used for the present study. HCT116 and DLD-

1 cell lines were obtained from Cancer Research UK Cell Services (London 

Research Institute). HCT116 is one of 3 subpopulations of malignant cells that 

were isolated from a primary culture of a human colorectal carcinoma obtained 

during surgery (Brattain et al, 1981). Similarly, the DLD-1 cell line was derived 

from specimens of colon adenocarcinomas removed during normal surgery 

(Dexter et al, 1979).  

Additionally, isogenic HCT116 and DLD-1 lines specifically engineered to express 

the wild type (WT) or mutant form of KRAS were kindly donated by the 

laboratory of Dr Bert Vogelstein (John Hopkins University, Baltimore, MD). The 

parental HCT116 and DLD-1 lines have a WT KRAS allele and an allele with a 

G13D KRAS mutation (Jiang et al, 1989; Shirasawa et al, 1993). Isogenic cell lines 
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a cell suspension a haemocytometer was used for cell counting. A cover slip was 

placed onto the haemocytometer ensuring that the gridlines used to count the 

cells were covered. A small volume of cell suspension (10 µl) was then pipetted 

between the cover slip and haemocytometer.  Observing under a microscope, 

the total number of cells in the four outer boxes was counted. The number of 

cells per ml of cell suspension was then calculated by determining the mean 

number of cells per box (dividing the total cell count by 4) and multiplying by the 

correction factor, 104. 

For growth assays, cells were seeded in 6 well plates (well diameter: 3.5 cm) at a 

density of 1 x 105 cells per well and incubated at 37°C and 5% CO2 for 24 hours 

to allow for attachment and growth. Cells were then detached from the plate 

using trypsin at alternate 16 and 8 hour intervals (16 h, 24 h, 32 h, and 48 h). The 

cell suspension was added to a universal tube containing growth media to make 

a cell suspension with a total volume of 3 ml. The total number of cells were 

then counted and plotted against the number of hours since seeding. The 

doubling time of cells was also calculated as shown in Box 2.1 using an 

exponential trend line and equation.   

Exponential equation: y = aebx 

Where a = number of cells at 0 hours, b = growth rate and x = doubling time 

Doubling time (x) = ln (2)/b 

Box 2.1: Method for calculating cell doubling time. 
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2.2.4. MTT assay 
 

The MTT assay is a colorimetric assay for determining cell viability (Mosmann, 

1983). It can therefore be used as a measure of relative cytotoxicity caused by 

drug treatment in different cell lines. MTT is a yellow tetrazolium salt which is 

reduced to purple formazan crystals by the mitochondrial enzyme succinate 

dehydrogenase in active and living cells. The amount of formazan crystals is 

therefore proportional to the number of viable cells present in a given sample 

and can be estimated using a spectrophotometer.  

Assays were conducted in sterile 96 clear flat-bottomed well plates. Cells were 

seeded at a density of 3000 cells per well, in a total volume of 100 µl growth 

media, and incubated at 37°C and 5% CO2 for 24 hours to allow for attachment 

and growth. Following incubation, growth media was removed from each well 

and replaced with media containing drug. For chemosensitivity studies, each cell 

line was plated in triplicate per drug concentration (Table 2.1).  

Table 2.1: MTT drug concentrations 

5-FU 
concentration 
(µM) 

Oxaliplatin 
concentration 
(µM) 

Irinotecan 
concentration 
(µg/ml) 

Sorafenib 
concentration 
(µM) 

Vehicle 
control 
(DMSO) 

Vehicle control 
(DMSO) 

Vehicle control 
(DMSO) 

Vehicle control 
(Water) 

1.25 1.25 0.625 0.94 
2.5 2.5 1.25 1.88 
5 5 2.5 3.75 
10 10 5 7.5 
20 20 10 15 
40 40 20 30 
80 80 40 60 
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designed to be more resistant to degradation than endogenous miRNAs within 

the cell. MiRNA mimics are modified double-stranded RNAs that mimic, or 

increase the effects of, endogenous miRNAs. The mature strand of the double 

stranded molecule is, like endogenous miRNAs, incorporated into the RNA 

induced silencing complex (RISC) by the Argonuate protein. The miRNA star (*) 

passenger strand is subsequently cleaved and expelled. In the present study, 

miRNA inhibitors and mimics were introduced into cells using Lipofectamine 

2000 (Life Technologies). This allows the formation of liposomes around the 

inhibitors or mimics, which binds to the plasma membrane and export their 

contents into the cytoplasm of a cell.   

