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Summary

The current standard o f care for oesophageal cancer in Ireland involves 

neoadjuvant chemoradiation therapy (CRT) followed by surgery. Despite advances in 

treatment, resistance to neoadjuvant CRT remains a significant clinical problem, with 

only -3 0 %  of patients achieving a complete pathological response. Radiation therapy 

exerts its effects locoregionally, consequently, in terms o f locoregional control, tumour 

resistance to radiation therapy may predominantly contribute to treatment failure. The 

identification o f biomarkers and molecular mechanism(s) o f radioresistance is central to 

facilitating patient treatment stratification, improving survival rates and identifying 

novel targets to enhance the efficacy o f radiation therapy.

The overall aim o f this thesis was to investigate the molecular mechanisms o f 

radioresistance in oesophageal cancer, which are poorly understood. One significant 

limitation to studying the cellular response to radiation is the lack o f appropriate 

radioresistance models. Consequently, a novel isogenic model o f radioresistance in 

oesophageal adenocarcinoma was generated, by the chronic exposure o f OE33 cells, to 

clinically-relevant, fractionated doses o f 2 Gy X-ray radiation. Radioresistance was 

confirmed by clonogenic assay. Parental OE33 cells were handled identically, but were 

mock irradiated, thus providing an age and passage matched control.

This model was then characterised in terms o f parameters frequently implicated 

in the radioresistant phenotype, to investigate mechanisms o f radioresistance. 

Proliferation was investigated using the 3T3 assay, cell cycle distribution, cell cycle 

checkpoint operation and apoptosis was assessed by flow cytometry. Reactive oxygen 

species generation and scavenging was investigated using flow cytometry and a 

luminescence-based assay. DNA damage and repair was assessed by 

immunofluorescence and high content analysis. Gene and microRNA expression was 

investigated using qPCR-based arrays.

Specific alterations in DNA repair efficiency, DNA repair-associated gene 

expression and microRNA expression were demonstrated, suggesting their involvement 

in the radioresistance o f this model. The role o f microRNA in the cellular response to 

radiation was further investigated, using synthetic Pre-miR-microRNA precursor 

molecules, which allow the transient overexpression o f a target microRNA. miR-31, 

which was downregulated in radioresistant cells, was demonstrated to play a functional 

role in the response to radiation, re-sensitising radioresistant cells to radiation. Thirteen 

genes involved in DNA repair were identified as targets o f miR-31, suggesting a 

potential mechanism for its radiosensitising effect. The in vitro data was then



extrapolated into patient samples. Expression o f miR-31 and several putative target 

genes was assessed by qPCR, in oesophageal tumour biopsies taken prior to 

neoadjuvant CRT treatment.

miR-31 was reduced in patients achieving a poor response to CRT, with levels 

significantly lower in patients in which no tumour regression was evident, suggesting a 

role for miR-31 in modulating the response to CRT in vivo. This was concomitant with 

significantly higher expression o f  the m iR-31-regulated DNA repair genes, SM U Gl,  

M LHI, RAD51L3 and MMSJ9, suggesting a mechanism for resistance to CRT. This 

study provides a novel cell line model with which to study radioresistance in 

oesophageal adenocarcinoma. The data demonstrate for the first time a role for m iR -31 

in modulating the cellular response to radiation in oesophageal adenocarcinoma. The 

downregulation o f miR-31 in both radioresistant cells and oesophageal tumours 

resistant to CRT suggests a mechanism for resistance to therapy, possibly via abrogation 

o f  miR-31- mediated regulation o f  SM U G l, MLHI, RAD51L3 and MMS19.
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Chapter 1 

General Introduction





1.1 Oesophageal cancer

1.1.1 The oesophagus

The normal oesophagus is a hollow, highly distendable m uscular tube, 

approxim ately 18-26 cm in length that extends from the pharynx to the gastro-oesophageal 

junction. Its main functions are to conduct food and fluids from the pharynx to the stomach, 

which is mediated by peristaltic contraction, and to prevent the reflux o f  gastric contents 

(Dayal and DeLellis, 1989). These functions are aided by the upper and lower oesophageal 

sphincters located at the proximal and distal ends. The oesophagus passes through three 

compartm ents, the neck, chest and abdomen and can be divided from proximal to distal into 

three distinct regions, cervical, thoracic and abdominal. The cervical oesophagus is -4 -5  

cm long, and extends from the pharyngoesophageal junction to the suprasternal notch. The 

thoracic oesophagus distends from the suprasternal notch to the diaphragm atic hiatus, and 

the abdominal oesophagus extends from the diaphragmatic hiatus to the gastro-oesophageal 

junction (Kuo and Gaman, 2009). The oesophagus receives a rich arterial segmental blood 

supply. The upper oesophageal sphincter and cervical oesophagus are supplied by the 

inferior thyroid artery, a branch o f  the subclavian artery. Direct aortic branches and 

terminal branches o f  bronchial arteries supply the thoracic oesophagus. The lower 

oesophageal sphincter and the most distal segment o f  the oesophagus are supplied by the 

left gastric artery and a branch o f the left phrenic artery (Broering et al., 2009; Kuo and 

Gaman, 2009).

The oesophageal wall consists o f  several layers, the innerm ost mucosa, submucosa, 

m uscularis propria and adventitia (Dayal and DeLellis, 1989). The m ucosa is composed o f 

3 layers, a mucous membrane, lamina propia and muscularis mucosa. The mucous 

m em brane is composed o f  non-keratinized stratified squamous epithelium  that covers the 

entire oesophagus except at the lower oesophageal sphincter where it can coexist with 

colum nar gastric-type epithelium. The underlying lamina propria is a thin connective tissue 

structure containing mucous secreting glands and vascular structures. The muscularis 

m ucosa is a thin layer o f  longitudinally, irregularly arranged smooth muscle fibres that 

extends throughout the entire oesophagus. The m uscularis m ucosa separates the lamina 

propria from the submucosal layer which consists o f  loose connective tissue containing a 

rich lymphatic network, blood vessels, nerves, lymphocytes and mucous glands (Dayal and
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DeLellis, 1989). The m uscularis propria is composed o f  an inner circular and outer 

longitudinal coat o f  smooth muscle. In the upper third o f  the oesophagus this muscle is 

composed o f striated m uscle fibres, in the middle third smooth m uscle fibres also occurs, 

whilst smooth muscle fibres are predom inant in the lower third (Broering et al., 2009). The 

adventitia, which connects the oesophagus to neighbouring structures, is composed o f  loose 

connective tissue containing small vessels, lymphatic channels and nerve fibres (Dayal and 

DeLellis, 1989; Kuo and Gaman, 2009). Unlike the rest o f the gastrointestinal tract, only 

small segments o f the abdominal portion are covered by a serosa layer, this is thought to 

facilitate oesophageal tum our spread and also has im plications for surgical treatm ent 

(Boyce and Boyce, 2003).

Oesophageal lymphatic drainage consists o f lymph channels and lymph nodes. A 

rich network o f lymph capillaries within the oesophageal tissue drain to lymph channels 

which run longitudinally within the m uscularis propria layer. The collecting lymph 

channels then drain to lymph nodules. Lymphatics from the proximal third o f  the 

oesophagus drain into the deep cervical lymph nodes and from there drain to the thoracic 

duct. Lymphatics from the middle oesophagus drain into the superior and posterior 

mediastinal nodes. Lymphatic flow from the distal third o f  the oesophagus follows into the 

gastric and celiac lymph nodes. There is considerable interaction between these three 

drainage networks, which in combination with the rich network o f  longitudinal lymphatic 

drainage in the mucosa and submucosa, is thought to aid in the invasion o f oesophageal 

tum ours (Dayal and DeLellis, 1989; Kuo and Gaman, 2009).

1.1.2 Epidemiology and Histology

Cancer arising from the oesophagus occurs worldwide and is currently ranked 

eighth in order o f incidence (Ferlay et al., 2010). Retrospective analyses have estimated that 

the incidence is rising by ~2%  annually (Brown et al., 2008; Parkin, 2001; Parkin et al., 

2005). Despite recent advances in diagnosis and treatment, prognosis is poor, with 5-year 

survival rates at less than 40%  (Jemal et al., 2009). Globally, oesophageal cancer is the 

sixth most common cause o f  cancer death (Ferlay et al., 2010). In Ireland, oesophageal 

cancer represents a significant risk to morbidity and mortality. Incidence rates are higher
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for both men and w om en than in the U.S. and the rest o f  the E.U., and mortality rates are 

also h igher for both sexes (National C ancer Registry, Ireland).

Histologically, the vast majority o f  oesophageal cancers can be divided into 

squam ous cell carcinom a (SCC) or adenocarcinom a (OAC), which account for - 9 0 %  o f  

oesophageal tumours. Occasionally, lymphomas, m elanom as, leiom yosarcomas and other 

ca rc inom as occur within the oesophagus (Daly et al., 2000). Both SCC and O A C  have 

distinct pathological and etiological characteristics. SCC can occur in all subsections o f  the 

oesophagus, but predominantly  occurs in the middle and upper third (Berger and Belka, 

2009; Mariette et al., 2005), whilst the majority o f  O A C  are located in the distal 

oesophagus  or gastro-oesophageal junction  (Daly et al., 2000; Siewert et al., 2001) (Fig 

1.1). T he incidence o f  each subtype is highly variable depending  on geographical location. 

SCC is the predominant histological subtype in Asia, the Middle East and South Africa 

(Blot et al., 1993; Islami et al., 2004; Som dyala et al., 2003). In contrast, in western 

countries, there has been a dramatic epidemiological shift towards O A C  in recent decades 

(D evesa et al., 1998), which is not attributable to histologic reclassification or 

overdiagnosis  (Pohl and Welch, 2005). This increase is most dramatic in Caucasian males, 

with the rate o f  increase in incidence o f  O A C  greater than that o f  any o ther m alignancy in 

the United States (Pera et al., 2005). This shift towards OAC has also been witnessed in 

Ireland, with incidence o f  OAC increasing by 48% , and SCC decreasing by 4%  between 

1994 and 2007 (Fig 1.2) (National Cancer Registry, Ireland). O A C  is now the most 

prevalent form o f  oesophageal cancer in the western world (Demeester, 2009).

1.1.3 Aetiology

Both histological subtypes o f  oesophageal cancer dem onstrate male predominance, 

although this is more prom inent in O AC (V aughan et al., 1995), and risk increases with age 

(Daly et al., 2000). Tobacco  sm oking is also a com m on risk factor for both subtypes, with 

risk directly correlating with quantity and duration o f  tobacco consum ption (Brown et al., 

2001; Wu et al., 2001). Low consum ption o f  fruit and vegetables has also been 

dem onstrated  to increase the risk o f  both SCC and O A C  (Engel et al., 2003). Risk factors 

specific to SCC include substantial alcohol intake, which com bined with tobacco is
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Figure 1.1 Location of SCC and OAC tumours. SCC tumours are predominantly located 
in the middle and upper third o f the oesophagus. OAC tumours are predominantly located 
in the distal third o f the oesophagus and at the gastro-oesophageal junction. Adapted from 
www.oncologychannel.com.
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Figure 1.2 Incidence o f  oesophageal cancer in Ireland 1994-2007. The incidence o f  
OAC (dotted line) increased by 48%  between the years o f  1994 and 2007. In contrast, the 
incidence o f  SCC (block line) decreased by 4%. Data was taken from the National Cancer 
Registry o f  Ireland.
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attributable to ~90%  o f  SCC (Brown et al., 2001), and in certain populations the ingestion 

o f hot beverages (Castellsague et al., 2000), both thought to cause irritation o f  the normal 

oesophageal mucosa. In contrast, alcohol consumption appears to be less im portant for the 

developm ent o f  OAC (Vaughan et al., 1995). Two o f  the main risk factors for OAC are 

gastro-oesophageal reflux disease (GORD) and Barrett’s oesophagus. Chronic acid reflux, 

leads to irritation o f  the distal oesophagus, and increases the risk o f  OAC by up to 8-fold 

(Lagergren et al., 1999). Approxim ately 10-15% o f  people with GORD will go on to 

develop Barrett’s oesophagus (Edelstein et al., 2007), a pre-m alignant condition that occurs 

when the normal squamous mucosa o f the oesophagus becomes replaced with a columnar- 

lined epithelium more typically seen in the stomach or intestine (Spechler and Goyal, 

1996). Barrett’s oesophagus is considered the strongest risk factor for OAC, increasing the 

risk o f incidence by 30-40-fold over the normal population (Solaym ani-Dodaran et al., 

2004). Obesity is also important in the aetiology o f  OAC (Ryan et al., 2006), with one 

proposed mechanism being the occurrence o f  increased acid reflux in patients with high 

visceral obesity, however the association o f  obesity and OAC is demonstrated to be largely 

independent o f reflux (Chow et al., 1998), suggesting that other m echanism s are also 

involved.

1.1.4 Presentation and staging

Early stage oesophageal cancer is frequently asymptomatic, as a result, tumours are 

usually advanced at presentation. Approximately 50% o f  patients have locally advanced 

disease at first diagnosis, which contributes to the high mortality rate (Sweed et al., 2009). 

At late stage, the m ost com m on symptoms are dysphagia (difficulty swallowing), weight 

loss, heartburn, odynophagia (pain upon swallowing) and shortness o f  breath (Daly et al., 

2000).

A diagnosis o f  oesophageal cancer is confirmed by histological assessm ent o f

endoscopic biopsy. Precise clinical staging is critical for both the prognosis and

m anagement o f the disease. Current staging methods include a computed tom ographic scan
18o f the neck, thorax and abdomen, endoscopic ultrasound, FDG-PET imaging, laparoscopy 

and endoscopic mucosal resection (Plukker and van W estreenen, 2006). Oesophageal 

tumours are staged according to the criteria o f the American Joint Com m ittee on Cancer
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tumour-node-metastasis (TNM ) classification (Table 1.1) (Greene and Sobin, 2002), which 

considers lymph node metastasis, distant metastasis and primary tumour (extent o f invasion 

into oesophageal wall) characteristics.

Table 1.1 Staging of Oesophageal cancer (TNM classiflcation)

T Descriptor 
Tis 
T1 
T2 
T3 
T4

High-grade dysplasia
Tumour invades lamina propria or submucosa 
Tumour invades muscularis propria 
Tumour invades adventitia 
Tumour invades adjacent structures

N DescripfOf
NO
N1

No regional lymph node metastasis 
Regional node metastasis

M Descriptor
MO
M1

M1a

M1b

No distant metastasis 
Distant metastasis
Metastasis to cervical nodes in cancer of the upper thoracic oesophagus 
Metastasis to celiac nodes in cancer of the lower thoracic oesophagus 
Other distant metastasis

Staging
0
1

ilA

MB

III

IV

Tis NO MO 
T1 NO MO 
T2 NO MO 
T3 NO MO 
T1 N1 MO 
T2 N1 MO 
T3 N1 MO 
T4 Any N MO 
Any T Any M M ia  
Any T Any M M ib

1.1.5 Treatment

Historically, surgery is the standard o f care for patients with resectable disease, 

which encompasses approximately 50% o f patients (stage O-III) (Portale et al., 2006; Reed, 

1999). En-bloc resection, which involves complete removal o f the tumour and removal o f a 

large number o f regional lymph nodes enhances survival (Hagen et al., 2001). Several 

surgical approaches are used, namely transthoracic, transhiatal and minimally invasive 

oesophageagtomy (Kent et al., 2006; Koshy et al., 2004). There is currently no standardised
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surgical approach, however, the attainm ent o f  a total resection (RO) (no residual disease) 

and adequate lym hadenectom y (minimum o f  15 nodes) are both prognostic factors for long

term survival (Dexter et al., 2001; Swanson et al., 2001). Despite advancem ents in surgical 

technique and intensive care medicine, 5-year survival rates for patients treated with 

surgery alone are still poor, at best -4 0 %  (Altorki et al., 2002; Lerut et al., 1999). Poor 

survival, in addition to the relatively low percentage o f  patients w ho are deemed operable, 

has lead to a m ulti-modal approach to treatment. Both neoadjuvant and adjuvant treatment, 

with chemotherapy (CT), radiation therapy (RT) or a com bination o f  both (CRT), have 

been used.

The addition o f  RT to surgical management facilitates potential increased local 

control (Campbell and Villaflor, 2010). If  given post-operatively, RT can treat any residual 

disease following incomplete resection. If  given pre-operatively, RT can potentially dow n

size the tumour, improving curative resection rates (Geh et al., 2001). Com bining CT with 

surgery facilitates the treatm ent o f  micrometastases, in addition to potentially reducing the 

size o f  the primary tum our (Kelsen and llson, 1995). The ‘radiosensitising’ effect o f  CT via 

increased DNA damage, induction o f  apoptosis and inhibition o f  DNA repair, in addition to 

its potential to treat systemic disease, provides the rationale for com bining RT and CT 

(Seiwert et al., 2007). Neoadjuvant delivery o f treatm ent offers the advantages o f 

potentially decreasing the size o f the tumour, improving resectability, allowing earlier 

treatm ent o f  systemic disease, avoiding the recovery period after surgery that is required for 

adjuvant treatm ent and allows pathological assessment o f  the tum our response to treatment 

(Albertsson, 2002; Geh et al., 2001)

The benefit o f  neoadjuvant CRT to survival is controversial, with issues of 

conflicting results compounded by inadequately powered studies, disparate treatment 

regim ens and tum our histology (as reviewed in M urphy et al., 2008). Despite this, 

neoadjuvant CRT followed by surgery is increasingly being used as the standard o f  care for 

oesophageal cancer patients treated with curative intent (M urphy et al., 2008; 

Suntharalingam et al., 2003). At the St Jam es’s Hospital institution, neoadjuvant treatment 

involves concurrent treatm ent with radiation and the chem otherapeutics cisplatin and 5- 

fluorouracil (5-FU). Typically, chemotherapy consists o f  2 courses o f  5-FU and cisplatin, 

with radiation therapy given in daily fractions over 5 days starting on the first day o f  the
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first course o f  chemotherapy. Patients receive 40.05 Gy in 15 daily fractions (2.67 

Gy/fraction) over 3 w eeks  (M urphy et a!., 2008; Walsh et al., 1996).

1.1.6 The tumour response to neoadjuvant CRT

Despite the conflicting reports o f  the benefit o f  neoadjuvant C R T  to survival, there 

is significant evidence that the tum our response to neoadjuvant C R T  is the best predictor o f  

both disease-free and overall survival. Five-year survival rates are increased to 60%  for 

patients achieving a com plete  pathological response (pCR) (characterised by no residual 

tum our cells), irrespective o f  treatment protocol, tum our histology or stage (A ncona et al., 

2001; Geh et al., 2001).

Further subdivision o f  the pathological response to neoadjuvant C R T  into 5 tum our 

regression grades (TR G ) by Mandard et al., (Fig 1.3), also correlates with survival. TRG 1 

represents a com plete response and is characterised by fibrosis within the oesophageal wall 

with no viable residual tum our cells. TRG 2 is characterised by rare residual tum our cells 

within the fibrosis. T R G  3 is characterised by predominant fibrosis with residual tum our 

cells. TR G  4 represents residual tum our cells outgrowing fibrosis, whilst TR G  5 represents 

a com plete absence o f  regression change. A TRG o f  1-3 was significantly associated with 

disease-free survival, w hen com pared to TR G  4-5 (M andard et al., 1994).

Whilst higher pCR rates are achieved with C RT than with either m odality alone 

(llson et al., 1997; Luu et al., 2008), unfortunately only - 3 0 %  o f  patients achieve a pCR 

(Geh et al., 2001; W alsh et al., 1996). Those patients w ho do not respond to C R T  are 

subject to toxicities without therapeutic gain and their prognosis may be worsened by the 

delay to surgery (Geh et al., 2001). Therefore, the identification o f  biomarkers that predict 

those patients w ho will respond well to treatment is imperative to improving survival rates. 

In addition, the elucidation o f  m echanism s o f  tum our resistance to treatment is central to 

the identification o f  novel therapeutic targets to enhance the efficacy o f  treatment.

1.2 Radiation and chemotherapy interactions

A theoretical fram ew ork o f  the interactions between radiation and 

chem otherapeutics was initially proposed by Steel (Steel, 1979). These interactions include
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Figure 1.3 Pathological tumour response grading to neoadjuvant CRT in oesophageal 
cancer. TRG 1 represents a complete response and is characterised by fibrosis within the 
oesophageal wall with no viable residual tumour cells. TRG 2 is characterised by rare 
residual tumour cells within the fibrosis. TRG 3 is characterised by predom inant fibrosis 
with residual tum our cells. TRG 4 represents residual tumour cells outgrowing fibrosis, 
whilst TRG 5 represents a complete absence o f regression change. Adapted from Gillham 
et al., 2007.
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spatial cooperation and radiosensitisation. Spatial cooperation describes the locoregional 

effects o f  RT and the systemic effects o f  CT. Whilst this allows for some CT-mediated anti

tumour effects, the main goal o f  chemotherapeutics is the treatment o f  systemic disease. 

Another recognised interaction o f  CT and RT is the additive effect on tumour cell kill. This 

describes the potential o f  CT to enhance the efficacy o f  RT. Thus, in terms o f  locoregional 

control, this suggests that it is ultimately tumour resistance to RT that results in treatment 

failure. Given that the tumour response to treatment appears to be a critical determinant o f  

overall survival (Ancona et al., 2001), the identification o f  biomarkers and mechanisms o f  

radioresistance would appear to be the most efficient method o f  predicting those patients 

that will achieve a major pathological response, as well as identifying novel therapeutic 

targets with which to enhance the efficacy o f  radiation.

1.3 Cisplatin

cw-diamminedichloroplatinum(II) (cisplatin) is one o f  the most widely used 

chemotherapeutics in concurrent CRT (Seiwert et al., 2007). Cisplatin is at its most reactive 

in aqueous environments due to the displacement o f  chloride ions (Chu, 1994), and 

introduces intrastrand and interstrand cross-links in DNA and RNA via interactions with 

nucleophilic sites (Eastman, 1983; Jordan and Carmo-Fonseca, 2000). These adducts distort 

the molecular structure o f  the DNA and inhibit replication (Ciccarelli et al., 1985) and 

transcription (Mello et al., 1995). In addition, cisplatin induces a G2/M cell cycle arrest and 

programmed cell death (Sorenson et al., 1990). Administration o f  cisplatin immediately or 

shortly after radiation treatment produces the maximum supra-additive effect, which 

suggests that the mechanism behind cisplatin-mediated radiosensitisation is the inhibition 

o f  repair o f  ionising radiation (IR)-induced DNA damage (Amorino et al., 1999; Wilson et 

al., 2006).

1.4 5-FU

5-FU is a pyrimidine nucleoside analogue that belongs to a family o f  anti metabolite 

drugs. 5-FU is converted to several active metabolites; Fluorodeoxyuradine monophosphate 

(FdUMP), Fluorodeoxyuradine triphosphate (FdUTP) and Fluorouradine triphosphate 

(FUTP) upon entry into the cell (Longley et al., 2003). FdUMP binds to the nucleotide 

synthetic enzyme thymidylate synthase (Santi et al., 1974), depleting the thymidine
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nucleotide pool, which impedes nucleic acid synthesis and results in damage via 

m isincorporation o f  uracil (Yoshioka et al., 1987). This subsequently results in cell cycle 

alterations, DNA fragm entation and cell death, although the exact downstream  m echanism s 

are still unknown (Pinedo and Peters, 1988). The cytotoxicity o f  5-FU is also mediated by 

the incorporation o f  FdUTP into RNA which disrupts normal processing, affecting viability 

(Kufe and Major, 1981). Proposed mechanisms behind 5-FU-mediated radiosensitisation 

include redistribution o f  cells into radiosensitive phases o f  the cell cycle (M cGinn et al., 

1994), inappropriate progression through the S-phase o f  the cell cycle (M cGinn et al., 

1996), and inhibition o f  repair o f  radiation-induced damage (Bruso et al., 1990). The 

cytotoxicity o f  5-FU in S-phase o f  the cell cycle also provides an additive effect, as this 

phase is the most resistant to radiation (Sinclair and M orton, 1966).

1.5 Radiation Therapy

RT involves the therapeutic use o f IR, usually X-rays or y-rays, and is used to treat 

almost all types o f  solid m alignancies (Pawlik and Keyomarsi, 2004). The quantity is 

expressed in Gray (Gy), which is a measure o f  the am ount o f  energy deposited per unit 

mass (Hall, 2006). RT is typically administered in multifraction regim ens, which increases 

tumour cell kill whilst reducing toxicity o f surrounding normal tissue (Hall, 2006). Despite 

advances in the techniques o f  RT, tumour resistance to radiation rem ains a significant 

clinical problem, with oesophageal tumours displaying widely varying radiosensitivities 

(Fukuda et al., 2004). The mechanism(s) o f  radioresistance are still poorly understood. 

Intrinsic factors such as cell cycle phase, cell cycle checkpoint operation (Hu et al., 2001), 

induction o f  IR-induced DNA damage (Schwartz et al., 1991), proficiency o f  IR-induced 

DNA damage repair (Shim ura et al., 2010a) and activation o f  program med cell death 

(M aity et al., 1997), are all thought to play a role in determ ining cellular radiosensitivity. In 

addition, extrinsic factors such as tumour location, size and oxygenation are all thought to 

play a role in determ ining tum our response to RT (M aity et al., 1997). It has been 

demonstrated that increasing the radiation dose given does not improve survival (M insky et 

al., 2002; W alshe et al., 2007), suggesting that inherent radiosensitivity is the critical 

determinant in the success o f  treatment. Currently, there is no consensus as to the single 

m ost important determ inant o f  radiosensitivity, generally, or in oesophageal cancer.
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1.5.1 Radiation-induced damage

T he se le c tiv e  k illin g  o f  tum our ce lls  underlies the e ffica cy  o f  RT. It is w ell 

recogn ised  that D N A  is the critical target o f  radiation-induced ce ll kill (Radford et al., 

1994; W arters, 1992). R adiation induces a variety o f  D N A  lesion s, v ia  direct and indirect 

actions that a ffect the g en o m ic  integrity o f  the ce ll. The direct actions o f  IR are thought to 

account for ~ 35%  o f  the dam age to D N A  and occur w hen  radiation interacts directly w ith  

D N A , generating charged particles or electrons that induce breaks in the phosphodiester  

backbone (Ito et a l., 2 0 0 6 ; van der Schans et al., 1973). The rem aining 65%  o f  radiation- 

induced D N A  dam age is brought about indirectly v ia  the interaction o f  IR and H 2 O, w hich  

generates reactive o x y g e n  sp ec ies  (R O S) such as superoxide, H 2 O 2 and hydroxyl radicals 

(R iley , 1994). T h ese  RO S are h igh ly  reactive w ith D N A  and other intracellular 

m acrom olecu les , in clu d in g  lip ids and proteins (R iley , 1994; W allace, 1998). The cell 

m em brane, although to a lesser extent, is also an im portant target during IR-induced ce ll 

kill, w h ich  occurs v ia  a sp h in gom yelin -ceram id e pathw ay (K o lesn ick  and Fuks, 2003).

T he spectrum  o f  D N A  lesio n s induced by IR is d iverse and includes ox idative base 

dam age, s in g le  strand breaks (S S B ), double strand breaks (D S B ), base loss and D N A  cross

links (H utch inson , 1985). The num ber o f  D N A  lesio n s per ce ll, detected  im m ediately after 

a radiation d o se  o f  1 G y, is  estim ated to be greater than 1000 dam aged bases, 1000 SSB , 40  

D S B , 2 0  D N A -D N A  cross-lin k s, 150 D N A -protein  cross-links and 160-320  non-D SB  

clustered D N A  d am age even ts (G oodhead , 1994; W ard, 1988). In term s o f  cell k ill, D S B , 

w hich  are generated w h en  breaks occur either d irectly  or c lo se ly  op p osite  (separated by a 

few  base pairs) on e  another, are considered  the lethal even t (R adford, 1985).

In the face  o f  such  dam age, a num ber o f  d am age response m echan ism s ex ist that 

function to m aintain g en o m ic  stab ility  by the detection , p rocessin g  and repair o f  IR -induced  

D N A  lesion s. A lterations in these m echanism s have thus been the focu s o f  considerable  

research into radioresistance.

1.5.2 DNA damage response

T he cellu lar response to D N A  dam age in v o lv es  a netw ork o f  interacting signal 

transduction pathw ays, know n as the ‘D N A  dam age resp on se’, com prised  o f  sensors, 

transducers and effectors (W ilson , 2 0 0 4 ). The initial step in the D N A  dam age response is 

the recogn ition  o f  D N A  lesion s, w h ich  is carried out by sensor proteins (B akkenist and
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Kastan, 2003; Lee and Pauli, 2005). Two members o f the phosphatidylnositol 3-kinase-like 

(P13K) family o f  serine threonine protein kinases, ataxia telangiectasia m utated (ATM ) and 

ataxia telangiectasia m utated-rad3-related (ATR), are central to the detection and signalling 

o f  DNA damage (Abraham , 2004; Kurz and Lees-M iller, 2004). ATM is considered to be 

primary signal transducer in the response to IR-induced DSB, whilst ATR is primarily 

involved in the response to UV radiation and stalled replication forks (W right et al., 1998; 

Zhou and Elledge, 2000). However, mounting evidence suggests a role for both ATM  and 

ATR in the response to IR-induced DSB (Adams et al., 2006). Once activated, ATM /ATR 

transmit the damage signal by phosphorylating target transducer proteins, which amplify 

the damage signal to downstream  effector proteins (Shiloh, 2003). Over 700 proteins are 

phosphorylated in response to IR (M atsuoka et al., 2007), and thus the DNA damage 

response allows the rapid m odulation o f  numerous pathways that affect cell cycle 

checkpoints, DNA repair pathways and the induction o f apoptosis (Cann and Hicks, 2007) 

(Fig 1.4). Enhanced activation o f  the response machinery is associated with increased 

resistance to IR-induced cell kill (Bao et al., 2006; Facchino et al., 2010), whilst 

deficiencies are associated with extreme sensitivity to radiation (Barlow et al., 1996).

1.5.3 DNA repair and radioresistance

There is substantial evidence that the repair o f  IR-induced DNA dam age can protect 

against cell kill (Hall, 2006). Consequently, alterations in the pathways that repair IR- 

induced DNA damage can modulate the cellular response to radiation. Due to the diverse 

spectrum o f lesions induced by radiation, a num ber o f  different pathways o f  repair exist 

(Fig 1.5). DSB are repaired by two distinct but complimentary pathways, non-homologous 

end joining (NHEJ) and hom ologous recombination (HR) (Rothkamm et al., 2003). SSB 

are repaired by base excision repair pathway (BER), which also repairs dam aged bases. The 

nucleotide excision repair pathway (NER) and the mismatch repair pathway (M M R) are 

involved in repair o f  damaged bases (Lieberman, 2008). Given the high yield o f SSB 

induced by radiation (Hall, 2006), and the lethality o f unrepaired DSB (Iliakis, 1991), 

NHEJ, HR and BER are considered the most important pathways o f  repair o f  IR-induced 

damage (Jorgensen, 2009).
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Figure 1.4 The DNA damage response. A simplified version o f  the DNA damage 
response pathway. DNA damage is detected by sensor proteins, which activate transducer 
proteins. The damage signal is amplified by transducer proteins to downstream effector 
proteins which mediate cell cycle checkpoint activation, induction o f  DNA repair or 
apoptosis. Effector proteins mediate the damage signal.
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are involved in the repair o f damaged DNA. HR, homologous recombination; NHEJ, non 
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MMR, mismatch repair. The core proteins in each repair pathway are also depicted.
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1.5.3.1 HR repair pathway

HR preferentially uses the sister chromatid as a repair tem plate, which allows the 

high fidelity restoration o f  the sequence at the break, resulting in error-free repair. The 

sister chrom atid is only present after replication, and consequently HR is predominantly 

active in S and G2 phases o f  the cell cycle (Rothkamm et al., 2003). The main steps in HR 

repair are m ediated by the single-strand binding protein replication protein A (RPA), 

R adSl, Rad52, and Rad54, and the RadSl paralogs XRCC2, XRCC3, R adSlB , R adSlC  

and RadSld (Rothkamm et al., 2003). There are several sub-pathways o f  HR repair, but all 

are initiated by single-strand DNA generation, which is a critical step. At the break site, 

nucleases degrade the DNA ends in the 5 ’ to 3 ’ direction generating long 3 ’ single strands 

o f DNA (Sun et al., 1991), which are then coated by RPA (Song and Sung, 2000). The 

recombinase enzym e R adSl, which is regulated by the breast cancer susceptibility gene 2 

(BRCA2), is then loaded onto the 3 ’ single stranded ends (Esashi et al., 2007), forming 

long nucleoprotein filaments (Valerie and Povirk, 2003). These nucleoprotein filaments 

invade the DNA double helix o f  a hom ologous undamaged partner molecule, displacing 

one strand and pairing with the other (Ristic et al., 2005), a process which involves Rad54 

and Rad52 (Amitani et al., 2006; M ortensen et al., 1996). Several HR pathways can 

complete the repair from this step, depending on the ability o f  each DSB end to perform 

strand invasion. All pathways will result in the replacem ent o f  the sequence surrounding the 

break site, based on the hom ology o f the undamaged partner molecule (Pardo et al., 2009). 

The attenuation o f  HR is demonstrated to sensitise cells to IR (Chan et al., 2008a), whilst 

alterations in expression o f core proteins, such as R ad51 and BRCA2 are associated with 

resistance to radiation (Hummerich et al., 2006; Vispe et al., 1998).

1.5.3.2 NHEJ repair pathway

NHEJ is considered the predom inant pathway for repair o f  IR-induced DSB in 

mammalian cells (Branzei and Foiani, 2008), and is active in all stages o f the cell cycle 

(Rothkamm et al., 2003). An initial step in NHEJ is the binding o f  the Ku protein subunits 

Ku70 and Ku80 to the broken DNA ends (W alker et al., 2001). This recruits a large 

catalytic subunit DNA-PKcs, forming the DNA dependent protein kinase complex (DNA- 

PK), and activating DNA-PK kinase activity (Gottlieb and Jackson, 1993). The broken
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DNA ends are then processed, to remove any non-ligatable end groups or other lesions. As 

NHEJ functions in the absence o f  a tem plate, this processing step has the potential to result 

in loss o f sequence (Chappell et al., 2002; N ick M cElhinny et al., 2005; Riballo et al., 

2004). A complex containing DNA ligase IV, X-ray repair cross com plim enting protein 4 

(XRCC4) and XRCC4-like factor (XLF) facilitates ligation o f  the DNA ends (Ahnesorg et 

al., 2006). Alterations in the expression o f  core NHEJ com ponents have been demonstrated 

to modulate cellular sensitivity to radiation. Deficiency in DNA-PK dem onstrates 

hypersensitivity to radiation (Lees-M iller et al., 1995; Tai et al., 2000), whilst increased 

expression is associated with radioresistance (Beskow et al., 2009). A lterations in Ku end 

binding activity and XRCC4 also modulate sensitivity to radiation (Jones et al., 2005; 

Negroni et al., 2008).

1.5.3.3 BER

DNA SSB and ROS-mediated damage, such as oxidative base dam age and base 

loss, are repaired by BER (W allace, 1998). Damaged bases are recognised by DNA 

glycosylase enzymes that cleave the N-glycosylic bond between the target base and 

deoxyribose, producing a free base and abasic site (Barnes et al., 1993). Some DNA 

glycosylases also have an associated lyase activity and cleave the DNA strand 3 ’ to the 

lesion (Blaisdell et al., 2001). The resulting strand break contains a 3 ’ residue, which is 

removed by apurinic (AP) endonucleases to facilitate repair (Dianov et al., 2003). Strand 

breaks produced by the direct actions o f  IR also undergo this clean up process (Henner et 

al., 1983). BER then proceeds by short patch or long patch repair. In short patch BER, 

repair covers a single nucleotide, and the abasic site is filled in preferentially by the DNA 

polymerase enzyme Pol P (W ilson, 1998). In long patch BER, which is dependent on the 

proliferating cell nuclear antigen (PCNA) (Frosina et al., 1996), repair covers several 

nucleotides and is facilitated by the DNA polymerases Pol P, Pol 8 and Pol £ (Podlutsky et 

al., 2001; Stucki et al., 1998). The final step in both BER pathways is ligation o f  the 

cleaved strands by the X R C C I/D N A  ligase Ilia  complex in the case o f  short patch, or DNA 

ligase I in long patch BER (Cappelli et al., 1997; Sleeth et al., 2004). BER is im portant for 

the repair o f a variety o f  DNA damage induced by both direct and indirect actions o f  IR. 

Consequently, alterations in different components o f  this pathway have been demonstrated
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to modulate radiosensitivity. Overexpression o f the AP endonuclease A pel, was 

demonstrated to protected cells from IR cytotoxicity (Robertson et al., 2001), whilst a 

dominant negative Pol P, sensitised cells to IR via abrogation o f both short and long patch 

BER (Vens et al., 2002). In addition, inhibition of the Poly(ADP)-ribose polymerase 1 

(PARPl), which is demonstrated to be critical for BER (Dantzer et al., 1999), induces 

radiosensitivity both in vitro and in vivo (Brock et al., 2004; Calabrese et al., 2004).

1.5.3.4 NER and MMR

Whilst NER and MMR were not traditionally considered to play a critical role in 

modulating IR-induced lethality, emerging evidence does suggest that these pathways are 

important in the cellular response to radiation.

NER is involved in the recognition and repair o f a number o f different bulky DNA- 

helix distorting lesions, which may potentially block DNA replication or transcription 

(Zhang et al., 2009b). There are two distinct mechanisms o f NER, depending on where 

damage occurs. Repair o f damaged sites in non-transcribing genomic DNA involves global 

genome NER (GGNER), whilst repair in transcriptionally active regions involves 

transcription-coupled NER (TCNER) (Fousteri and Mullenders, 2008). Both pathways 

differ in their mechanism o f initial DNA damage recognition, in GGNER the Xeroderma 

pigmentosum group C (XPC) protein complex detects damage (Sugasawa et al., 2002), 

whilst TCNER is initiated by lesion stalled RNA polymerase complexes and the cockayne 

syndrome proteins A (CSA) and B (CSB) (Fousteri and Mullenders, 2008). The 

downstream steps in each pathway are similar, and involve binding o f the XPC/RPA 

complex, which facilitates damage recognition and recruitment o f repair proteins (Missura 

et al., 2001). The basal transcription factor II H (TFIIH) unwinds the helix around the site 

of damage (Drapkin et al., 1994), and one strand o f the DNA is then cleaved at positions 3’ 

and 5’ to the damage by the endonucleases XPG, ERCCl-XPF, respectively (McDaniel and 

Schultz, 2008; O'Donovan et al., 1994). The damaged fragment is then excised and DNA 

synthesis is mediated by replication factor C (RFC), RPA, PCNA and the DNA 

polymerases Pol 5 and Pol s, using the undamaged strand as a template (Shivji et al., 1995). 

The final step in the NER repair pathway involves ligation o f the 5’ends of the newly
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synthesised patch to the original DNA sequence by DNA Ligase 1 (A boussekhra et al., 

1995).

Several recent studies provide evidence that suggests a role for NER in the repair o f 

IR-induced DSB. Several components o f  the NER pathway have been dem onstrated to be 

altered in response to IR (Long et al., 2007; Snyder and M organ, 2004), and defects in XPC 

have been demonstrated to alter the cellular response to IR, attenuating DSB repair 

(Despras et al., 2007; Zhu et al., 2008b). In addition, the common role o f  several proteins 

such as RPA, E R C C l/X PF, in the different pathways o f  repair supports the hypothesis that 

overlap o f  repair pathways in response to DNA DSB may occur.