Cells (1 x 105 per well) were seeded in six well plates and incubated for 24 hours 

to allow for attachment. For miR-224 knockdown experiments, HCT116 KRAS WT 

cells were transfected with a final concentration of 30 nM miR-224 inhibitor or 

miRNA inhibitor negative control (Life Technologies) in a total volume of 3 ml of 

growth media per well. A concentration-response optimisation experiment 

assessing the degree of knockdown caused by transfection with 10 nM, 15 nM, 

20 nM, 25 nM and 30 nM of miR-224 inhibitor or negative control was 

conducted to ascertain that 30 nM was the optimum concentration, giving a 

knockdown of 98% as later discussed in Section 3.3.4.  

To achieve this concentration for each well, 1.8 µl of 50 µM miR-224 inhibitor or 

negative control solutions (diluted in nuclease-free water) was diluted in PBS to 

make a total volume of 10 µl and was then added to 90 µl of serum-free media 

in an eppendorf tube. In a separate tube, 5 µl of lipofectamine was added to 95 
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µl of serum-free media. The contents of both tubes were combined and left to 

incubate at room temperature for 45 minutes. Growth media was aspirated 

from each well and replaced with 2.8 ml of serum-free media. The 200 µl mix 

was then added dropwise to each well. The cells were incubated at 37°C for 5 

hours before the transfection media was removed and replaced with fresh 

growth media containing FBS. The cells were left for 24 hours before further 

experiments were conducted. The success of knockdown was assessed using 

miRNA quantitative RT-PCR Taqman analysis (Sections 2.2.9.1 and 2.2.9.2).   

For miR-224 mimic experiments, HCT116 KRAS mutant cell lines were transiently 

transfected with final concentrations of 0.3 nM, 1 nM, 5 nM, 10 nM and 20 nM 

of miR-224 mimic or miRNA mimic negative control (Life Technologies) solution. 

To achieve these final concentrations, the miR-224 mimic or negative control 

solution was serially diluted in PBS according to Table 2.2 to make a total volume 

of 20 µl. In each well, 10 µl of the mimic or negative control and PBS mix was 

added to 90 µl of serum-free media in an eppendorf tube. The remainder of the 

procedure was then unchanged from transfection with miRNA inhibitors.  

Table 2.2:  MiRNA mimic dilutions in PBS 

Desired final 
miR-224 
mimic 
concentration 
per well (nM) 

Volume of 50 
µM miR-224 
mimic stock 
solution (µl) 

Volume of 5 
µM miR-224 
mimic stock 
solution (µl) 

Volume of 0.5 
µM miR-224 
mimic stock 
solution (µl) 

Volume of 
PBS (µl) 

20  2.4 - - 17.6 
10 1.2 - - 18.8 
5 - 6 - 14 
1 - 1.2 - 18.8 
0.3 - - 3.6 16.4 
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2.2.7. Invasion assay 
 

The Calbiochem InnoCyte invasion assay was used to model and quantify cancer 

cell invasion in vitro. The assay uses an invasion chamber consisting of a 24 well 

tissue culture plate and 12 cell culture inserts with an 8 µm pore sized 

polycarbonate membrane (Figure 2.1). The upper surface of the insert 

membrane is coated with a layer of dried basement membrane matrix (BMM) 

solution forming an extracellular matrix which prevents non-invasive cells from 

passing through the 8 µm pores. Invasive cells are able to degrade the matrix, 

pass through the pores and stick to the bottom of the polycarbonate membrane. 

The invasive cells can then be dissociated from the bottom of the polycarbonate 

membrane and fluorescently labelled to allow for quantification.  

 

Figure 2.1:  Diagrammatic representation of cell invasion assay.   

The cell invasion chamber (stored at 4°C) was initially left to warm to room 

temperature. The dried BMM in the cell culture inserts were then rehydrated by 

adding 400 µl of serum-free media and leaving for 30 minutes at room 
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temperature before it was discarded. Media (500 µl) containing 10% FBS was 

added to the lower chamber. Cells (1 x 106) were then added to the top chamber 

in a total volume of 350 µl of serum-free media. A negative control with no cells 

was also included. The cell invasion chamber was then incubated at 37°C and 5% 

CO2 for 24 hours. Following incubation, a cell staining solution was prepared by 

diluting the fluorescent dye Calcein-AM in cell detachment buffer by a factor of 

1:300. The upper chamber inserts were then placed into wells that had not yet 

been used, containing 500 µl containing cell staining solution and invasive cells 

were dislodged by gently tapping the inserts against the bottom of the lower 

chamber. The cell invasion chamber was incubated for 30 minutes at 37°C and 

then again after the removal of the inserts. The fluorescently labelled dislodged 

cell solution was then split into triplicate aliquots and transferred to a white, 

opaque 96 well plate (150 µl per well), and the fluorescence measured at an 

excitation wavelength of 485 nm and an emission wavelength of 530 nm. 

Invasion was therefore represented as relative fluorescence units (RFU) with a 

higher measurement representing increased invasion. The negative control 

reading was subtracted from the reading taken for cell samples. 
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Figure 2.2:  An electropherogram generated by the Bioanalyzer 2100 software. A 

representation of the electropherogram generated by the Bioanalyzer 2100 software, indicating 

RNA concentration, 18s and 28s ribosomal subunit ratios (rRNA Ratio [28s/18s]), and RNA 

integrity number (RIN). The RIN in A) is 10 indicating high quality RNA whereas the RIN in B) is 2.3 

indicating degraded RNA.  
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polymerase degrades the probe that has annealed to the template leading to 

the separation of the reporter dye from the quencher dye and causing an 

increase in the fluorescent signal of the reporter dye. Therefore, with each PCR 

cycle, additional reporter dye molecules are cleaved resulting in an exponential 

increase in the fluorescent signal, which in turn is directly proportional to the 

amount of the amplified PCR product produced.  

The degradation and removal of the probe from the target strand also allows 

primer extension to continue to the end of template strand, thereby not 

interfering with the exponential accumulation of PCR product.  

 

Figure 2.4: Schematic diagram of Taqman chemistry and the process of gene amplification 

(Life Technologies Taqman Gene Expression Assays protocol). 
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Figure 2.6: The process of RNA amplification. The synthesis of A) cDNA and B) double stranded 

cDNA; C) the purification of cDNA; D) the reverse transcription to biotin labelled cRNA and E) the 

purification of cRNA (modified from Life Technologies Illumina TotalPrep RNA amplification kit 

protocol). 

2.2.10.1. Reverse transcription to synthesise cDNA 
 

The initial reverse transcription step was performed using specific oligo (dT) 

primers to produce single strand cDNA bearing a T7 promoter. For each sample, 

500 ng of total RNA diluted in a total of 11 µl of nuclease-free water was added 

to 9 µl of reverse transcription master mix. The master mix consisted of 1 µl T7 

oligo (dT) primer, 2 µl first strand buffer, 4 µl dNTP mix, 1 µl RNAse inhibitor and 
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96 well plate in triplicate. The absorbance was then read using a ThermoScan 

microplate reader at a wavelength of 595 nm.  

The mean absorbance of each BSA sample was plotted against the protein 

concentration. The protein concentration of the test samples were then 

calculated by using the equation of the line (y=mx + c), where m = slope of the 

dose response curve obtained from a BSA dilution series and c = the absorbance 

at 0 mg/ml.  

Western Blot analysis was performed on SDS-polyacrylamide gels which were 

prepared prior to the procedure. 10% resolving gels were prepared by adding 

together 4 ml water, 3.3 ml 30% acrylamide mix, 2.5 ml 1.5M Tris buffer, 100 µl 

SDS, 100 µl 10% ammonium persulfate (APS) and 4 µl TEMED and casting the 

mixture using the Bio-Rad Mini-PROTEAN II system. A 5% stacking gel was also 

prepared  by adding together 2.7 ml water, 670 µl 30% acrylamide mix, 400 µl 

1.0 M Tris, 40 µl 10% SDS, 40 µl 10% APS and 4 µl TEMED. The stacking gel was 

added on top of the resolving gel once it had set. A comb was placed into the 

stacking gel whilst it set to produce wells for loading protein samples.  

For Western blot analysis, 40 µg of protein was diluted in 5X SDS sample buffer 

(0.2 M Tris, 10% SDS, 0.05% bromphenol blue, 20% glycerol) to make a total 

volume of 20 µl. Samples were then denatured at 95°C for 5 minutes before they 

were loaded onto SDS-polyacrylamide gels. SDS-PAGE was run using the Bio-Rad 

mini-PROTEAN 3 Cell system and samples underwent electrophoresis at 100 

volts in Tris-glycine running buffer (25 nM Tris, 250 nM glycine, 0.1% SDS in 

water). Rainbow protein molecular weight marker was also loaded onto the gels. 
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Figure 2.7: The PathScan Intracellular Signalling Array.  A) A representation of one of the 

slides and the 16 nitrocellulose pads, and B) the names and positions of each target antibody 

(modified from Cell Signalling PathScan Intracellular Signalling Array protocol).  