MMR repairs m ism atching o f  base pairs and insertions or deletions that may arise 

during replication or recom bination, and some damage caused by ROS (Lieberm an, 2008). 

Mismatches are recognised by one o f  two mutS homolog (MSH) heterodim er protein 

complexes, which are comprised o f  MSH2 and MSH3 or MSH2 and M SH6, depending on 

the type o f damage (Iyer et al., 2006; W ildenberg and M eselson, 1975). Another 

heterodimer comprised o f M L H l  and either postmeiotic segregation-increased 1 ( P M S I ) o r  

PMS2 then forms a com plex with the MSH heterodimer to initiate repair. Proteins involved 

in the excision and repair o f  the DNA lesion are exonuclease I (E X O l), PCNA, RFC, Pol a 

and Pol P (Li, 2008). M ounting evidence suggests a role for M M R in the recognition o f  IR- 

induced base damage (Fritzell et al., 1997) and cell cycle checkpoint operation (Brown et 

al., 2003; Yan et al., 2009). Deficiencies in M M R are also associated with altered 

sensitivity to radiation (Davis et al., 1998; Franchitto et al., 2003; Fritzell et al., 1997), 

suggesting a role for M M R in the response to IR.

1.5.4 Cell cycle and radioresistance

Eukaryotic cells have four phases within the cell cycle. Gap (G) 1, synthesis (S), 

G2, mitosis (M), and one phase outside the cell cycle, GO (H outgraaf et al., 2006). Both the 

position o f a cell within the cell cycle and the activation o f cell cycle checkpoints following 

IR exposure play a role in determ ining cellular radiosensitivity.

The phase o f  a cell w ithin the cell cycle effects sensitivity to radiation. In general, 

cells in the M and G2 phase are most sensitive to radiation, cells in G1 phase are more 

resistant, whilst cells in S phase are most resistant (Sinclair, 1968; Sinclair and Morton,
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1966). The exact m echanism s behind this are not completely understood, given that DNA is 

the primary target for IR, changes in DNA content throughout the cell cycle may provide a 

basis (Hall, 2006). Additionally, the variation in DNA repair efficiency at different stages 

in the cell cycle (Rothkam m  et al., 2003) may also be involved.

Following induction o f  DNA DSB, cell cycle checkpoints are initiated to allow 

sufficient time for the repair o f  DNA dam age before cell cycle progression (Hartwell and 

Weinert, 1989) (Fig 1.6). Alternatively, if the dam age is irreparable, the checkpoints 

permanently prevent proliferation o f  severely dam aged cells. IR induces checkpoints in G l ,  

intra-S (Painter and Young, 1975) and G2 (Yam ada and Puck, 1961) phases o f  the cell 

cycle which are mediated by a network o f  signalling pathways. The G l  and intra-S 

checkpoints regulate the transition and progression o f  cells into, and through, the S phase 

following D N A  dam age, whilst the G2 checkpoint regulates transition into the M phase.

The G l  arrest allows repair o f  dam age sustained before DNA synthesis, preventing 

replication o f  dam aged DNA. Depending on the type o f  DNA dam age several pathways can 

mediate G l arrest. ATM  and ATR phosphorylate the checkpoint effector kinases Chk2 and 

C h k l ,  respectively, which induce degradation o f  the phosphatase Cdc25A, a positive 

regulator o f  cell cycle progression (FaIck et al., 2001; Zhao et al., 2002). This results in 

inhibition o f  the cyclin-dependent kinase 2 protein (CDK2), which is required for G l -S  

transition (M ailand et al., 2000). This pathway induces a rapid and transient G l arrest 

(M ailand et al., 2000). Additionally, A TM , ATR, C hkl and Chk2 phosphorylate tum our 

suppressor protein p53 (Canman et al., 1998; Shieh et al., 2000; Tibbetts et al., 1999), 

which activates p21, a potent cyclin-dependent kinase inhibitor (Sherr and Roberts, 1999), 

and results in a sustained and som etimes permanent G l arrest (Linke et al., 1997). There is 

no direct evidence that the G l  checkpoint promotes DNA DSB repair, as neither N H EJ nor 

HR are associated with this arrest, however, abrogation o f  this checkpoint has been 

dem onstrated to alter cellular sensitivity to radiation (Enns et al., 1999; Russell et al., 

1996).

The intra-S phase arrest follows an A TM -dependent pathway similar to that 

described for the G l ,  which results in inhibition o f  Cdk2, thus preventing initiation o f  DNA 

synthesis (Bartek and Lukas, 2001). An alternative pathway which is also A TM -dependent 

and involves Nijm egen breakage syndrome protein 1 (N b s l) ,  structural m aintenance o f
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Intra S

Figure 1.6 The cell cycle and DNA dam age checkpoints. Eukaryotic cells have four 
phases within the cell cycle Gap (G) 1, synthesis (S), G2, m itosis (M), and one phase 
outside the cell cycle GO. In response to DNA DSB, cell cycle checkpoints are initiated at 
G l, intra-S and G2 phase. The G1 and intra-S checkpoints regulate the transition and 
progression o f cells into, and through, the S phase following DNA damage, whilst the G2 
checkpoint regulates transition into M.

24



chromosomes protein 1 (Sm cl)  and meiotic recombination homolog 11 (Mrel 1), occurs in 

parallel, and contributes to activation o f  this checkpoint (Falck et al., 2002). After IR 

exposure, inactivation o f  the intra-S phase checkpoint results in failure to inhibit DNA 

synthesis, which is known as radioresistant DNA synthesis (Falck et al., 2001; Stewart et 

al., 1999).

The G2 checkpoint prevents entry o f  DNA damaged cells into mitosis, allowing the 

repair o f  DNA lesions to ensure that each daughter cell receives an intact copy o f  the 

genome (Hartwell and Weinert, 1989). The G2 checkpoint functions via the inhibition of 

CD Kl-cyclin  B complex, which is required for the transition o f  cells from G2 into M 

(Nurse, 1990). ATM  activates Chk2, which then phosphorylates the phosphatase Cdc25C 

inhibiting its function, resulting in inactivation o f  the CD Kl-cyclin  B complex (Abraham, 

2001; Xiao et al., 2003). Two members o f  the polo-like kinase family PLKl and PLK3 are 

also involved in the downregulation o f  Cdc25C, contributing to the G2 arrest (Nyberg et 

al., 2002). Additionally, a p53-p21 pathway is also involved in maintaining the G2 arrest 

(Ando et al., 2001; Taylor and Stark, 2001).

There are two distinct G2 checkpoints in DNA damaged cells. One occurs early 

after exposure to IR (typically within 2 h), is very transient, is dependent on ATM and is 

independent o f  radiation dose (in the range o f  1-10 Gy) (Xu et al., 2002). This arrest 

represents cells that were in G2 at the time o f  IR exposure, and have failed to transition into 

the M phase. The second arrest is only measureable several hours after IR exposure, is 

ATM independent and radiation dose dependent. This arrest represents the accumulation o f  

cells that were in G l /S  phase o f  the cell cycle at the time o f  IR exposure (Xu et al., 2002). 

This arrest is mediated via an A TR-Chkl-Cdc25C pathway (Wang et al., 2003).

The G2 arrest appears to have an important effect on radiosensitivity, with 

abrogation o f  this checkpoint inducing sensitivity to IR (Koniaras et al., 2001; Strunz et al., 

2002). Additionally, increased magnitude and duration o f  the late G2 arrest is associated 

with increased resistance to radiation (Su and Little, 1993; Tamamoto et al., 1999).

1.5.5 Apoptosis and radioresistance

If  the damage induced by IR is irreparable, cell death occurs (Gudkov and 

Komarova, 2003). Mitotic cell death is the predominant mechanism o f  IR-induced cell 

death in solid tumours (Roninson et al., 2001), and occurs at mitosis when cells containing

25



gross chromosomal alterations produce non-clonogenic daughter cells containing 

micronuclei (Vakifahmetoglu et al., 2008). M itotic cell death may occur on the first or 

subsequent division following IR-induced damage (Hall, 2006).

A role for programmed cell death or apoptosis in IR-induced cell kill has also been 

described. Apoptosis is a conserved, irreversible process that allows cells to undergo a 

highly regulated form o f  death (Danial, 2007; Degterev et al., 2003). Apoptotic cells 

demonstrate distinct m orphological and biochemical features, which include chromatin 

condensation, cytoplasmic shrinkage, membrane blebbing and nuclear fragm entation (Kerr 

et al., 1972). Apoptosis is mediated by caspases, a family o f cysteine proteases that cleave 

intracellular protein targets (Thornberry, 1998). Two distinct pathways o f  apoptosis exist, 

the death receptor-mediated extrinsic pathway (Embree-Ku et al., 2002) and the 

mitochondria-m ediated intrinsic pathway (Kluck et al., 1999). Both pathways are regulated 

by p53 (Schuler and Green, 2001). p53-independent apoptosis has also been described 

following IR exposure, although this occurs much later than p53-dependent apoptosis, and 

is thought to be a consequence o f  mitotic cell death (M erritt et al., 1997). Additionally, IR 

interactions with the cell membrane can initiate apoptotic signalling via production o f  

ceramide, which is independent o f  p53 (Haimovitz-Friedman et al., 1994).

The role o f  apoptosis in IR-induced cell kill is controversial. There are studies 

which suggest that apoptosis is important for radiosensitivity (Lowe et al., 1993a; Lowe et 

al., 1993b). However, the ability o f  cancer cells to undergo apoptosis appears to be highly 

variable (Kemp et al., 2001), and there is no clear evidence that apoptosis is important for 

determining the response to radiation (Brown and Wilson, 2003), suggesting that other 

modes o f cell death may be as or more important for IR-induced cell kill. An important 

distinction underlying radiobiology is the difference between cell death and loss o f 

reproductive integrity, in term s o f  the curative outcome o f  RT the loss o f  reproductive 

integrity is the more important feature (Hall, 2006).

1.5.6 Glutathione and radioresistance

It is not only the cellular response to IR-induced damage that plays a role in 

determining cellular radiosensitivity. Alterations in the induction o f  DNA dam age are also 

associated with cellular resistance to radiation (M cM illan and Peacock, 1994). Given the
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threat posed  by R O S to intracellular m olecu les (G om es et al., 2005; R iley , 1994), a number 

o f  cellu lar d efen ce  m echanism s ex ist to m in im ise  R O S-m ediated  dam age. Several 

antioxidant en zym es such as superoxide dism utase (S O D ), catalase (C A T ) and glutathione  

peroxidase (G P x) convert R O S to less cy to tox ic  com pounds, provid ing a first line o f  

d efen ce  (F ridovich , 1995; Gaetani et al., 1989). A  secon d  line o f  d efen ce  functions to 

d eto x ify  secondary oxidation  products produced by the interaction o f  R O S and intracellular 

m o lecu les , and is carried out by en zym es such as G P x, g lutath ione-S-transferases (G ST ) 

and a ldehyde dehydrogenase (H ayes and M cL ellan , 1999). G iven  the role o f  RO S as 

critical m ediators o f  IR -induced dam age, it is not surprising that the radioresistant 

phenotype has been associated  w ith low er lev e ls  o f  R O S (D ieh n  et al., 2 0 09), w hich  is 

likely  to be due, at least in part, to enhanced R O S scaven g in g  by antioxidant en zym es (L ee  

et al., 2004a).

G lutathione (G SH ) and G SH -dependent en zy m es play a central role in the cellular  

d efen ce  against R O S-m ediated  dam age and have been dem onstrated to in fluence sen sitiv ity  

to IR -induced cy to to x ic ity  (M itchell and R usso, 1987; M iura and Sasaki, 1991). G SH  is the 

m ost abundant intracellular non-protein thiol (M eister and A nderson , 1983), ex istin g  in 

both the predom inant reduced form (G SH ) and o x id ised  form (G S S G ) (G riffith, 1999), 

w hich  can be reduced to G SH  by the en zym e glutathione reductase u sin g  N A P D H  (Lu, 

2 0 0 0 ). G SH  is synthesised  in the cy toso l in a tw o-step  process (D en ek e and Fanburg, 

1989), intracellular G SH  lev e ls  reflect a balance betw een  the rate o f  syn th esis and rate o f  

consum ption  and e fflu x  from the cell (G riffith, 1999). E ffective  G SH  scaven g in g  o f  ROS is 

reliant on a netw ork o f  en zym es that catalyse the various d etox ifica tion  reactions o f  G SH  

(H ayes and M cL ellan , 1999). G Px cata lyse the G SH -dependent reduction o f  H 2 O 2 and 

organic hydroperoxides (L ei, 2 0 0 2 ) w h ilst G ST cata lyse the conjugation  o f  electroph illic  

com pounds to G SH  (T ow nsend  and T ew , 2 0 0 3 ). T here are 3 d istinct G ST  superfam ilies; 

cy to so lic , m itochondrial and m icrosom al (H ayes et al., 2 0 0 5 ). T he cy toso lic  G ST s  

constitute the largest fam ily , and can be divided into 7 subgroups (alpha, mu, pi, sigm a, 

theta, om ega  and zeta) based on sequence h o m ology , substrate sp ecific ity  and 

im m u n olog ica l cross-reactiv ity  (Board et al., 1997; M annervik et al., 1985; M eyer et al., 

1991). C y to so lic  G ST s are prim arily involved  in the deactivation  o f  harm ful electrophillic  

com pounds produced from  the breakdow n o f  m acrom olecu les (A rm strong, 1997). G ST  pi 1
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(G STPl), which is frequently upregulated in tum our cells (M annervik et al., 1987; Shea et 

al., 1988), also plays a role in regulating the mitogen activated protein kinase (M APK) 

pathway. G STPl inhibits c-Jun N-term inal kinase (JNK) (Adler et al., 1999), a M APK 

involved in cell survival and cell death signalling (Karin and Gallagher, 2005), providing 

an additional mechanism for m odulation o f the cellular response to radiation.

1.6 Biomarkers o f response to radiation

W hilst great advances have been made in the current understanding o f molecular 

pathways involved in determining the cellular response to radiation, the relative 

contribution o f these pathways and the critical determinants o f  radioresistance remain 

unknown. Advances in m icroarray technology has facilitated the investigation o f  the 

complex network o f  genes involved in determining the cellular response to IR, allowing 

high throughput profiling o f  large numbers o f  genes sim ultaneously (DeRisi et al., 1996). 

There are numerous studies that have profiled either tumour tissue or cell lines o f  different 

cancer types, such as cervical (W ong et al., 2006), rectal (W atanabe et al., 2006), head and 

neck (Higo et al., 2005), oesophageal (Fukuda et al., 2004), pancreatic (Ogawa et al., 2008) 

and lung (Guo et al., 2005), to identify genes whose altered expression is associated with 

the response to radiation. A review o f 17 o f  these studies found that the majority o f  genes 

relating to radiosensitivity/radioresistance were involved in DNA repair, signal 

transduction, cell cycle, cell adhesion, apoptosis and proliferation (Ogawa et al., 2007). 

Unfortunately, there is little overlap between studies and consequently no biomarkers 

predicting response to RT are used in a clinical setting.

Given the com plexity o f  the cellular response to IR, it is likely that multiple 

interacting processes can regulate sensitivity to radiation. Consequently, identifying multi

gene m olecular patterns involved in regulating the radioresponse rather than a single-gene 

m arker may be a more effective approach. A recent study from this unit identified an 8- 

gene signature in diagnostic oesophageal tum our tissue biopsies predicting the response to 

neoadjuvant CRT (M aher et al., 2009). However, previous studies using microarray 

analysis have demonstrated significant changes in the expression o f  over 855 genes within 

4 h o f  exposure to radiation (Yin et al., 2003). Therefore, identifying which genes are 

critically involved in determ ining the response represents a challenge. Given this complex 

genetic response to IR, regulatory m olecules such as m icroRNA (miRNA) which are
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capable o f  regulating the expression o f  a large num ber o f  genes could potentially play an 

im portant role in the radioresponse and therefore may be useful m arkers o f  response to 

radiation.

1.7 miRNA

m iRNA are small non-protein coding m olecules that regulate gene expression both 

at the m RNA and protein level (Kusenda et al., 2006; Place et al., 2008; Vasudevan et al., 

2007). m iRNA are m em bers o f a family o f  small RNAs, typically 19-30 nucleotides (nt), 

which include small nuclear RNA (snRNA) involved in m RNA splicing (Mattaj et al., 

1993), small nucleolar RNA (snoRNA) which direct modification o f  ribosomal RNA 

(Bachellerie et al., 2002) and short interfering RNA (siRNA) produced from long double

stranded RNA precursors, which regulate gene function (Am bros et al., 2003).

m iRNA are endogenous RNA highly conserved in the genom es o f  animals, plants, 

fungi and viruses (Du and Zamore, 2005). It is estimated that miRNA account for ~1%  o f 

the human genom e (Lim et al., 2003), and they have been shown to play a vital role in 

processes such as developm ent (Reinhart et al., 2000), cellular proliferation, differentiation 

and apoptosis (Chan et al., 2005; Cheng et al., 2005). It is therefore not surprising that the 

dysregulation o f  specific miRNA has been demonstrated to play a role in a spectrum o f 

human diseases such as cardiovascular disease (Zorio et al., 2009), diabetes (Pandey et al., 

2009) and cancer (Esquela-K erscher and Slack, 2006).

1.7.1 Biogenesis

m iRNA are encoded within the introns or exons o f protein coding genes, or in 

intergenic regions (Rodriguez et al., 2004). Those located w ithin other genes may be 

transcribed in parallel with their host gene or may be transcribed independently. miRNA 

located in intergenic regions are predicted to be transcribed independently (Rodriguez et al., 

2004). M any m iRNA also form genomic clusters, and can be transcribed as a single 

polycistronic transcript (Lau et al., 2001; Lee et al., 2002). In hum ans, miRNA are 

transcribed as long prim ary transcripts (pri-miRNA), which are usually > 1 kb in size, have 

a stem -loop structure, are capped at the 5 ’-end and have a 3 ’-poly (A) tail (Cai et al., 2004; 

Lee et al., 2002). For the majority o f  miRNA, transcription is mediated by RNA
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polymerase II (Pol II) (Lee et al., 2004b), although a small subset are transcribed by Pol III 

(Borchert et al., 2006). pri-miRNA transcripts undergo a 2-step maturation process to 

produce a functional miRNA (Fig 1.7). The first step occurs in the nucleus and is facilitated 

by Drosha, an endonuclease RNAse III, which forms a complex known as the 

M icroprocessor with the DiGeorge syndrome critical region gene 8 protein (DGCR8) 

(Gregory et al., 2004; Lee et al., 2003). DGCR8 recognises the pri-miRNA (Faller et al., 

2010) and Drosha cleaves both strands o f the pri-miRNA transcript in a staggered manner, 

producing a stem-loop precursor molecule (pre-miRNA), approxim ately 70 nt in length 

with a 5 ’-phosphate group and an ~2 nt 3’overhang (Bushati and Cohen, 2007; Kim, 2005; 

Lee et al., 2003). These pre-miRNA molecules are then transported from the nucleus to the 

cytoplasm, a process m ediated by exportin-5, a nuclear transport receptor and the nuclear 

protein Ran-GTP. In the cytoplasm, GTP is hydrolysed to guanosine diphosphate (GDP), 

and the pre-miRNA is released from the transporting complex (Bohnsack et al., 2004; Lund 

et al., 2004). The final processing step is facilitated by the RNA III enzym e Dicer, the 

transactivating response RNA binding protein (TRBP), and the protein activator o f  protein 

kinase R (PACT) (Chendrim ada et al., 2005; Hutvagner et al., 2001; Lee et al., 2006). 

TRBP and PACT facilitate the activity o f Dicer, which cleaves both strands o f  the pre- 

miRNA at the base o f the stem-loop. This produces a duplex molecule approxim ately 22 nt 

in length (Chendrim ada et al., 2005; Hutvagner et al., 2001; Ketting et al., 2001). The 

duplex molecule contains the single-stranded mature miRNA and a fragm ent termed 

miRNA*, which is derived from the opposite complementary arm o f  the pre-miRNA 

(Schwarz et al., 2003). The miRNA:miRNA* molecule is then incorporated into a large 

protein effecter complex called the RNA- induced silencing complex (RISC) (Bushati and 

Cohen, 2007; Filipowicz, 2005). The RISC is activated upon unw inding o f  the 

miRNA:miRNA* duplex. In most instances, the miRNA* strand is degraded, whilst the 

miRNA molecule guides the RISC complex to the target mRNA (Hamm ond et al., 2000; 

Schwarz et al., 2003). It is the interaction o f  the miRNA/RISC and its target m RNA that 

results in gene regulation.
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F igure 1.7 B iogenesis o f  m icroR N A . RNA polym erase II (Pol 11) primarily facilitates 
transcription o f  the m iRN A  in the nucleus. The resulting pri-m iRNA, is then cleaved by 
D rosha and D G C R 8, producing a pre-m iRN A  molecule. The pre-m iRN A is transported to 
the cytoplasm  by Exportin-5 and Ran-GTP. Here, the pre-m iRN A  undergoes its final 
processing step, which, facilitated by TR B P and PA C T involves cleavage by Dicer below 
the stem-loop. This produces a duplex molecule, which contains the single-stranded mature 
m iR N A  m olecule and a m iRNA* fragment. The m iR N A :m iR N A * com plex is then 
incorporated into the RNA-induced silencing com plex  (RISC), which is activated upon 
unw inding o f  the m iRN A :m iR N A * duplex. Preferentially, the m iRN A * fragment is 
degraded, whilst the mature m iRN A molecule guides the RISC to the target mRNA.
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1.7.2 Regulation

miRNA interact with target genes via base-pairing. The interaction between a 

miRNA and its target mRNA is restricted to the 5’ end o f  the miRNA. Sequence 

complementarity between nucleotides 2-8 also known as the ‘seed region’, is vital for target 

sequence recognition (Lewis et al., 2003), although exceptions to this rule have 

demonstrated (Didiano and Hobert, 2006; Vella et al., 2004). Most commonly, miRNA 

binding sites are present in the 3 ’-untranslated region (UTR) o f target mRNAs, usually in 

multiple copies (Brennecke et al., 2005). However, miRNA have also been demonstrated to 

target the 5 ’-UTR and coding regions o f  mRNA (Duursm a et al., 2008; Orom et al., 2008). 

A study by Tay et al. demonstrated that a network o f  miRNA can bind to multiple sites 

within the coding and 3 ’-UTR o f  a single mRNA target, adding to the com plexity o f  

miRNA-mediated target regulation (Tay et al., 2008). The degree o f complem entarity 

between the ‘seed region’ o f  the miRNA and the binding site in the target mRNA 

determines the mechanism by which the miRNA regulates the target (Hutvagner and 

Zamore, 2002). If the miRNA bares sufficient sequence complementarity (near perfect) to 

the target mRNA, then regulation is carried out by a process called RNA interference, 

whereby the RISC is directed to cleave the target mRNA (Hutvagner and Zamore, 2002). If 

there is insufficient complementarity, which is generally the case in m am mals (Lewis et al., 

2003), regulation is achieved by repression o f  translation and/or destabilisation o f  the 

mRNA (V alencia-Sanchez et al., 2006) (Fig 1.8).

The core components o f  the RISC are the Argonaute (Ago) family o f  proteins, 

which play a key role in its function (Filipowicz, 2005). All 4 mammalian Ago proteins 

(A gol-A go4) can direct the translational repression o f  a target mRNA, however, only Ago2 

possesses ‘slicer’ activity, and is responsible for cleaving target mRNA (Liu et al., 2004). 

The exact mechanism(s) o f  miRNA-mediated translational repression o f  target genes is still 

uncertain (Petersen et al., 2006; Pillai et al., 2005; Wang et al., 2006). Several studies have 

provided evidence that translational repression occurs pre-initiation o f  translation 

(Humphreys et al., 2005; Pillai et al., 2005; Wang et al., 2006). However, other studies 

suggest that repression occurs post-initiation o f  translation (M aroney et al., 2006; Nottrott 

et al., 2006; Petersen et al., 2006). It was initially thought that miRNA-m ediated repression
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Figure 1.8 m iRNA-m ediated negative regulation o f target genes. miRNA regulate target 
genes by base pairing to sites o f  complementarity in the 3’-UTR and coding sequence o f 
target mRNA. The degree o f  complementarity between the seed region o f  the miRNA and 
the binding sites in the target mRNA determines the mechanism o f  regulation. If there is 
sufficient (near perfect) complementarity, regulation is carried out by RNA interference. 
The RNA-induced silencing complex (RISC) is directed to cleave the target mRNA. If 
there is insufficient complementarity, regulation is carried out by repression o f translation 
and/or degradation. Translational repression occurs pre-initiation and/or post-initiation o f 
translation. Degradation involves deadenylation o f  target mRNA followed by decapping 
and degradation in P-bodies. Translationally repressed targets can also be stored in P- 
bodies. ORF, open reading frame.

33



o f target genes was predom inantly reflected at the protein level, with no or minimal effect 

on mRNA levels. However, it has now been demonstrated that miRNA-mediated repression 

o f  target genes is frequently associated with destabilisation o f  mRNA, although it is not 

known if this is a secondary effect o f  translational repression. miRNA-m ediated 

degradation o f  mRNA targets involves deadenylation (removal o f  the Poly A tail), followed 

by decapping and exonucleolytic digestion (Behm-Ansmant et al., 2006; Giraldez et al., 

2006; Wu et al., 2006). In addition, processing bodies (P-bodies), cytoplasmic structures 

involved in the storage and degradation o f  mRNA are also thought to play a role in miRNA 

regulation (Engels and Hutvagner, 2006; Liu et al., 2005). miRNA are thought to guide 

target mRNA and associated RISC proteins to these storage structures, which are enriched 

for mRNA degradation and translational repression factors (Liu et al., 2005; Pillai et al., 

2005). The m echanism s dictating whether a target mRNA follows the degradation or 

translational repression pathway are presently unknown. Adding to the complexity o f  

miRNA-mediated regulation are the recent discoveries that under different stress conditions 

m iRNA-induced repression o f  targets can be reversed, (Bhattacharyya et al., 2006) and that 

miRNA can activate translation o f target mRNA (Vasudevan et al., 2007).

miRNA regulation appears to be an extremely dynamic process, its complexity is 

increased by the fact that perfect complimentarity to the target is not required for 

regulation, indicating that a single miRNA has the potential to regulate a num ber o f target 

genes. In addition, a network o f  miRNA can function simultaneously to regulate a single 

mRNA. This ultimately makes the identification o f target genes and the elucidation o f 

miRNA function much more difficult.

1.7.3 Identifieation o f miRNA targets and function

Currently there is no clear agreement as to what experimental procedures should be 

followed to identify specific miRNA targets, usually a combined approach o f 

computational analysis and experimental methods is used (Kuhn et al., 2008). Various 

com puter programs such as miRanda (Enright et al., 2003; John et al., 2006), PicTar (Krek 

et al., 2005) and TargetScan (Lewis et al., 2003) have been developed to elucidate miRNA 

targets, using distinct parameters to predict the probability o f  a functional miRNA:mRNA 

interaction (Kuhn et al., 2008). Most o f  these programs focus on identifying miRNA target
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sites w ithin the 3 ’-UTR o f  an mRNA, the presence o f  multiple target sites and the 

conservation o f  target sites across species (Bentwich, 2005). Unfortunately, these programs 

predict num erous target lists that contain many false positives (M aziere and Enright, 2007) 

and due to the focus on conserved targets and only those target sites within the 3 ’-UTR, 

many viable targets are missed (Enright et al., 2003). Given the high rate o f  false-positives 

and false-negatives using current target prediction algorithms, the need for biological 

techniques to validate putative miRNA:mRNA interactions in cells/tissue is vital. The 

emergence o f  new technology utilising synthetic miRNA to exploit or inhibit endogenous 

miRNA regulation has facilitated the investigation o f miRNA targets and miRNA function. 

Several studies have utilized Pre-miR™  and Anti-m iR™  m olecules to identify miRNA 

gene targets and investigate miRNA function (Josson et a!., 2008; Pallante et al., 2006; 

Weber et al., 2006). Pre-miR™  miRNA precursor m olecules are small, chemically 

modified, double stranded RNA molecules that allow the transient overexpression o f  a 

specific target miRNA. These Pre-miR m olecules mimic a specific mature miRNA, and are 

carefully designed to ensure that the correct strand o f  the duplex (the mature miRNA) is 

taken up into the RISC, where it directs the regulation o f  target mRNA. This therefore 

results in increased miRNA function. Anti-m iR™  m olecules are chemically modified, 

single stranded RNA m olecules that bind to and inhibit specific endogenous miRNA, thus 

resulting in decreased miRNA function.

1.7.4 miRNA and cancer

The link between miRNA and cancer was first highlighted by Calin et al. (Calin et 

al., 2002), when it was discovered that two m iRNA, m iR-16 and m iR-15, are located in a 

region on chrom osom e 13 that is deleted in over 65%  o f  chronic lymphocytic leukaemia 

(CLL) patients. Since then, a plethora o f  studies have demonstrated aberrant miRNA 

expression in alm ost all human cancers (Table 1.2). miRNA are involved in the regulation 

o f pathways such as proliferation (Cheng et al., 2005), cell death (Chan et al., 2005), 

angiogenesis (Hua et al., 2006), invasion and metastasis (M a et al., 2007), the deregulation 

o f which are all hallmarks o f  cancer (Hanahan and W einberg, 2000). Thus, it is not 

surprising that aberrant miRNA expression is involved in tum ourigenesis. The differential 

expression o f  miRNA seen in multiple human cancers, has led to certain miRNA being
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termed ‘oncom irs’ (Table 1.2). m iRNA that have been shown to be downregulated in 

cancers such as miR-15, miR-16 and the let-7  family have been proposed to be tum our 

suppressors, whilst upregulated miRNA such as the m iR -17-92 cluster have been classified 

oncogenes, let-7  expression is consistently reduced in lung cancer (Takam izawa et al., 

2004; Yanaihara et al., 2006), and has been demonstrated to regulate several oncogenes 

such as Ras (Johnson et al., 2005), Myc (W ong et al., 2010), HM GA2 (Lee and Dutta, 

2007) and cell cycle regulators including Cdc25A, CDK6 and Cyclin D2 (Johnson et al., 

2007). The abrogation o f  /e/-7-mediated regulation o f  these gene targets may therefore 

provide a mechanims for tumourigenesis.

In contrast to the let-7  family, the polycistronic miR-17-92 cluster is frequently 

upregulated in human cancers, such as lymphoma and lung cancer (Hayashita et al., 2005; 

He et al., 2005). m iR-17-92 regulates the pro-apoptotic gene Bim (Xiao et al., 2008), 

suggesting that overexpression o f m iR-17-92 may facilitate the evasion o f  apoptosis.

Several m echanism s are thought to contribute either alone or in com bination to the 

deregulation o f miRNA in human cancer. The discovery that more than half o f  cancer- 

associated miRNA are located at fragile sites prone to breakages or rearrangem ents or 

regions associated with cancers (Calin et al., 2004b), provides a m echanism  for deletion, 

amplification and translocation o f miRNA. Epigenetic changes, such as DNA methylation 

and histone modifications, have also been demonstrated to play a role in the deregulation o f 

miRNA. Hypermethylation o f  CpG islands in promoter regions is closely linked to histone 

modifications and results in transcriptional silencing o f  genes (Yang et al., 2008a). Several 

miRNA are located near to CpG islands (Brueckner et al., 2007; Lehm ann et al., 2007; 

Lujambio et al., 2007). Several studies have demonstrated the altered expression o f  specific 

miRNA following treatm ent with DNA demethylating agents or histone deacetylase 

inhibitors (Saito et al., 2006; Scott et al., 2006), although this appears to be tissue/cell type- 

specific (Yanaihara et al., 2006). Additionally, alterations in transcriptional regulation 

(Chang et al., 2008b; He et al., 2007), biogenesis (Chiosea et al., 2007; M uralidhar et al., 

2007) and m utations/polym orphism s (Calin et al., 2004a) are also thought to play a role in 

the dysregulation o f  miRNA. However, the mechanism(s) directing the tum our/tissue- 

specific deregulation o f  miRNA in human cancer is still unknown.
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T ab le  1.2 m iR N A  dysregu la ted  in hum an  cancers

m iRNA C an ce r type D ysregulation R eference
miR-15

miR-16 CLL Downregulated
(Calin et al., 2002) 

(Cimmino et al., 2005)

let-7 Colon

Lung
M elanom a
Prostate

Downregulated

Downregulated
Downregulated
Downregulated

(Akao et al., 2006)

(Takam izawa et al., 2004) 
(Yanaihara et al., 2006) 

(Schultz et al., 2008) 

(Dong et al., 2010)
miR-29 Breast

Cholangiocarcinoma
CLL
Lung
Nasopharyngeal

Downregulated
Downregulated
Downregulated
Downregulated
Downregulated

(lorio et al., 2005) 
(M ott et al., 2007) 
(M raz et al., 2009) 

(Yanaihara et al., 2006) 
(Sengupta et al., 2008)

miR-34 Colon
Neuroblastom a
Pancreatic

Downregulated
Downregulated
Downregulated

(Tazawa et al., 2007) 
(Cole et al., 2008) 

(Chang et al., 2007b)
miR-21 Breast

Colorectal
Gastric
Glioblastom a
Hepatocellular
Lung
Oesophageal
Pancreatic

Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated

(lorio et al., 2005) 
(Asangani et al., 2008) 

(Chan et al., 2008b) 
(Chan et al., 2005) 

(M eng et al., 2007a) 
(Yanaihara et al., 2006) 

(Hiyoshi et al., 2009) 
(D illh o ffe ta l., 2008)

miR-17-92 Lung
Lym phoma
M edulloblastom a

Upregulated
Upregulated
Upregulated

(Hayashita et al., 2005) 
(He et al., 2005) 

(Northcott et al., 2009)

1.7.5 m iR N A  as can ce r b io m ark ers

The aberrant expression o f  miRNA in human cancer has highlighted a role for 

miRNA as novel cancer biomarkers. Specific miRNA expression profiles have been 

demonstrated to distinguish malignant from normal tissue in numerous cancers, such as 

breast (lorio et al., 2005), oesophageal (Guo et al., 2008), colorectal (Michael et al., 2003), 

lung (Yanaihara et al., 2006), prostate (Ambs et al., 2008) and gastric (Guo et al., 2009). 

Altered miRNA expression has also been demonstrated to distinguish different tumour
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histological subtypes (Blenkiron et al., 2007). A study by Lu et al., profiled the expression 

o f  217 miRNA in 334 samples comprised o f  normal non-cancer tissue, prim ary tumours 

and tumour cell-lines, from 20 different cancer types. miRNA profiles were demonstrated 

to accurately distinguish normal from malignant tissue, separate cancer type, categorise 

differentiation state and cluster samples according to their embryonic lineage. Importantly, 

miRNA profiles were demonstrated to be more accurate at classifying poorly differentiated 

tumours than mRNA (Lu et al., 2005).

miRNA profiles have also been demonstrated to predict progression and outcome in 

a number o f  cancers. In breast cancer, dysregulation o f  miR-145 and miR-21 was 

associated with tum our progression, whilst reduced let-7  expression was associated with 

increased lymph node metastasis and proliferation capacity (lorio et al., 2005). A 9 

miRNA signature was associated with tim e to progression in CLL (Calin et al., 2005). In 

colorectal cancer, miR-21 expression is associated with tumour stage, invasion and 

prognosis (Schetter et al., 2008). In lung cancer, reduced let-7  was indicative o f  a poor 

prognosis in two independent studies (Takam izawa et al., 2004; Yanaihara et al., 2006).

These studies have highlighted an important role for miRNA as diagnostic and 

prognostic biomarkers in human cancer. An ideal biomarker should be reliable, readily 

available and easily detectable (Fareed et al., 2009). miRNA satisfy all o f  these criteria. In 

addition to their tum our/tissue-specificity, miRNA are remarkably stable and resistant to 

degradation due to their small size (Xi et al., 2007). miRNA can also be isolated and 

quantified from either fresh-frozen or formalin-fixed paraffin embedded clinical specimens 

(Xi et al., 2007). In addition, advances in qPCR technology, has facilitated the sensitive 

detection and quantification o f  miRNA even at low concentrations.

The recent discovery that miRNA are detectable in blood and other bodily fluids, 

such as saliva (Park et al., 2009) and urine (Hanke et al., 2009), has highlighted miRNAs as 

potential m inimally-invasive biomarkers. Several studies have demonstrated circulating 

miRNA as diagnostic cancer biomarkers in breast (Heneghan et al., 2010), lung 

(Rabinowits et al., 2009), prostate (M itchell et al., 2008) and ovarian cancer (Taylor and 

Gercel-Taylor, 2008). Additionally, circulating miRNA profiles are also predictive o f 

prognosis in lymphoma (Lawrie et al., 2008) and lung cancer (Hu et al., 2010c). 

Importantly, circulating miRNA are highly stable, even when exposed to harsh conditions
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such as boiling, freeze-thaw cycles, storage, low/high pH and RNase digestion (Chen et al., 

2008), which supports the hypothesis that they are present in the blood in small 

mem branous vesicles, such as microvesicles (Lima et al., 2009), exosomes (Taylor and 

Gercel-Taylor, 2008) and apoptotic bodies (Zernecke et al., 2009). Importantly, several 

studies have demonstrated the transfer o f  miRNA contained in microvesicles and 

exosomes, between cells (Pegtel et al., 2010; Yuan et al., 2009). This may have important 

implications for cancer progression. The exact m echanism  by which miRNA are 

transported into the blood system is still unknown and is hypothesised to be due to the 

active transport o f  specific miRNA or due to tumour cell death or lysis (Chin and Slack, 

2008). The mechanism by which miRNA are transported into blood may have important 

implications for the correlation o f serum and tumour-derived miRNA profiles.

1.7.6 miRNA as biomarkers in oesophageal cancer

The dysregulation o f  miRNA has been demonstrated in oesophageal cancer, with 

both diagnostic and prognostic expression profiles identified. A study by Guo et al. was the 

first to demonstrate a miRNA profile specific to oesophageal cancer, identifying a panel o f 

7 miRNAs (miR-25, miR-29c, miR-99a, miR-100, miR-140, miR-151 and miR-424) which 

could distinguish oesophageal SCC from normal tissue (Guo et al., 2008). This was 

supported by Feber et al., who demonstrated that expression o f  just 13 miRNAs (miR-7c, 

miR-21, m iR-27b, miR-93, miR-100, miR-125b, miR-152, m iR-192, miR-194, miR-200c, 

miR-203, miR-205 and miR-342) could distinguish m alignant from normal tissue and OAC 

from SCC. When compared to normal squamous epithelium, m iR-192, m iR-194 and miR- 

200c were upregulated in OAC but not SCC, whilst miR-342 was altered in SCC but not 

OAC, suggesting subtype-specificity. Furthermore, the miRNA profiles o f  SCC were more 

similar to normal squamous epithelium than OAC, whilst the miRNA profile o f  Barrett’s 

oesophagus was more sim ilar to that o f OAC than SCC (Feber et al., 2008), which fits with 

our current knowledge regarding the developm ent o f the different histological subtypes. A 

role for miRNA in the progression o f Barrett’s oesophagus to OAC is further supported by 

three studies that demonstrated altered expression o f  miRNA across the norm al-Barrett’s- 

OAC sequence (Maru et al., 2009; W ijnhoven et al., 2010; Yang et al., 2009), highlighting
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a potential role for miRNA in predicting those patients with Barrett’s oesophagus who will 

go on to develop OAC.

miRNA expression profiles also correlate with clinicopathological features, such as 

stage, nodal status and m etastasis and have been demonstrated to be prognostic for survival. 