A protein lysate was obtained as described in Section 2.2.11 and was diluted to a 

total protein concentration of 1 mg/ml. A multi-well gasket was fixed onto the 

slide to isolate each nitrocellulose pad. Each pad was incubated at room 

temperature with an array blocking buffer to prevent non-specific protein 

binding. The pads were then incubated at room temperature with protein lysate 

for 1 hour with mild agitation. Subsequently, the pads were incubated with a 

biotin-conjugated detection antibody cocktail (containing specific antibodies to 

each phosphorylated or cleaved signalling molecule) followed by a fluorescently-

linked antibody conjugated to streptavidin which binds biotin.  

Following a series of wash steps the slide was scanned using a LiCor Odyssey 

(LiCor Biosciences), a fluorescent digital imaging system. An image of the slide 
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was captured at an excitation wavelength of 680 nm and detecting wavelength 

of 700 nm and the relative fluorescent intensities of the spots were quantified 

by using the imaging program Image Studio Software (Li-Cor Biosciences).  

2.2.14. Fluorescence-activated cell sorting 
 

Fluorescence-activated cell sorting (FACS) is a specialised form of flow cytometry 

used to measure a number of parameters of individual cells within a 

heterogeneous population based upon the specific light scattering and 

fluorescent characteristics of each cell. In flow cytometry thousands of cells per 

second are passed individually in a stream of flowing fluid through a laser beam. 

Each individual cell can cause the scatter or refraction of light as it passes though 

the laser beam. The flow cytometer is able to detect the amount of light 

scattered in the direction of the laser beam (forward scatter) or light scattered 

at 90 degrees from the path of the laser beam (side scatter) and convert this 

information into voltage pulses. The intensity of the forward and side scattered 

light detected is proportional to the size of a cell and the inner structural 

complexity of a cell respectively. Additionally, targeted fluorescently-tagged 

molecules or fluorescent dyes, which bind to specific components or receptors 

of a cell, may be added to a cell sample. The fluorophore can be excited by the 

laser beam at the appropriate wavelength thus emitting a fluorescent signal that 

can also be detected by the flow cytometer and provide further insight into cell 

phenotype. The light scattering and fluorescent characteristics of cells can 

therefore be analysed graphically and can be represented in single dimensional 

histograms of two dimensional dot plots.  
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2.2.14.1. DNA cell cycle analysis using Propidium Iodide 
 

Propidium iodide (PI) is a fluorescent dye used to stain cells and quantify DNA 

content in cell cycle analysis. PI only permeates non-viable cells, which have 

been fixed in ethanol, and binds to both DNA and RNA. PI fluorescence is 

emitted at an excitation wavelength of 535 nm and emission wavelength of 617 

nm. The fluorescence emitted once PI is bound to DNA and excited by a laser 

source increases and the amount of fluorescence is proportional to the amount 

of DNA present in a cell. As PI does not discriminate between DNA and RNA, 

samples are also treated with a ribonuclease (RNase A) to eliminate RNA.  

DNA content is known to change during the cell cycle. As the DNA content of 

cells is duplicated during the synthesis or S phase of the cell cycle, the DNA 

content and thus the fluorescence of cells is assumed to be twice as high in cells 

in the G2/M phase than cells in the G0/G1 phase.  

In the present study, DNA cell cycle analysis was used to assess the effect of 

miRNA knockdown (Section 2.2.5), acute drug treatment or acquired drug 

resistance (Section 2.2.6) on the cell cycle. In miRNA knockdown and acute drug 

treatment analysis cells (1 x 106) were seeded on 5 cm diameter plates and were 

fixed at alternate 16 and 8 hour intervals (16 h, 24 h, 32 h, 48 h, 64 h and 72 h) 

within a 72 hour period. In the acquired drug resistance analysis cells (1 x 106) 

were seeded on 10 cm diameter plates and were fixed every 24 hours within a 

96 hour period. Each experiment was performed 3 times.  
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Each sample was fixed by adding 1 x 106 cells drop-wise into 2 ml of ice cold  

70% (w/v) ethanol and was stored at  -20°C for a minimum of 12 hours but for 

no longer than 7 days before analysis on the flow cytometer. On the day of flow 

cytometry analysis the fixed cell samples were left to warm to room 

temperature and then centrifuged at 1200 rpm. The pelleted cells were then 

washed with PBS and then resuspended in 950 µl PBS, 40 µl propidium iodide 

solution (1 mg/ml) and 10 µl RNase A (10 mg/ml). The samples were then 

incubated at 37°C for 30 minutes in darkness.  

Samples were analysed on a BD FACScan system (BD Biosciences) and the cell 

events were visualised using CellQuest Pro (BD Biosciences) software. The data 

was firstly represented in the form of a dot plot where the area (FL2-A) of the 

fluorescent light pulse, representing the total fluorescence of a cell, was plotted 

against the width (FL2-W), representing the time it takes for the cell to pass 

through the laser beam. This plot was used to distinguish between single cells 

and doublets, cells that have aggregated and have passed through the laser 

beam together and thus have larger FL2-A or FL2-W values than single cells 

(Figure 2.8 A). Single cells were therefore gated and an FL2-area histogram was 

generated to only show the events inside of the gated region (Figure 2.8 B). 

10,000 events were collected within defined gates during data acquisition. The 

histogram was used to assess the percentage of gated single cells in each 

defined phase of the cell cycle.   
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Figure 2.8: Analysis of DNA content using Propidium iodide analysis. A) A representation of a 

dot plot where FL2-A is plotted against FL2-W. The red dots represent the events that have been 

gated. B) A representation of an FL2-area histogram generated to assess the percentage of cells 

in the G0/G1, S and G2/M phases of the cell cycle.  

2.2.14.2. SYTOX AADvanced Dead Cell Stain Kit 
 

SYTOX AADvanced dead cell stain (Life Technologies) is a fluorescent stain that 

distinguishes live and dead cells by binding to nucleic acid after penetrating non-

viable cells with compromised plasma membranes. The dye emits fluorescence 

at an excitation wavelength of 488 nm, which is enhanced 500 fold upon binding 

to nucleic acid. In the present study, the SYTOX AADvanced Dead Cell Stain Kit 

(A) 

(B) 
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was used to assess changes in cell viability following treatment with ionising 

radiation (Section 2.2.16.3). Following treatment and 72 hours incubation (see 

Section 2.2.16.3), cells were trypsinised, collected in a 15 ml falcon tube and 

centrifuged for 3 minutes at 1200 rpm to form cell pellets. The cells were 

resuspended in 1 ml of PBS with a final stain concentration of 0.5 µM.  The 

samples were incubated on ice for 5 minutes to allow for the stain to bind 

nucleic acid. The samples were then analysed on an Attune Flow cytometer (Life 

Technologies) and the cell events were analysed using Attune Cytometric 

software (Life Technologies).  

The data was represented by plotting the total fluorescence of a cell detected to 

be side scattered (SSC-A) with cells detected to be forward scattered (FSC-A). 

This dot plot identified a population of cells emitting fluorescence at a 

wavelength of 625 nm (Figure 2.9 A). A BL3-area plot was also generated to 

calculate the percentage of gated cells that contained the dead cell stain dye 

and were therefore considered non-viable (Figure 2.9 B). BL3 represents the 

filter used to detect cells with the SYTOX AADvanced Dead Cell Stain (those 

emitting fluorescence at wavelength 625 nm). A negative control where cells 

were resuspended in 1 ml of PBS without the stain helped to identify the 

population of cells where the stain had permeated the membrane.   
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Figure 2.9: Analysis of viable cell number using the SYTOX AADvanced Dead Cell Stain kit. A) 

A representation of a dot plot where SSC-A has been plotted against FSC-A. R1 represents the 

total area that has been gated. B) A representation of the proportion of gated cells emitting 

fluorescence at a wavelength of 625 nm. R2 represents the proportion of cells that do not emit 

fluorescence whereas R3 represents the cells that do emit fluorescence at a wavelength of 625 

nm and are thus non-viable. 
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(B) 
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involved using ModFit LT (Version 4; Verity Software House) to create a 

proliferation model generating a visual representation in the changes in the 

proportion of cells within a particular generation at each time point (Figure 2.10 

B). The software calculated the proliferation index, the total number of divisions 

divided by the number of cells that went into division, which was plotted against 

time. The doubling time of cells was calculated as shown in Box 2.1 (Section 

2.2.3) using an exponential trend line and equation. 

 

 

 

Figure 2.10 

 

(A) 

(B) 






























































































































































































































































































































































































































































































































