Guo et al. identified 5 m iRNAs correlating with gross pathologic classification, whilst 

expression o f  2 m iRNAs correlated with differentiation classification. Low expression of 

miR-103 and miR-107 was associated with increased overall and disease-free survival in 

s e e  (Guo et al., 2008). A recent study demonstrated the association o f  m iR-126 and miR- 

16-2 expression with lymph node metastasis, and miR-195p with a more advanced 

pathological stage in OAC. miR-16-2 and m iR-30a expression correlated with poorer 

overall and disease-free survival in both OAC and SCC, although the association was more 

pronounced in OAC (Hu et al., 2010b). Another study demonstrated the association of 

m iR -l48a expression with tum our location and differentiation in OAC, whilst miR-21 was 

associated with location and lymph node m etastasis in SCC. Both m iR-106a and miR-148a 

were associated with tum our recurrence and tumour-related death in SCC (Hummel et al., 

2010b). A role for miR-21 in the progression o f SCC is supported by Hiyoshi et al., who 

demonstrated the involvement o f  miR-21 in regulating proliferation and invasion via 

downregulation o f  the program m ed cell death 4 gene (PDCD4) (Hiyoshi et al., 2009). In 

addition, two recent studies have demonstrated a role for miRNA in the response to 

chem otherapeutics in oesophageal cancer. A potential role for m iR-27a in sensitising SCC 

cells to several chemotherapy drugs was highlighted by Zhang et al. (Zhang et al., 2010a). 

Hong et al., demonstrated that inhibition o f  miR-296 inhibited proliferation and increased 

sensitivity to both P-glycoprotein-related and non-related chem otherapeutics in SCC, 

possibly providing a m echanism  for the demonstrated enhanced survival o f  patients with 

low m iR-296 expression (Hong et al., 2010). These studies highlight a potential role far 

miRNA as markers o f  response to chemotherapy in oesophageal cancer.

1.7.7 miRNA in the cellular response to radiation

W hilst the role o f  m iRNA in the initiation, progression and prognosis o f  cancer is 

well documented, the role o f  m iRNA in the response to cancer therapy is less well known. 

Given the role o f  miRNA in regulating pathways involved in the cellular response to
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radiation, such  as ce ll cy c le  (L in sley  et al., 2 0 0 7 ), apoptosis (C im m in o  et al., 2 0 0 5 ), 

survival (M en g  et al., 2 0 0 7 b ), ox id ative stress (S im o n e  et al., 2 0 0 9 ) and D N A  repair 

(C rosby et a l., 2 0 0 9 ) it is likely  that m iR N A  are in vo lved  in the tum our response to  

radiation.

R adiation has been dem onstrated to m odulate m iR N A  exp ression  in lung cancer  

(Shin  et al., 2 0 0 9 b ), lym phoblastom a (C ha et al., 2 0 0 9 ) co lon  cancer (Shin  et al., 2009a) 

and g liom a (C haudhry et al., 2010b ) ce ll lines. M oreover, th is radiation-m ediated  

m odulation o f  m iR N A  has been dem onstrated to be d ose-dependent (S im on e et al., 2 0 0 9 ), 

su ggestin g  that m iR N A  play a functional role in the cellu lar response to radiation. In 

addition, altered basal m iR N A  expression  has a lso  been associated  w ith  radioresistance  

(Chaudhry et a l., 2 0 1 0 a ), su ggestin g  a role for m iR N A  in determ ining the initial response to  

radiation.

Several studies have identified  a direct role for m iR N A  in regulating pathw ays  

involved  in the cellu lar response to radiation. S im on e et al., dem onstrated a role for m iR N A  

in the response to ox id ative  stress and D N A  dam age. Radiation sign ifican tly  altered the 

expression  o f  17 m iR N A  in human fibroblast ce lls  (S im on e et al., 2 0 0 9 ). Interestingly, 

expression  o f  all 17 m iR N A  w ere a lso  m odulated by treatm ent w ith the chem otherapeutic  

etoposide, w h ich  m im ics the effect o f  radiation by inducing D SB  and H 2 O 2 w hich  induces 

ox id ative  stress, su ggestin g  a com m on role for th ese m iR N A  in the cellu lar response to 

gen otox ic  stress. T he radiation-induced m odulation o f  m iR N A  exp ression  w as abrogated  

by the addition o f  cyste in e , a free radical scavenger, su ggestin g  a role for m iR N A  in the 

cellu lar response to  ox id a tive  stress. He et al., h igh lighted  a role for the m iR -34  fam ily  in 

the D N A  dam age response to IR, w hich  w as dem onstrated to be p53-dependent (H e et al., 

20 07).

Furtherm ore, m iR N A  have been dem onstrated to p lay a role in m odulating the 

cellu lar response to radiation. Inhibition o f  m iR -2 2 1/222 sen sitised  gliom a ce lls  to 

radiation, w h ich  w a s m ediated by abrogation o f  m iR -221 /222-m ed ia ted  regulation o f  the 

cyclin -d ep en d en t k inase inhibitor p 2 7 (k ip l)  (Z hang et al., 2 0 0 9 a ). p 2 7 (k ip l)  is an 

important n egative  regulator o f  ce ll cy c le  progression , sp ec ifica lly  the G1 phase arrest 

(P olyak  et al., 1994). L oss o f  p 2 7 (k ip l)  is associated  w ith a m ore a aggressive  cancer  

phenotype (C h ev ille  et al., 1998) and reduced survival in patients undergoing RT and
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surgery in prostate cancer (Cheng et al., 2000). Increased expression is associated with a 

good response to neoadjuvant CRT in rectal cancer (Esposito et al., 2001). Thus, alterations 

in miR-221/222 expression may modulate the cellular response to radiation via regulation 

o f p27(kipl). Another study demonstrated the miR-18 la-mediated modulation of 

radiosensitivity in glioma cells (Chen et al., 2010). miR-181a was downregulated in 

response to radiation, however, ectopic expression significantly sensitised cells to the 

cytotoxic effects o f radiation. This was concurrent with a downregulation o f the anti- 

apoptotic Bcl2, indicating Bcl2 as a potential target of miR-18 la. Bcl2 expression is 

associated with resistance to radiation in numerous cancers (An et al., 2007a; Condon et al., 

2002; Streffer et al., 2002). This suggests that downregulation of miR-18 la  in glioma cells 

following exposure to radiation, provides a mechanism for radioresistance via abrogation of 

miR-18 la-mediated regulation o f Bcl2. Kato et al., demonstrated the miR-34-mediated 

modulation o f radiosensitivity in breast cancer cells, and highlighted a role for miR-34 in 

the in vivo response to IR in C. elegans (Kato et al., 2009). miRNA-mediated modulation of 

radiosensitivity has also been demonstrated in prostate cancer. miR-521 was significantly 

downregulated in response to radiation in 2 prostate cancer cell lines, suggesting a role in 

the radiation response (Josson et al., 2008). Modulation o f miR-521 expression altered 

sensitivity to radiation, with overexpression inducing sensitivity, whilst inhibition induced 

resistance. The DNA repair protein CSA and the antioxidant enzyme MnSOD were 

identified as potential targets of miR-521 suggesting a mechanism for modulation o f the 

radioresponse (Josson et al., 2008). A study by Weidhaas et al., demonstrated a role for let- 

7 in determining the sensitivity to radiation in lung cancer (Weidhaas et al., 2007). let-7 has 

been demonstrated to regulate the oncogene Ras, which is commonly overexpressed in 

cancer and has been shown to be critical for protection from radiation-induced cell death 

(Weidhaas et al., 2006). The authors identified a common radiation-induced pattern of 

miRNA expression in both normal and tumour lung cells, with 7 members o f the let-7 

family significantly downregulated, suggesting a common global miRNA response to 

radiation. Ectopic expression o f let-7 sensitised lung cancer cells to radiation whilst 

inhibition induced a radioprotective effect, suggesting a functional role for let-7 in the 

response to radiation in lung cancer, let-7 overexpression also induced sensitivity to 

radiation in C. elegans, which was indicated to be regulated, at least in part, via let-7-
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mediated regulation o f Ras and other DNA damage response genes such as RadSl, Rad21, 

Cdc25 and Fancd2 (Weidhaas et al., 2007). This is supported by Oh et al., who 

demonstrated that overexpression o f let-7 sensitised lung cancer cells to radiation, via 

regulation o f Ras (Oh et al., 2010). Interestingly, in inherently radiosensitive endothelial 

cells, radiation induced expression o f let-7g, which was demonstrated to have a sensitising 

effect (Wagner-Ecker et al., 2010), further supporting a role for the let-7 family in 

modulating radiosensitivity.

There are only two studies to date that have assessed the role o f miRNA in the in 

vivo radiation response. Svoboda et al. identified the upregulation o f miR-137 and miR- 

125b in rectal tumour biopsies two weeks after the initiation o f neoadjuvant capecitabine 

CRT, suggesting a role for these miRNA in the tumour response to CRT. Furthermore, 

increased expression o f both miRNAs was associated with a poor response to CRT 

(Svoboda et al., 2008). Wang et al., demonstrated significantly altered miRNA expression 

in resected lung tissue o f patients who were resistant and sensitive to adjuvant RT, with a 

panel of just 12 miRNAs predicting the tumour response to RT. Additionally, miR-126, 

which was upregulated in radiosensitive tumour tissue, was demonstrated to inhibit 

proliferation and induce IR-mediated apoptosis via the P13K-AKT pathway in vitro. miR- 

126 also enhanced radiosensitivity in vitro (Wang et al., 2010). Therefore, the 

downregulation o f miR-126 in tumour tissue may provide a mechanism for resistance to RT 

in vivo, via enhanced proliferation and evasion o f IR-induced apoptosis.

Taken together these studies strongly suggest a role for altered miRNA expression 

as a mechanism for resistance to radiation. Furthermore, they strongly suggest a role for 

miRNA as both predictive biomarkers o f response to radiation, and potential novel 

therapeutics with which to enhance the efficacy o f RT.

1.8 Aims

Due to an absence o f clinicopathological parameters predicting the tumour response 

to RT in oesophageal cancer, it was hypothesised that alterations at the molecular level may 

be involved in determining the cellular response to radiation. Consequently, the overall aim 

o f this thesis was to investigate molecular mechanisms o f radioresistance in oesophageal 

cancer, using a novel, isogenic cell-line model o f radioresistant oesophageal 

adenocarcinoma.
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Specific aims:

• Generate an in vitro model o f radioresistance in oesophageal adenocarcinoma, by 

the chronic exposure o f oesophageal adenocarcinoma cells to fractionated doses o f 

X-ray radiation.

• Characterise this model in terms o f parameters frequently implicated in resistance to 

radiation, to investigate the underlying mechanisms of radioresistance in this model.

• Investigate any identified markers o f radioresistance in vivo, in oesophageal 

tumours, to determine their role in the in vivo response to chemoradiation therapy.
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Chapter 2 

Materials and Methods
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2.1 Reagents and materials

Laboratory chem icals and reagents were stored according to the m anufacturers’ 

instructions. All were o f  analytical grade and were purchased from the Sigma-Aldrich 

Chem ical Com pany (Dublin, Ireland), unless otherwise stated. Solid reagents were weighed 

using an Explorer Pro electronic balance (Ohaus Corporation, Pine Brook, NJ, USA), and 

prepared in distilled water, unless otherwise stated. For transfer o f  liquid volumes up to 1 

mL, calibrated pipettes (Gilson Inc, M iddleton, WI, USA) were used. Volumes greater than 

1 mL were m easured using disposable plastic pipettes and an electronic pipette aid 

(Drumm ond Scientific Company, Broomall, PA, USA). Volumes greater than 10 mL were 

measured using graduated cylinders. All cell culture reagents were purchased from Lonza 

(Basel, Switzerland), unless otherwise stated. All plastic m aterials were purchased from 

Sarstedt (NUmbrecht, Germany), unless otherwise stated.

2.2 Drugs

Cisplatin and 5-Fluorouracil chemotherapy drugs were prepared in saline and 

dimethyl sulfoxide (DM SO), respectively. The histone deacetylase inhibitor suberoylanilide 

hydroxam ic acid (SAHA) and the DNA dem ethylating agent 5-aza-2’-deoxycytidine (5- 

AZA) were purchased from Cayman Chem icals (Ann Arbor, MI, USA) and M erck 

(W hitehouse Station, NJ, USA), respectively, and were prepared in DM SO and methanol, 

respectively.

2.3 Tissue culture

All tissue cuhure was carried out using an aseptic technique in a grade II laminar air 

flow cabinet. The unit was switched on at least 10 min before use. The unit, and all 

equipm ent and reagents used within the unit, were swabbed with ethanol 70% (v/v) 

(M erck) before and after use. A clean Howie style lab coat and sterile disposable gloves 

were worn at all times.

2.3.1 Oesophageal cancer cell lines

The 0 E I9 , OE33, 0E21 and KYSE-410 oesophageal cancer cell lines, were used 

during the course o f  this study. 0E 19 , 0 E 2 I  and OE33 were obtained from the European

47



Collection o f  Cell Cultures (ECACC). The KYSE-410 were a gift from Dr. Masaki Mori 

(Medical Institute o f  Bioregulation, Kyushu University, Japan) (M atsuyam a et al., 2001). 

All oesophageal cancer cell lines were cultured as monolayers in Roswell Park M emorial 

Institute (RPM l) 1640 medium, which, unless otherwise stated, was supplem ented with 

10% (v/v) heat-inactivated foetal bovine serum (FBS) and 1% (v/v) penicillin-streptom ycin 

(50 U/mL penicillin, 50 U/mL streptom ycin) (hereafter known as com plete medium). Cells 

were maintained in either 25 cm^ or 75 cm^ sterile vented flasks, in an incubator at 37°C in 

95% humidified air containing 5% CO 2 .

2.3.2 Cell line subculture

Cells were examined daily using an inverted phase-contrasted Nikon m icroscope 

(Nikon Corp., Tokyo, Japan). Subculturing was performed when cells had reached 80-90% 

confluency. Adherent cells were detached for subculturing by trypsinisation. Growth 

medium was decanted to waste, and cells were washed with 5 mL warm , sterile phosphate 

buffered saline (PBS, 13.8 mM NaCI, 2.7 mM KCl, pH 7.4), to remove residual FBS. 

Trypsin ethylene-diam ine tetra-acetic acid (EDTA) (0.05%  (w/v) trypsin, 0.02%  (w/v) 

EDTA) was then added to cells at a volume o f 0.5 mL (25 cm^ flask) or 1 mL (75 cm^ 

flask). Flasks were incubated at 37°C in 95% humidified air containing 5% CO 2 , for 

approxim ately 5 min, to allow cells to detach from the flask surface. Following visual 

confirmation o f detachm ent o f 95-100%  o f  cells, an equal volume o f  com plete medium was 

then added to flasks to inactivate the trypsin. This suspension was then used to seed fresh 

flasks at the required density. Cells were maintained in 5 mL or 13 mL com plete medium in 

25 cm^ or 75 cm^ flasks, respectively, at 37°C in 95% humidified air containing 5% CO 2 .

2.3.3 Preparation of frozen stocks

Cell stocks were stored frozen under liquid nitrogen in a cryofreezer or at -80°C. To 

prepare frozen stocks, cells in the exponential phase were washed with 5 mL PBS and 

trypsinised as previously described (section 2.3.2). A 5 mL volum e o f  com plete medium 

was added to the trypsinised cells, which were then pelleted by centrifugation at 180 x g for 

3 min. The supernatant was decanted and the cells were resuspended in 10% (v/v) DMSO 

in FBS by drop-wise addition. A 1 mL volume o f  DM SO/FBS/cell suspension was then
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added to sterile, labelled cryotubes. Cryotubes were placed in a container containing 

isopropanol (which lowers the tem perature by 1°C per min) and transferred to a -80°C 

freezer overnight. Cells were kept at -80°C for short term storage (up to 1 month). For long 

term storage, cells were stored under liquid nitrogen.

2.3.4 Reconstitution o f frozen cells

Cryotubes containing frozen cell culture stocks were removed from storage, and 

placed at 37°C to thaw  rapidly with mild agitation. Cells were then transferred to a sterile 

15 mL tube, containing 15 mL pre-warmed complete medium. Cells were pelleted by 

centrifugation at 180 x g for 3 min to rem ove residual DM SO. The supernatant was 

decanted and cells were resuspended in 1 mL complete medium. The cell suspension was 

then transferred to a 25 cm^ flask, which contained 4 mL com plete medium. Cells were 

then m aintained at 37°C in 95%  humidified air containing 5% CO2.

2.3.5 Cell counting and viability assessment

Cell viability was examined using trypan blue dye exclusion. This assay is based on 

the ability o f  viable cells to actively exclude dye, owing to an intact cell membrane. Dead 

cells are unable to exclude the dye and appear blue, rather than clear, when viewed under a 

microscope. A 180 |aL volum e o f  0.4% (w/v) trypan blue was mixed with 20 |iL o f cell 

suspension in a 96-well plate, and allowed to stand for 1-2 min. A 20 |^L volume o f  this 

suspension was then applied to a haem ocytom eter (Bright-line model) (Hausser Scientific, 

Horsham, PA, USA) and the cells were counted under 40X magnification. Live cells inside 

the four corners o f  the grid were counted, live cells that crossed the top and left hand side 

o f  the grid were also counted. Live cells crossing the bottom and right hand side o f the grid 

were excluded. The m ean was then used to calculate the cell culture density. Cell density 

was determined using the following formula:

Cells/mL -  (N / 4) x 10 x 10^

Where,

N = total cell num ber counted
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4 = number o f  fields counted 

10 = dilution factor 

1 O'* = constant

When necessary, all densities were adjusted using complete medium, unless otherwise 

stated.

2.3.6 Mycoplasma testing

Cancer cell lines were routinely tested for mycoplasma contam ination using a 

M ycoAlert® M ycoplasma detection kit (Lonza). The M ycoAlert® assay is a biochemical 

test that exploits the activity o f  certain mycoplasmal enzymes. These enzym es react with 

the M ycoAlert®  substrate, catalyzing the conversion o f ADP to ATP. A ratio o f  the level o f 

ATP in a sample before and after the addition o f  substrate indicates the presence or absence 

o f  mycoplasma. If  mycoplasmal enzymes are present, their reaction with the substrate 

results in elevated ATP levels. Cells were maintained and subcultured in antibiotic-free 

medium for a minimum o f  2 passages. A 1 mL volume o f  culture medium was taken from 

culture flasks and centrifuged at 180 x g for 3 min to pellet any cells and debris present. A 

100 |iL  volume o f  supernatant was then added to a white-walled 96-well plate (Corning 

Incorporated, Corning, NY, USA). M ycoAlert reconstitution buffer was used as a negative 

control, and supernatant from an in-house mycoplasma contaminated cell line provided a 

positive control. A 100 |nL volume o f  reconstituted M ycoAlert Reagent was then added to 

each sample and incubated for 5 min at RT°C. A 1 s integrated luminescence reading was 

then taken (Reading A) using a Wallac Victor^ 1420 multilabel counter (Perkin Elmer, 

W altham, MA, USA). A 100 |aL volume o f M ycoAlert substrate was then added to each 

sample and incubated for 10 min at RT°C. Luminescence was then m easured as before 

(Reading B). The ratio o f  reading B to reading A was then calculated, and a ratio o f  greater 

than I indicated m ycoplasm a infection.

2.3.7 Mycoplasma treatment

The KYSE-410 cell line tested positive for mycoplasmal contam ination when they 

arrived into the laboratory. These cells were treated with Plasm ocure™  (InvivoGen, CA, 

USA) antibiotic solution, to eliminate mycoplasmal contamination. Plasm ocure™  contains
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two bactericidal com ponents that act by inhibiting protein synthesis by two distinct 

mechanisms. The first component binds to the 508 subunit o f  the ribosome and blocks 

peptidyltransferase activity, the second targets isoleucyl-tRNA synthetase preventing 

incorporation o f  isoleucine into bacterial proteins. These two targets are found in 

mycoplasma, but are completely absent in eukaryotic cells. M ycoplasm a contaminated cells 

at a density o f  2 x 1 0 ^ - 1  x 10^ cells, were treated with 50 )xg/ml o f  Plasmocure™  in 

complete media. This was removed and replaced every 3 days for 2 weeks. Elimination o f  

mycoplasmal contam ination was confirmed using M ycoAlert®  M ycoplasm a detection kit 

(as described in section 2.3.6).

2.4 X-Ray irradiation

All irradiations were performed using a Gulm ay Medical X-ray generator, model 

(RS225) (Gulm ay M edical, Surrey, UK), at a dose rate o f  3.25 Gy/min. The uniform 

delivery o f  ionising radiation to cells plated on culture dishes was ensured with the 

generation o f  a broad radiation beam (12.5 cm x 12.5 cm). Cells were irradiated at the 

centre o f  the beam, at a distance o f  40 cm with a beam produced by 200 kV and 15 mA. 

The dosim etry was performed by a qualified medical physicist, using ionisation chambers 

and therm olum inescent dosimeters.

2.5 Generation of a radioresistant oesophageal adenocarcinoma cell line

OE33 cells were grown to approximately 50% confluency in vented 75 cm^ culture 

flasks, and treated with 2 Gy X-ray radiation (250 keV, 15 mA, 38 s exposure) using an X- 

ray generator, as previously described (section 2.4). Cells were trypsinised and subcultured 

as previously described (section 2.3.2), once they had reached 90%  confluency. This 

procedure was repeated until cells had received a cumulative dose o f  50 Gy X-ray 

radiation. Parental cells were handled identically, but were mock irradiated. For all assays 

on irradiated cells there was at least a 10 day period between the last 2 Gy irradiation and 

the experiment.
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2.6 Clonogenic assay

The sensitivity o f  cells to radiation and chemotherapeutics was m easured by 

clonogenic assay, which is the standard method for measuring cytotoxicity. This assay tests 

the ability o f each cell in a population to retain its reproductive integrity following exposure 

to cytotoxic insults. Cells in the exponential growth phase were harvested by trypsinisation 

as previously described (section 2.3.2), and a single cell suspension obtained. The cell 

suspension was adjusted to the required density using complete medium, and the required 

numbers o f  cells (see table 2.1) were seeded into 6-well plates. Cell seeding densities were 

optimised to ensure at least 100 viable colonies were present at the end o f  the clonogenic 

incubation period. Cells were allowed to adhere to plates overnight at 37°C in 5% C02/95%  

humidified air. Plates were then treated (see sections 2.6.3 and 2.6.4), control plates were 

mock treated, and incubated at 37°C in 5% C02/95%  humidified air for 7-14 days to allow 

surviving colonies to reach maximum density without merging o f  colonies occurring. 

Colonies were then stained and counted as per sections 2.6.1 and 2.6.2.

Table 2.1. Optimum clonogenic cel! seeding densities

Treatment
Cell seeding density 

Ccells/well) f6-well plate)

Control 1.5 X 10^

2 Gy 3 X 10^

4 Gy 6  X 10 ^

6  Gy 1 . 2  X 1 0 ^

0.001 |j,M Cisplatin 3 X 10^

0.01 )a,M Cisplatin 6  X 1 0 ^

0.1 (J.M Cisplatin 1.4 X 10^

0.1 (J.M 5-Fluorouracil 3 X 10^

1.0 |iM  5-Fluorouracil 6  X 1 0 ^

10 |j,M 5-Fluorouracil 1.4 X 10''
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2.6.1 Staining of colonies

M edium was removed from wells and 0.5 mL staining/fixing solution (0.05%  w/v 

crystal violet, 25%  v/v M ethanol) was added to each well. Plates were incubated for 30 min 

at RT“C, and the staining/fixing solution was removed from wells to a waste flask. Residual 

crystal violet was removed by gently submerging plates in a water bath. Plates were then 

left to air dry. Crystal violet waste was inactivated using NaOH before disposal.

2.6.2 Colony counting

Colonies consisting o f  50 cells or more were counted using a PC-software operated 

colony counter (ColCount™ , Oxford Optronix Ltd, Oxford, UK). Colonies are imaged 

using wide-angled optics, and electro-lum inescent trans-illum ination is used to create 

maximal contrast with the crystal violet stain. The application o f  constant counting 

param eters elim inates bias and ensures objective results. Plating efficiencies (PE), which 

are the fraction o f  colonies from untreated cells, were calculated using the formula: PE = 

No. colonies/ No. cells seeded. The surviving fraction (SF), which is the number o f

colonies produced after treatment, expressed in term s o f  PE, was calculated using the

formula: SF = No. colonies/ (No. cells seeded x PE). Survival curves were then constructed 

by plotting surviving fraction on a log scale on the Y-axis, and treatm ent on the X-axis.

2.6.3 Clonogenic radiation survival curve

Cells in the exponential growth phase were harvested by trypsinisation as 

previously described (section 2.3.2), and a single cell suspension obtained. The cell 

suspension was adjusted to the required density (Table 2.1), using complete medium and 

seeded into 6-well plates. Cells were allowed to adhere to plates overnight at 37°C in 5% 

C02/95%  hum idified air. Plates were then irradiated with 2, 4 or 6 Gy as previously

described (section 2.4). Control plates were mock irradiated, and all plates were then

incubated at 37°C in 5% C02/95%  humidified air for 7-14 days. Cells were then fixed, 

stained (as described in section 2.6.1), counted and the surviving fraction determined 

(section 2.6.2).
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2.6.4 Clonogenic chemotherapeutic survival curve

Cells in the exponential growth phase were harvested by trypsinisation as 

previously described (section 2.3.2), and a single cell suspension obtained. The cell 

suspension was adjusted to the required density (Table 2.1), using complete medium and 

seeded into 6-well plates. Cells were allowed to adhere to plates overnight at 37°C in 5% 

C02/95%  humidified air. M edium was removed from the wells, and the plates were treated 

with either cisplatin (0.01 |LiM - 0.1 |iM ) or 5-Fluorouracil (0.1 ^iM - 10 |iM ), in com plete 

medium. Control plates were m ock treated with a vehicle control. After 24 h, medium was 

removed from all wells and replaced with fresh complete medium. A 24 h treatm ent time 

was used, as it was previously dem onstrated in this laboratory to induce cytotoxicity in 

OE33 cells. Plates were then incubated at 37°C in 5% C02/95%  humidified air for 7-14 

days. Resulting colonies were then fixed, stained (as described in section 2.6.1), counted, 

and survival curves constructed as described (section 2.6.2).

2.7 3T3 Proliferative capacity assay

The basal proliferation o f  cells was assessed using the 3T3 assay, which m easures 

proliferative capacity. Cells in the exponential growth phase were harvested by 

trypsinisation as previously described (section 2.3.2). Cells were seeded at a concentration 

o f 5 X lO"* cells/well in 6-well plates, which allowed sufficient cell growth w ithout cells 

reaching confluency. Cells were m aintained at 37°C in 5% C02/95%  humidified air. Every 

3 days, cells were counted by haem ocytom etry (as described in section 2.3.5) and re-plated 

at 5 X lO"* cells/well in 6-well plates. The procedure was repeated for a total o f  9 days and 

cumulative cell num bers calculated.

2.8 Propidium iodide cell cycle analysis

Cell cycle analysis was performed by Propidium iodide (PI) staining and flow 

cytometry (Darzynkiewicz and Juan, 1997). PI is a fluorescent dye, which passes through a 

permeabilised m em brane and intercalates into cellular DNA. The intensity o f  the PI signal 

is proportional to DNA content, and the relative content o f DNA indicates the distribution 

o f a population o f  cells throughout the cell cycle. Cells in the GO/Gl phases o f  the cell 

cycle have a DNA content o f  2n, cells in the G2/M phases o f  the cell cycle have a DNA



content o f  4n, while cells in the S phase o f  the cell cycle have a DNA content o f less than 

4n but greater than 2n. Cells in the exponential growth phase were harvested by 

trypsinisation as previously described (section 2.3.2). Cells were seeded at a density o f 3.7 

X 10  ̂ cells in T25 cm^ flasks, and allowed to adhere overnight at 37°C in 5% C02/95%  

humidified air. Cells were then irradiated with 2 Gy X -ray radiation (as described in section 

2.4), whilst control flasks were mock irradiated. At 6 h, 10 h, 24 h and 30 h post irradiation, 

cells were collected by trypsinisation as described previously (section 2.3.2) and transferred 

to 5 mL falcon tubes (BD Biosciences). Cells were then centrifuged at 180 x g for 3 min, 

and the supernatant decanted. The cell pellet was then fixed and permeabilised by drop- 

wise addition o f 4.5 mL ice-cold ethanol (70% v/v in PBS) (M erck) while vortexing, to 

avoid the formation o f  aggregates. Permeabilisation aids the access o f  PI to cellular DNA. 

Cells were stored in the fixative for at least 2 h at 4°C. Fixed cells were then centrifuged at 

180 X g for 3 min, and the supernatant decanted. Cells were then washed with 1 mL PBS 

and centrifuged as before. Each sample was resuspended in 0.5 m L Triton X-100 (0.1% v/v 

in PBS), containing PI (0.02 mg/mL) and RNase A (0.2 mg/m L), except for appropriate 

controls. Addition o f  RNase A ensures any RNA present is digested, preventing any 

interference with the DNA signal. Samples were incubated at 37°C  for 30 min and then at 

RT°C for 1.5 h in staining solution. Unstained control sam ples used for instrumental setup 

were incubated in 1 mL PBS. DNA content was then m easured using a CyAnAOP (Dako, 

Glostrup, Denmark) flow cytometer. A minimum o f  10,000 events were collected, and 

doublets were excluded from analysis using doublet discrim ination. Data were analysed by 

histogram plot using Summit v4.3 software (Dako, G lostrup, Denmark). The X-axis o f the 

histogram plot represents PI fluorescence or DNA content, whilst the Y-axis represents cell 

number (appendix lA ).

2.9 Annexin-V-FITC/Propidium Iodide Apoptosis assay

A poptosis was measured using annexin V-FITC and propidium  iodide staining and 

assessed by flow cytometry. The annexin V-FITC conjugate facilitates rapid fluorimetric 

detection o f  apoptotic cells. Annexin V is an anti-coagulant protein, which preferentially 

binds to negatively charged phospholipids. Early in the apoptotic process, phospholipid 

asymmetry is disrupted, leading to the exposure o f  phosphatidylserine (PS) on the outer
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leaflet o f the cytoplasmic membrane. Annexin V binds to PS phospholipid monomers in a 

ratio o f approximately 1:50. PI is a fluorescent dye that intercalates into cellular DNA. PI is 

membrane impermeant, and therefore only stains the DNA of necrotic cells and dead cells. 

Thus, the combination o f annexin V and PI allows for differentiation between early 

apoptotic cells (annexin V-FITC^), late apoptotic (secondary necrotic) and/or necrotic 

(annexin V-FITC^ and PI"̂ ), and viable cells (unstained).

Cells in the exponential growth phase were harvested by trypsinisation as 

previously described (section 2.3.2). Cells were seeded at a density o f 1.5 x lo^ cells/well 

in 6-well plates, and allowed to adhere overnight at 37°C in 5% C02/95% humidified air. 

Cells were washed with 1 mL warmed PBS and supplied with 1.5 mL warmed complete 

medium. Cells were then irradiated with 2 Gy X-ray radiation (as described in section 2.4), 

whilst control plates were mock irradiated. At 24 h and 48 h post irradiation, supernatants 

(containing non-adherent cells) were collected in 5 mL falcon tubes (BD Biosciences, San 

Jose, CA, USA). Adherent cells were harvested by trypsinisation, as described previously 

(section 2.3.2), combined with their respective supernatants and pelleted by centrifugation 

at 180 X g for 3 min. Supernatants were discarded, and the cell pellets were washed with 

0.5 mL PBS, and centrifuged as above. Supernatants were discarded, and pelleted cells 

were resuspended by vortexing in 1 mL IX binding buffer (0.01 M HEPES (Gibco BRL, 

Paisley, UK), NaOH, pH 7.4, 0.14 M NaCl, 2.5 mM CaCh). Cells were then pelleted by 

centrifugation at 180 x g for 3 min and the supernatants discarded. A 3 |iL volume of 

annexin V-FITC (IQ products, Groningen, The Netherlands) was added to each sample, 

with the exception o f appropriate controls. Samples were vortexed, and incubated for 15-20 

min in the dark at 4°C. Cells were then resuspended in 500 ia,L PI (1/4000 dilution of 1 

mg/mL stock in IX binding buffer) (Invitrogen, Carlsbad, CA, USA), with the exception of 

appropriate controls, which were resuspended in 0.5 mL IX binding buffer. Tubes were 

vortexed, and apoptosis was measured using a FACSCalibur flow cytometer (BD 

Biosciences). Instrumental controls were set up in parallel with the samples in order to 

define the boundaries o f each population during analysis on the flow cytometer. These 

controls included: unstained cells, single-stained cells with annexin V-FITC only and PI 

only. A minimum of 10,000 events were collected and the data was analysed by dot plot 

using CellQuest software (BD Biosciences). The X-axis (FLl channel) of the dot plot
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represents the log Annexin V-FITC fluorescence, whilst the Y-axis (FL2 channel) 

represents the log PI fluorescence. The flow cytom eter was calibrated using the 

instrumental controls (appendix IB).

2.10 Detection of reactive oxygen species

Intracellular ROS levels were m easured by flow cytom etry with 5-(-6)- 

chlorom ethyl-2',7'-dichlorodihydrofluorescein diacetate acetyl ester (CM -H 2 DCFDA) 

(Invitrogen, Carlsbad, CA, USA), a cell permeant, non-fluorescent molecule. CM- 

H2 DCFDA is hydrolyzed by intracellular esterases to the non-permeable 2',7'- 

dichlorodihydrofluorescein (DCFH), which is then oxidised to the strongly fluorescent 

2',7 '-dichlorofluorescein (DCF). The intensity o f  this fluorescence is proportional to the 

level o f  cellular oxidative stress. Cells were also stained with propidium iodide (PI) to 

allow for the detection o f  dead cells, thus ensuring that only the fluorescence o f  viable cells 

was measured.

Cells in the exponential growth phase were harvested by trypsinisation as 

previously described (section 2.3.2), and pelleted by centrifugation at 180 x g for 3 min. 

Cells were resuspended in 100 |o,L PBS at a concentration o f  1 x 10^ cells in 5 mL falcon 

tubes (BD Biosciences). Lyophilised CM -H 2 DCFDA probe was resuspended in 86.54 |iL 

DMSO to make a 1 M stock solution. Cells were loaded with 10 |iM  CM -H 2 DCFDA 

(diluted to a final volume o f 0.5 mL in PBS), except for appropriate controls, and incubated 

for 30 min at 37“C in 5% C02/95%  humidified air, in the dark. Control samples were 

incubated in PBS. Cells were pelleted by centrifugation at 180 x g for 3 min, and 

resuspended in 0.5 mL PBS. A volume o f  5 |jL  Pl solution (1 mg/mL) was then added to all 

samples, except appropriate controls. Appropriate samples were then irradiated with 2 Gy 

X-ray radiation (as described in section 2.4), and all samples were placed on ice in the dark. 

Instrumental controls were set up in parallel with the samples, in order to define the 

boundaries o f  each population during analysis on the flow cytometer. These included 

unstained controls, single stained cells with CM -H 2 DCFDA only and PI only, and a 

positive control. Positive controls were treated with 100 H 2 O 2 for 30 min. Fluorescence 

was analysed immediately using a CyAnADP flow cytometer. A minimum o f  10,000 events
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in a live gate were collected. Mean fluorescence intensity was used as a m easure o f  ROS, 

using Summit v4.3 software (appendix 1C).

2.11 Measurement of intracellular glutathione levels

Intracellular levels o f  the anti-oxidant enzyme glutathione were m easured using the 

luminescence based GSH-Glo™  glutathione assay (Promega, M adison, WI, USA). In this 

assay, glutathione S-transferase catalyses the conversion o f a luciferin derivative to 

luciferin, in the presence o f  glutathione. The addition o f  luciferase initiates a stable 

luminescent signal that is directly proportional to the amount o f  luciferin, and thus the 

amount o f glutathione, in the sample. Cells in the exponential growth phase were harvested 

by trypsinisation as previously described (section 2.3.2). Cells were seeded in duplicate at a 

concentration o f 7 x 10^ cells/well in a white-walled 96-well plate (Corning Incorporated) 

and allowed to adhere overnight at 37°C in 5% C02/95%  humidified air. Following 

irradiation with 2 Gy, medium was removed from the wells and the cells were washed with 

100 |j L PBS. A volum e o f  10 |j L glutathione standard (0 ^g - 5 |ag) was added in duplicate 

to the plate to allow for the conversion o f  luminescence (relative luminescence units) to 

glutathione concentration. A volume o f  100 fiL GSH-Glo™  reagent was added to all wells, 

except GSH-Glo™  reagent negative controls. The plate was then mixed briefly using a 

plate shaker at 25 rpm, and incubated for 30 min at RT°C. A volume o f  100 |iL  luciferin 

detection reagent was added to all wells, mixed briefly using a plate shaker, and incubated 

for 15 min at RT°C. A 1 s integrated luminescence reading was then taken using a Wallac 

Victor^ 1420 multilabel counter (Perkin Elmer). The luminescence reading for each sample 

was averaged, and the averaged luminescence reading from GSH-Glo^*^ reagent negative 

controls was subtracted. Glutathione concentrations from each sample were calculated from 

the standard curve (appendix 2), using the equation o f the line.

2.12 Analysis of DNA damage by yH2ax detection

Phosphorylated histone 2ax was detected in cell lines by im m unofluorescence and 

high content screening using a GE InCell 1000 analyser (GE Healthcare, W anukesha, WI, 

USA). The GE InCell analyser 1000 is a microscope-based screening platform capable o f
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high throughput large-scale analysis o f fluorescently labelled cells, using automated image 

acquisition, data management and multi-parametric analysis.

Cells in the exponential growth phase were harvested by trypsinisation as 

previously described (section 2.3.2). Cells were seeded in triplicate at a concentration o f 7
3 2X 10 cells/well in a half-area 96-well microplate (0.15 cm well area) (Greiner Bio-One, 

GmbH, Frickenhausen, Germany) and allowed to adhere overnight at 37°C in 5% COil95% 

humidified air. A separate 96-well plate was used for each treatment. Cells were irradiated 

with 2 Gy X-ray radiation (as previously described in section 2.4), whilst control plates 

were mock irradiated. At 20 min, 6 h and 24 h post irradiation, media was removed from 

the wells, and the cells were washed with 100 |iL PBS. The PBS was removed from wells 

and 100 |iL paraformaldehyde (4% v/v in PBS) was added to each well, allowing fixation 

o f cells. Plates were sealed with parafilm, and incubated at 37°C for 30 min. The fixative 

was removed and cells were washed 3 times with 100 |aL PBS for 5 min each. A volume of 

50 |aL blocking buffer (5% goat serum (Vector Laboratories, Inc. Burlingame, CA, USA), 

3% Triton X-100 in PBS) was added to each well and incubated for 1 h at RT“C. The 

blocking buffer was removed, and the cells were incubated with 25 f^L rabbit anti-human 

anti-phospho-histone2ax (serl39) antibody (Cell signalling technology Inc., Danvers, MA, 

USA) at a dilution o f 1:50 in antibody dilution buffer (1% Bovine serum albumin, 0.3% 

Triton X-100 in PBS). Cells were incubated at 4°C overnight. The primary antibody was 

then removed and the cells were washed 3 times with 100 |iL PBS for 5 min each. Cells 

were then incubated with 25 |aL Alexafluor 488-labelled goat anti-rabbit secondary 

antibody (Invitrogen) at a dilution o f 1:2000 in antibody dilution buffer, for 1 h at RT°C in 

the dark. The secondary antibody was removed and the cells were washed 3 times with 100 

I^L PBS for 5 min each. Cells were then incubated with Hoechst 33342 nuclear stain (3 

|ig/mL in PBS) for 30 min at 37°C. Cells were washed 3 times with 100 \iL PBS for 5 min 

each, the PBS was replaced and cells were immediately analysed on the InCell analyser 

1000. Fifteen fields o f view per well were acquired using a 20X objective. Nuclear staining 

with Hoescht was detected using an excitation filter o f 360 nm and emission filter o f 460 

nm. Alexafluor 488 was detected using an excitation filter o f 480 nm and an emission filter 

o f 535 nm. Mean nuclear fluorescence intensity was used as a measure o f yH2ax using 

InCell analyser 1000 workstation image analysis software (GE Healthcare).
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2.13 RNA isolation

R N A  w as isolated  from  ce ll lines using T R l-reagent®  R N A  iso lation  reagent 

(M olecular R esearch C entre Inc., C incinnati, OH, U S A ). TR I-reagent com b in es phenol and 

guanidine th iocyanate to facilitate the inhibition o f  R N ase activity. Sam ples are lysed  in 

T R l-reagent, and addition o f  brom ochloropropane (B C P ) separates the lysate into organic  

and aqueous phases. R N A  partitions to the upper aqueous phase, D N A  to the interphase, 

and protein to the low er organic phase. R N A  can then be precipitated from  the aqueous  

phase.

M edium  w as rem oved from  c e lls  and the ce lls  lysed  directly  in a culture dish by
2 2addition o f  1 mL or 0 .5  m L T R l-reagent into 75 cm  or 25 cm  flasks, resp ectively . C ells  

w ere scraped from the surface o f  the culture v esse l using a plastic ce ll scraper, passed  

through a pipette tip three tim es to aid lysin g  o f  ce lls , and transferred to a 1.5 m L ep p en d orf  

tube. Sam ples w ere then stored im m ediately  at -80°C . T o isolate total R N A , sam p les w ere  

thaw ed and left to stand at RT°C for 10 m in, to a llow  the com p lete  d issocia tion  o f  

nucleoprotein com p lexes. A  v o lu m e o f  100 ^L BC P per I mL TR I-reagent used, w as added  

to the lysate, w hich  w as v ig orou sly  m ixed  for 15 s, then stored for 10 m in at RT°C. 

Sam ples w ere then centrifuged at 13 ,400  x g for 15 m in at 4°C , separating the sam ple into a 

low er red phenol-ch loroform  phase, w hite interphase, and upper co lou rless aqueous phase. 

The aqueous phase w as transferred to a 1.5 mL eppendorf and R N A  w a s precipitated by 

addition o f  0.5 mL isopropanol per 1 mL TR I-reagent used. Sam ples w ere stored for 5 min 

at RT°C and centrifuged at 13 ,400  x g for 8 m in at 4°C. The supernatant w as rem oved  and 

the R N A  pellet w as w ashed  by vortex in g  w ith 1 mL ethanol (75%  v /v ) (Merck.) per 1 mL  

T R l-reagent used. Sam ples w ere then centrifuged at 7 ,5 0 0  x g for 5 m in at 4°C . T he ethanol 

w ash w as rem oved and the p ellet w as air dried for ~ 4  m in. The R N A  p ellet w as then 

resuspended in 3 0 -6 0  |jL R N ase-free, m olecular-grade H2 O, depending on p ellet s ize . 

Isolated R N A  w as stored at -80°C .

2.14 RNA quantification

R N A  w as quantified spectrophotom etrically  using  a N anodrop 1000  

spectrophotom eter v 3 .3  (Therm o S cien tific , W ilm ington, DE, U S A ). T he instrum ent w as  

cleaned using  1 |iL  H 2 O and then blanked using 1 |iL  R N ase-free H 2 O. A  l | iL  vo lu m e o f
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isolated R N A  from each sample w as then loaded onto the nanodrop pedestal. R N A  was 

m easured in ng/fiL. D N A  contam ination w as assessed by noting the A bs 26o/Abs28o ratio, 

w ith a ratio o f  above 1.8 indicative o f  a relatively pure yield. T he A bs26o/Abs23o ratio was 

also determined, with a ratio o f  above 1.7 indicating that the sam ple w as free o f  phenol 

contamination.

2.15 Measurement of RNA Integrity

The integrity o f  isolated R N A  that w as to be used for m icroR N A  array analysis was 

determ ined using a bioanalyzer 2100 (Agilent Technologies, Dublin, Ireland), which is a 

microflu id ics-based platform for sizing, quantification and quality control o f  R N A  on a 

single ‘ch ip ’ platform. R N A  samples are separated by electrophoresis on a gel and detected 

via laser-induced fluorescence detection. The bioanalyser software then generates a ratio o f  

the 18S and 28S ribosomal subunits to produce an R N A  integrity num ber (RIN), on a scale 

o f  1-10. All R N A  sam ples to be used on m iRN A  arrays were isolated simultaneously, 

therefore, 6 sam ples were selected at random, to test for RNA integrity.

A 2 |il vo lum e o f  each RNA sam ple and R N A  ladder (Agilent Technologies) were 

denatured at 72°C for 2 m inutes and immediately  placed on ice. T he chip was prepared by 

evenly distributing a com m ercial gel-dye mix onto  the surface o f  the chip  using a syringe, 

following w hich  1 |il o f  ladder and 1 |il o f  each sam ple were placed in the appropriate wells 

on the chip surface. The chip w as vortexed for 1 min, and read on the bioanalyzer 2100 

within 5 min. A  RIN o f  > 7 was indicative o f  high quality RNA.

2.16 Polymerase Chain Reaction (PCR)

2.16.1 Reverse-transcription reaction

High quality  total R N A  w as reverse transcribed to cD N A  using random  hexam er 

o ligodeoxyribonucleotides that prime m R N A  for cD N A  synthesis. A volum e o f  1 |iL  o f  

random  hexam ers (Prom ega, M adison, WI, USA ) w as added to 1.0 jig total RNA, and the 

volum e adjusted to  11 jiL with RNase-free H 2O. T he reaction m ixture w as then incubated at 

70°C for 10 min to denature the RN A  and w as then placed on ice. A  m aster mix o f  reverse- 

transcription (RT) com ponents  w as m ade up to contain  (per Rt reaction): 0.5 |iL  RNasin  

(40 U/|aL) (Prom ega),  0.5 | jL  10 m M  d N T P ’s (stock prepared as a 1:1:1:1 ratio o f  dATP,
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dCTP, dGTP, dTTP) (Promega), 4 |^L reverse-transcription reaction buffer (250 mM Tris 

HCl, 375 mM KCl, 15 mM MgCl2 ) (Invitrogen), 2 \iL 0.1 M dithiothreitol (DTT) 

(Invitrogen), 0.5 |aL superscript II (200 U/|jL) (Invitrogen) and 0.5 |iL RNase-free H2 O. 

The Rt master mix was added to the RNA/random hexamer reaction and mixed well by 

pipetting. Samples were pooled by centrifugation. The Rt reaction was incubated at 37°C 

for 1 h.

2.16.2 Reverse-transcription PCR

cDNA reverse transcribed from RNA as described in section 2.16.1 was used as a 

template for Rt-PCR. A master mix o f PCR components was made up to contain (per PCR 

reaction): 15 |iL GoTaq master mix (2X)( 400 |iM dATP, dGTP, dCTP, dTTP, 3 mM MgCh, 

GoTaq polymerase, pH 8.5) (Promega), 2 |^L forward primer (10 pmol/|j,L), 2 jiL reverse 

primer (10 pmol/^L) (Operon, Ebersberg, Germany) and 9.5 |iL H2 O. A 1.5 |xL volume of 

cDNA was then added to give a final reaction volume o f 30 fiL. A no-template control 

using 1.5 |xL H2 O instead o f cDNA template was also included. Template cDNA was 

initially denatured at 94°C for 5 min, followed by 24-35 amplification cycles, in an 

automated DNA Thermal Cycler (MJ Research Inc., Watertown, MA, USA). Each cycle 

consisted o f template denaturation (94°C for 30s - 1 minute, optimised for each target), 

primer annealing (55-60°C for 30s - 1 min, optimised for each target) and extension (72°C 

for 1 min). This was followed by an elongation step to complete the amplification cycle 

(72°C for 10 min). The primers, denaturation times, annealing temperatures/ time and the 

number of amplification cycles used in each PCR are outline in table 2.2.

Table 2.2 Primer sequences, denaturation and annealing conditions for Rt-PCR

Gene Primer sequence
Denaturation

Temp.
T m andN o. 

of cycles

GapdH Fwd: 5 ’ -TGAAGGTCGGAGTCAACGGATTTGGT-3 ’ 

Rev: 5’-TTACTCCTTGGAGGCCATGT-3’

94°C for 30 s
60°C for 1 

min

25 cycles

GSTPl Fwd: 5’-GGCTCACTAAAAGCCTCCTG -3’ 

Rev: 5’-AGTGCCTTCACATAGTCATC-3’

94°C for 1 
min

55°C for 1 
min

35 cycles
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2.16.3 Agarose Gel Electrophoresis

Rt-PCR products were analysed by agarose gel electrophoresis. A 1% w/v agarose 

gel was made by adding 1.5 g o f agarose powder (Bioline, London, England) to 150 mL IX 

Tris-acetate EDTA (TAE) buffer (40 mM Tris HCl, pH 8.0, 20 mM glacial acetic acid, 1 

mM EDTA, pH 8.0). The agarose was dissolved completely in the TAE by boiling in a 

microwave for approximately 2 min. The agarose solution was then allowed to cool to 55- 

60°C and 6 )aL ethidium bromide (500 ng/mL) was then added and mixed. The agarose 

solution was then poured into a gel electrophoresis rig gel plate. Two 16-well combs were 

inserted and any bubbles were removed from the gel using a pipette tip. The gel was left to 

solidify at RT“C for ~20 min. The combs were then carefully removed from the gel and the 

gel was submerged in 1 X TAE buffer, with the wells proximal to the anode. A 5 fiL volume 

o f 100 bp molecular weight DNA ladder (Promega) and 10 |iiL o f samples were loaded into 

the wells. Electrophoresis was then carried out using a MAXI Horizontal electrophoresis 

rig (model SH413) (Sigma) keeping the voltage constant at 125 V for -4 0  minutes. The 

PCR products were then visualised and examined under UV light using a Biospectrum 

Imaging System (Ultra Violet Products, Cambridge, UK). Images were taken using the 

VisionworksLS software program.

2.16.4 Densitometric Analysis of Rt-PCR Products

Densitometric analysis was carried out using TINA v4.0 software (Raytest, 

Straubenhardt, Germany). Values were represented as a ratio o f sample band intensity to 

that o f the corresponding endogenous control GapdH.

2.16.5 Quantitative real-time PCR

cDNA reverse-transcribed from total RNA (as described in section 2.16.1) was used 

as a template for quantitative real-time PCR, which was carried out using Taqman® gene 

expression assays (Applied Biosystems, Foster city, CA, USA). The following PCR master 

mix was prepared for each sample to be amplified; 10 |^L TaqMan® Universal Master Mix 

(2X), 7.0 |iL nuclease-free H2 O, 1 |iL Taqman® gene expression assay. cDNA (2 |jL) from 

each sample was added in triplicate to a 96-well optical reaction plate (ABI Prism®, 

Applied Biosystems). A no-template control using 2 |jL H2 O instead o f cDNA template
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was also included. The PCR master mix was then added to each well, to give a final 

reaction volume o f 20 ^L. The reaction plate was sealed using an optical adhesive cover 

(Applied Biosystems), and the plate was centrifuged briefly to pool reagents and eliminate 

any bubbles. Real-time PCR detection was performed using an ABI Prism 7900HT real

time thermal cycler (Applied Biosystems), using the thermal cycling program outlined in 

table 2.3. Gene expression data was analysed as described below in section 2.16.6, 18S 

ribosomal RNA or GapdH were used as endogenous controls for data normalisation.

Table 2.3. Thermal cycling conditions for Quantitative real-time PCR

Number of Cycles Time (Min) Temperature (®C)
1 2 50
1 10 95
40 0.25 95

1 60

2.16.6 Quantitative real-time PCR data analysis

Quantitative real-time PCR data was analysed using SDS 2.3 and SDS RQ Manager 

1.2 relative quantification software. A visual inspection o f triplicate expression values was 

initially performed to exclude outliers. The threshold cycle (Ct) for each well was 

calculated and the expression levels of target genes were normalised to expression levels of 

specific endogenous control genes. Analysis o f gene expression data was then carried out 

using the 2‘̂ '^^‘ relative quantification method, which describes the change in expression of 

a target gene relative to the expression o f a reference group, such as an untreated control.

2.17 Quantitative real-time PCR for miRNA analysis 

2.17.1 miRNA stem-loop reverse-transcription reaction

For analysis of miRNA expression, total RNA was reverse transcribed to cDNA 

using the TaqMan® miRNA stem-loop reverse transcription (RT) kit (Applied 

Biosystems). This kit utilises hairpin loop-RT primers that are specific to the target mature 

miRNA molecule and extend the miRNA molecule from the 3 ’ end, producing a template 

that is amenable to conventional real-time PCR. The components o f the kit were thawed on 

ice and added as a master mix to a PCR tube. The following reagents were added to the
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master mix for each Rt reaction: 0.15 |^L 100 mM dNTPs, 1.0 |iL Multiscribe™ reverse 

transcriptase (50 U/mL), 1.5 reverse transcription buffer (lOX), 0.19 RNase 

Inhibitor (20 U/|iL) and 1.16 |iL nuclease-free H2 O. Total RNA (10 ng) made up to 5 |o,L 

with RNase-free H2 O was added to the master mix, mixed gently and briefly centrifuged to 

pool reagents. A volume o f 3 |aL Rt primers (for target and endogenous control miRNA) 

were then added, and the reaction was gently mixed by pipetting. The Rt reaction was 

incubated on ice for 5 min and reverse transcription was performed on a G-Storm thermal 

cycler (Gene technologies Ltd., Braintree, Essex, UK) using the programme outlined in 

table 2.4.

Table 2.4. Thermal cycling conditions for miRNA stem-loop reverse-transcription

Number of Cycles Time (Min) Temperature (®C)
1 30 16
1 30 42
1 5 85

2.17.2 miRNA quantitative real-time PCR

cDNA reverse-transcribed from total RNA (as described in section 2.17.1) was used 

as a template for quantitative real-time PCR, which was carried out using a Taqman® 

miRNA assay kit (Applied Biosystems, Foster city, CA, USA). The following PCR master 

mix was prepared for each sample to be amplified: 10 |iL TaqMan Universal Master Mix 

(2X), 7.67 |iL nuclease-free H2 O and 1 miRNA assay primers. A volume o f 1.33 [iL 

cDNA from each sample was added in triplicate to a 96-well optical reaction plate (Applied 

Biosystems). A no-template control using 1.33 nL H2 O instead o f cDNA was also included. 

The PCR master mix was then added to each well to a final volume of 20 |iL. The reaction 

plate was sealed using an optical adhesive cover (Applied Biosystems), and the plate was 

centrifuged briefly to pool reagents and eliminate any bubbles. Real-time PCR detection 

was performed using an ABI Prism 7900HT real-time thermal cycler (Applied Biosystems), 

using the program outlined in table 2.5. Data was analysed as described in section 2.16.6, 

using the small nucleolar RNA RNU48 as an endogenous control.
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Table 2.5. Thermal cycling conditions for miRNA real-time PCR reactions

Number o f Cycles Time (Min) Temperature (®C)
1 10 95

40 0.25 95

1 60

2.18 Quantitative real-time PCR for Human microRNA Arrays

The global m icroRNA expression profile was analysed using Human microRNA 

TaqM an Low Density Custom arrays vl.O (Applied Biosystems). Each array contains a 

panel o f 365 miRNA targets (appendix 3A), as well as two small nucleolar RNA m olecules 

(RNU44 and RNU48) that act as endogenous controls for data normalisation.

2,18.1 RNA isolation for miRNA studies

RNA for m icroarray studies was isolated using an RNeasy Plus Mini Kit (Qiagen, 

West Sussex, UK). This kit incorporates spin columns that ensure elim ination o f  any 

genomic DNA contam ination. Cells were collected by trypsinisation, as previously 

described (section 2.3.2), and centrifuged at 300 x g for 5 min at RT°C. The supernatant 

was completely removed and the cell pellet dislodged by mild agitation. A volum e o f  600 

|j L buffer RLT-plus, containing P-mercaptoethanol (10% v/v), was added to the sample and 

vortexed to aid lysing o f  cells. The lysate was passed five tim es through a 29-gauge needle 

(0.33 mm in diameter) fitted to an RNase-free syringe (BD, Franklin Lakes, NJ, USA) to 

homogenise the sample. The hom ogenised lysate was then transferred to a gDNA 

eliminator spin column placed in a 2 mL plastic collection tube. The sample was then 

centrifuged at 8000 x g for 30 s at RT°C. The column was discarded and I volume o f 

ethanol (v/v 70%) (M erck) was added to the flow-through and mixed by pipetting. Up to 

700 |iL o f  this was transferred to an RNeasy spin column placed in a 2 mL plastic 

collection tube and centrifuged at 8000 x g for 15 s at RT°C. The flow-through was 

discarded, and successive aliquots were centrifuged in the same RNeasy spin column, 

discarding the flow through, until the entire sample volume had been centrifuged. A 

volume o f  700 |iL  o f  buffer R W l was then added to the RNeasy spin colum n, which was 

centrifuged at 8000 x g for 15 s at RT°C. A volume o f  500 ^L  buffer RPE was then added 

to the spin column and centrifuged at 8000 x g for 15 s at RT°C. The spin colum n was
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w ashed  again by further addition o f  500  |^L buffer RPE, and centrifuged  at 8000  x g for 2 

m in at RT“C. T his centrifugation step dries the spin co lu m n  m em brane, ensuring no 

carryover o f  ethanol. The spin colum n w as placed in a n ew  2 mL plastic co llection  tube and 

centrifuged  at fu ll speed  for 1 m in at RT°C, ensuring no carryover o f  buffer RPE. The spin  

colum n w as then placed in a new  1.5 m L plastic co llec tio n  tube and 4 0  |iL  R N ase-free H 2 O 

w as applied d irectly  to the spin colum n m em brane. T his w as centrifuged at 8000  x g for 1 

m in at RT°C to elu te the R N A . This w as then repeated using  a further 30  |jL  R N ase-free  

H 2 O i f  the exp ected  R N A  yield  w as >  30  ^g. T he eluted R N A  w as then quantified  

sp ectrophotom etrically  using  a nanodrop (as described in 2 .1 4 ), and integrity w as assessed  

(as described  in section  2 .1 5 ). R N A  w as stored at -8 0 “C.

2.18.2 miRNA m ultiplex reverse-transcription reaction

H igh quality total R N A  (isolated  as per section  2 .1 8 .1 )  w as reverse transcribed to 

c D N A  using  the TaqM an m iR N A  reverse transcription kit (A pplied  B iosystem s). A ll 365  

m iR N A  targets contained in the m icroR N A  array w ere reverse-transcribed in eight separate 

Rt reactions, u sin g  8 pre-defined Rt primer p oo ls each conta in ing  up to 48  Rt primers. The 

com p on en ts o f  the kit w ere thaw ed on ice and added as a m aster m ix  to a PCR tube. The  

fo llo w in g  reagents w ere added to the m aster m ix  for each reverse-transcription reaction: 

0 .2 0  i^L 100 m M  d N T P s, 2 .0  M ultiscribe™  reverse transcriptase (5 0  U /m L ), 1.0 

reverse transcription buffer (lO X ), 0 .125  fiL R N ase inhibitor (20  U /n L ) and 3 .675  |iL  

n u clease-free  H 2 O. Per sam ple, 100 ng total R N A  w as m ade up to 2 jaL w ith R N ase-free  

H 2 O and pipetted into 8 separate PCR tubes, w h ich  w ere p laced on ice. The Rt reaction  

m aster m ix w as then added to the R N A  in each o f  the 8 PC R  tubes. A  volu m e o f  1 o f  

each m ultip lex  Rt primer pool (1 -8 ) w as added into the corresponding PCR tube (1-8). 

Each reverse transcription reaction w as m ixed  gently , briefly  centrifuged  to pool reagents 

and placed  on ice  for 5 m in. The m ultip lex  reverse transcription reaction w as then 

perform ed using  a G -storm  thermal cycler  (G ene tech n o lo g ies  Ltd), u sin g  the program  

outlined in table 2 .4 .
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2.18.3 Quantitative real-time PCR Human microRNA array

Each o f  the m ultip lex  Rt reactions (section 2 .18.2) w as transferred  to  a 1.5 m L 

eppendorf tube, and dilu ted  62.5-fold  by addition o f  615 nuclease-free  H 2O. A  50 |aL 

volum e o f  the d ilu ted  R t reaction w as transferred  to  a new  1.5 m L ep p en d o rf tube, and 50 

fiL (2X ) T aqM an®  U niversal M aster M ix (A pplied B iosystem s) w as added. T he tubes 

w ere m ixed gently  and placed on ice. T he T aqM an arrays (A pplied  B iosystem s) w ere 

allow ed to equilib rate to RT°C and w ere then carefu lly  rem oved from  packag ing  and placed 

foil-side dow n on the lab bench. The R T /m aster m ix solu tion  w as then p ipetted  into the 

corresponding fillports (1-8) on the array, ensuring  that the entire 100 vo lum e entered 

the fill reservoir. T he T aqM an array w as then centrifuged tw ice at 331 x g for 1 m in each, 

to  ensure com plete d istribu tion  o f  the PC R  reaction m ix. T he arrays w ere  then  sealed  using 

a TaqM an array sealer (A pplied  B iosystem s) and the fill reservoirs rem oved using  scissors. 

The real-tim e PC R  reaction  w as perform ed using an ABI Prism  7500 real-tim e therm al 

cycler (A pplied B iosystem s), using the program  outlined in table 2 .5. R esultan t PC R  data 

w as then analysed as described  in section 2.16.6, but using SDS 2.1 re la tive quan tification  

softw are. T he sm all nucleo lar R N A  R N U 48 w as used as an endogenous control gene, as its 

expression was the m ost consisten t o f  the tw o endogenous control genes on the m icroR N A  

arrays.

2.19 Quantitative real-time PCR for DNA Repair Profiler Arrays

The expression profile o f  a panel o f  genes involved in D NA repair pathw ays w as 

assessed using R T^Profiler™  PC R  A rray technology (Super A rray B ioscience C orporation , 

Frederick, M D, U SA ). Each array  consists o f  a 96-w ell plate con tain ing  p rim er sets for 84 

genes involved in D N A  repair pathw ays, such as base excision  repair, nucleo tide  excision 

repair, m ism atch repair and double strand break repair. Each array also  con tains prim er sets 

for 5 housekeeping genes and 2 negative contro ls. A full layout o f  the  array  is p rovided  in 

appendix  3B.

2.19.1 Reverse-transcription reaction

Follow ing isolation and quantifica tion  o f  R N A  as described  in sections 2.18.1 and 

2.14, respectively, cD N A  w as synthesised using a First S trand cD N A  syn thesis k it (Super
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Array Bioscience Corporation). RNA (1 |xg) was added to 2 jiL Genomic DNA elimination 

mixture and made up to a final volume o f 10 |o.L with H2 O. The sample was mixed by 

pipetting, incubated at 42°C for 5 min and immediately chilled on ice for at least 1 min. The 

Rt components were made up in a master mix, which contained (per Rt reaction): 4 |o,L 

(5X) reverse-transcription buffer 3, 1 |j,L primer and external control mix, 2 fxL reverse- 

transcription enzyme mix 3 and 3 |j.L nuclease-free H2 O. The Rt master mix was added to 

the RNA/Genomic DNA elimination mixture and mixed by pipetting and centrifugation. 

The Rt reaction was then incubated at 42°C for 15 min and then immediately incubated at 

95°C for 5 min. A 91 )xL volume o f H2 O was then added to the Rt reaction and the sample 

mixed well. Samples were stored at -20°C overnight.

2.19.2 Quantitative real-time PCR of Profiler Array

For quantitative real-time analysis o f samples on RT^Profiler™ PCR arrays, a PCR 

master mix was prepared that contained (per sample): 1.35 mL RT qPCR Master Mix 

(Super Array Bioscience Corporation), 1.25 mL H2 O and 102 jiL o f the diluted cDNA 

reaction (section 2.19.1). The PCR reaction was mixed well by pipetting. PCR arrays were 

removed from their packaging and 25 [xL o f the PCR reaction was pipetted into each well 

o f the array. The PCR array was sealed using an optical adhesive cover (Applied 

Biosystems), and the plate was centrifuged briefly to pool reagents and eliminate any 

bubbles. Real-time PCR detection was performed using an ABl 7900HT real-time thermal 

cycler (Applied Biosystems), using the program outlined in table 2.3. Data analysis was 

performed as described in section 2.16.6. The optimum endogenous control was selected 

using the DataAssist v2.0 software program (Applied Biosystems). The averaged 

expression o f B2M  and GapdH  was used as an endogenous control for data normalisation, 

as expression o f these genes was most consistent o f the five endogenous control genes on 

the PCR array (appendix 3C). One OE33 R sample was set as the calibrator for relative 

quantification analysis.

2.20 SAHA and 5-AZA treatment

Cells in the exponential phase were treated with either SAHA (5 ^.M) for 24 h 

(Hockly et al., 2003) or 5-AZA (1 |iM) for 48h (Eriksson et al., 2001), in complete
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medium. Complete medium containing 5-AZA (1 |iM ) was replaced after 24 h. RNA was 

then isolated as described in section 2.13.

2.21 miRNA transient transfection

Am bion® Pre-miR™  miRNA precursor m olecules (Applied Biosystem s) were used 

to transiently overexpress specific mature miRNA in cell lines. Pre-miR^*^ precursors are 

small, chemically-modified double-stranded RNA m olecules designed to mimic 

endogenous miRNA molecules. Careful design and m odification ensures that the correct 

strand, representing the desired mature miRNA, is taken up into the RNA-induced silencing 

complex (RISC) that is responsible for miRNA activity. The delivery o f  Pre-miR™  

precursors into cells requires the use o f transfection reagents. Lipid-based transfection 

reagents facilitate transfection by complexing into aggregates with the negatively charged 

nucleic acid complexes. These nucleic acid-transfection reagent com plexes are then 

efficiently taken up by cells. Lyophilised Pre-m iR™  precursors were resuspended to a 

concentration o f  6.25 (xM with nuclease-free H2O.

2.21.1 Pre-miR™ miRNA precursor starter kit

An Ambion® Pre-m iR™  miRNA precursor starter kit (Applied Biosystem s) was 

used to optimise conditions for the transfection o f Pre-m iR™  miRNA precursor molecules. 

This kit includes a positive control Pre-m iR™  hsa-miR-1 (Pre-m iR-1), which 

downregulates the expression o f  the PTK9  gene at the mRNA level. Thus, effective 

delivery and activity o f Pre-miR-1 can be detected by real-tim e PCR using a TaqM an® 

gene expression assay specific to PTK9. The kit also includes a non-targeting negative 

control miRNA precursor, and thus facilitates optim isation o f  transfection conditions for 

delivery o f  miRNA mimics.

2.21.2 Reverse Transfection

Reverse transfection involves mixing cells in suspension with transfection 

complexes, before they adhere to a culture vessel. As the cells are in suspension, a larger 

amount o f  cell surface is exposed to the transfection complexes, which generally improves 

transfection efficiency.



Cells in the exponential growth phase were harvested by trypsinisation as 

previously described (section 2.3.2). Cells were resuspended in antibiotic-free medium at a 

concentration o f  1 x 10  ̂ cells/m L and incubated at 37°C until required. The transfection 

reagent, siPORT™  A^eoFX™ (Applied biosystems) or Lipofectam ine 2000 (Invitrogen) (5- 

9 i^L) was diluted in Opti-M EM  I medium (Invitrogen) to a final volume o f  300 |^L per 

well to be transfected and incubated for 10 min at RT“C. The Pre-m iR miRNA precursor 

(5-50 nM) was diluted in Opti-M EM  1 medium, to a final volum e o f  300 |iL per well to be 

transfected. The diluted Pre-m iR miRNA precursor was then added to the diluted 

transfection reagent, gently mixed and incubated for 10 min at RT°C to allow the nucleic 

acid/transfection reagent com plexes to form. A volume o f  600 |xL o f  miRNA/transfection 

reagent complex was then dispensed into a well o f  a 6-weil plate. A volume o f  2.4 mL o f 

the cell suspension was added to the well (final density o f  2.4 x 10^ cells/well) and the plate 

was rocked gently for 30 s to evenly distribute the cells and transfection complexes. Cells 

were then incubated at 37°C in 5% C02/95%  humidified air. RNA was isolated from 

transfected cells at 4 h, 24 h and 48 h post transfection (as described in section 2.18.1). 

Controls were set up in parallel with transfection o f  Pre-m iR precursor molecules. These 

included a negative non-targeting control (cells transfected with a non-targeting precursor 

molecule), a transfection reagent only control and a cells only control (cells treated with 

Opti-M EM  I medium only).

2.21.3 Clonogenic survival following transfection

Tw enty-four hours after transfection o f  the Pre-m iR precursor m olecules (as 

described in section 2.21.2), cells were irradiated with 2 Gy X-ray radiation (as described in 

section 2.4). Control cells were mock irradiated. At 1 h post irradiation, cells were collected 

by trypsinisation, counted and seeded in 6-well plates (as described in sections 2.3.2 and 

2.3.5) at the optim ised seeding densities outlined in table 2.6. Cells were incubated at 37°C 

in 5% C02/95%  humidified air for 9-14 days. Cells were then fixed, stained (as described 

in section 2.6.1), counted, and survival calculated as described (section 2.6.2).
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Table 2.6 Optimised transfection clonogenic seeding densities

Treatment
Cell seeding density (cells/well) 

(6-well plate)

Cells only control 1.5 X 10^

Lipofectamine control 1.5 X 10^
Pre-miR- miRNA precursor 1.5 X 10^
Scrambled control 1.5 X 10^
Cells only + 2 Gy 3.0 X 10^

Lipofectamine + 2 Gy 3.0 X 10^

Pre-miR- miRNA precursor + 2 Gy 3.0 X 10^

Scrambled control + 2 Gy 3.0 X 10^

2.22 Patient samples

2.22.1 Patients

Following ethical approval (St James’s Hospital and Adelaide, Meath and National 

Children’s Hospital Institutional Review Board (IRB), and written informed consent, 

diagnostic biopsy specimens and blood samples were taken from patients with a diagnosis 

o f operable oesophageal cancer, for inclusion in the departmental bioresource. Patients 

were deemed suitable for multimodal regimen if they fulfilled the following IRB-approved 

criteria: satisfactory performance status and medical fitness for surgery, a biopsy proven 

tumour o f the oesophagus or oesophagogastric junction, and a staged tumour deemed 

resectable by the primary surgeon. Patients who had a previous history o f cancer, except 

that o f the skin, and patients who had previously received chemotherapy and/or radiation 

therapy, were excluded from the study.

2.22.2 Tissue collection

Diagnostic endoscopic biopsies were obtained by a qualified endoscopist prior to 

neoadjuvant therapy. Immediately adjacent tissue was taken for histologic confirmation, 

which was performed using routine hematoxylin and eosin staining. Specimens were 

immediately placed in RNA-later (Ambion, Warrington, UK) and refrigerated for 24 h, 

before removal o f RNA-/a/er and storage at -80°C.
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2.22.3 Treatm ent protocol

Patients received a standardised neoadjuvant chem oradiation therapy regimen. 

Chem otherapy consisted o f  2 courses o f  5-FU and cisplatin. 5-FU (15 mg/kg) was infused 

over 16 h on days 1-5 and 35 to 39. Cisplatin (75 m g/m i) was infused over a period o f  6 h 

on days 6 and 40. For radiation therapy, the planning target volume incorporated the gross 

tum our volum e plus a 4 to 5 cm margin superiorly and inferiorly with 2 cm 

circum ferentially. Radiation therapy comm enced on the first day o f  the first course o f 

chem otherapy and was given in daily fractions over 5 days. Patients received 40.05 Gy in 

15 daily fractions (2.67 Gy/fraction) over 3 weeks. Surgery involved transthoracic 

oesophagectom y, including en-bloc lymphadenectomy o f  the abdominal and mediastinal 

nodes, within 1 month o f  completing the CRT regimen.

2.22.4 H istology

All resected oesophagectom y specimens, including lymph nodes were assessed by 

an experienced pathologist who was blinded to the clinical data. Each surgical specimen 

was evaluated for extent o f  residual cancer, depth o f  invasion and lymph node metastasis. 

Tum ours were staged in accordance with the criteria o f  the International Union Against 

Cancer and the Am erican Joint Committee on Cancer Staging (Greene and Sobin, 2002). 

Individual tum our response to treatm ent was designated as 1 o f  5 tum our regression grades 

(TRG), as described by Mandard et al. TRG 1 represents fibrosis within the oesophageal 

wall with no viable residual tumour cells. TRG 2 represents rare residual tumour cells 

w ithin the fibrosis. TRG 3 represents predom inant fibrosis with residual tumour. TRG 4 

represents residual tum our outgrowing fibrosis, whilst TRG 5 represents a complete 

absence o f  regressive changes (Mandard et al., 1994). Good responders were classified as 

patients achieving a TRG o f 1 or 2, whilst poor responders were classified as patients 

achieving a TRG o f  3, 4 or 5.

2.22.5 Serum collection

W hole blood was collected in Z clot activator serum vacuette tubes (Greiner Bio- 

one), and tubes were allowed to stand for 20 min at RT°C to facilitate clotting. Samples
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w ere centrifuged at 960 x g for 10 m in at 4“C. The serum  layer w as then  rem oved to a fresh 

screw -top 2 ml p lastic tube and stored at -80°C until required.

2.22.6 Processing of diagnostic biopsies for large and small RNA

L arge and sm all R N A  w as isolated from  patient b iopsy sam ples using the A ll-in - 

O ne purification kit (N orgen  B iotek, O ntario, C anada), w hich allow s isolation and 

purification o f  both large and sm all R N A  from a single sam ple.

A volum e o f  400 )j,L o f  lysis buffer w as added to frozen tum our tissue sam ples (20 

m g), w hich w ere then  hom ogenized  using a tissue lyser (R etSch &  C o G m bH , H aan, 

G erm any) set at a frequency  o f  25 ag itations/s for 8 min. A single 5 m m  stain less-steel bead 

(Q iagen) w as used to  aid hom ogenisation . The lysate w as rem oved to  a 1.5 m L eppendorf, 

centrifuged at 14,000 x g for 2 m in to  pellet any cell debris and the supernatant w as 

rem oved to a new  1.5 m L ep p e n d o rf

For isolation o f  large R N A , 12.5 |j,L ethanol (95%  v/v) w as added to every 100 |j.L 

lysate and m ixed by vortex ing . Up to  600 |o,L o f  the lysate w as added to an all-in -one spin 

colum n inside a co llection  tube, and w as centrifuged at 14,000 x g for 1 min or until the 

entire vo lum e had passed through the colum n. T he flow -through w as retained for sm all 

RN A purification , stored  on ice until required. T he spin colum n w as placed in a new  

collection tube, 400 }j,L R N A  w ash solution was added to the colum n and centrifuged at

14.000 X g for 1 m in. T he flow -through w as discarded and the colum n w as centrifuged  at

14.000 X g for 2 m in to  dry the resin. T he colum n w as placed in a 1.7 m L elution tube, and 

50 |iL  R N A  elution so lu tion  w as added to the colum n, and cen trifuged  at 14,000 x g for 1 

m in, or until the en tire  vo lum e had passed through the colum n. R N A  sam ples w ere stored 

at -80 °C  until required.

For isolation o f  sm all R N A , the flow -through w as transferred  to  a fresh 1.5 mL 

ep p en d o rf tube, 60 fj.L ethanol (95%  v /v) was added for every  100 fiL o f  original lysate and 

m ixed by vortexing. A m icroR N A  enrichm ent colum n w as placed in a collection  tube, and 

up to  600 |o.L o f  the flow -through w as added to the colum n, w hich w as then  centrifuged at

14.000 X g for 1 m in or until the entire volum e had passed through the colum n. T he colum n 

w as then placed into a new  collection  tube, 400 |xL R N A  w ash  so lution w as added to  the 

colum n and centrifuged  at 14,000 x g for 1 m in or until the entire volum e had passed



through the co lum n. The flow -through w as discarded and the R N A  w ash  w as repeated. The  

flow -through  w a s discarded and the colum n w as centrifuged at 14 ,000  x g for 2 m in to dry 

the resin. T he co lum n w as placed in a 1.7 mL elution  tube, 50  \xL R N A  elu tion  solution  w as  

added to the co lum n, and centrifuged at 14 ,000  x g for 1 m in, or until the entire v o lu m e had 

passed  through the colum n. Sm all R N A  sam ples w ere stored at -80  “C until required.

2 .2 2 .7  m iR N A  e x p ress io n  in p a tien t seru m  sa m p le s

R N A  w as isolated from patient serum  sam p les using  the m ethod outlined in section  

2 .1 3 , w ith  the fo llo w in g  am endm ents; 700  |^L o f  TR I-reagent w as used for every 2 5 0  |iL  o f  

serum . R N A  (1 0 0  ng) w as reverse transcribed to cD N A  as described in section  2 .1 7 .1 . 

m iR N A  exp ression  w as m easured by qPCR, as described in section  2 .1 7 .2 .

2 .2 2 .8  P r e -a m p lif ic a t io n  o f  la rg e  R N A

Large R N A  from patient tissue sam ples w as am plified  using  a M essageA m p  II 

aR N A  am p lifica tion  kit (A m bion). The procedure in v o lv es  single-strand reverse  

transcription o f  R N A  to cD N A . The cD N A  then undergoes a second-strand syn th esis, and 

purification to provide a tem plate for in v itro  transcription, w hich  generates antisense R N A  

(aR N A ) co p ie s  o f  each m R N A  in a sam ple.

R N A  (2 5 0  ng) w as m ade up to a final v o lu m e o f  10 |aL in nuclease-free H 2 O. A  

reverse transcription m aster m ix w as m ade up to contain  (per reaction): 1 |iL  nuclease-free  

H 2 O, I |iL  T 7 O ligo(d T ) primer, 2 |nL first strand buffer (lO X ), 4 |jL  dN T P m ix , 1 |iL  

R N ase inhibitor and 1 array script reverse transcriptase en zym e. A  10 |iL  v o lu m e o f  

m aster m ix  w as added to each R N A  sam ple and m ixed by p ipetting. Sam ples w ere  

incubated at 40°C , w ith  the lid at 50°C in a G -Storm  thermal cy c ler  (G ene tech n o lo g ies  Ltd) 

for 2 h. S am p les w ere centrifuged briefly to pool, and placed on ice  until required.

A  secon d  strand cD N A  synthesis m aster m ix  w as m ade up to contain  (per sam ple): 

63 |iL  n u clease-free  H 2 O, 10 f^L second strand buffer (lO X ), 4  |iL  dN T P m ix , 2 \xL D N A  

polym erase en zy m e and 1 i^L R N ase H. A n 80 fiL vo lu m e o f  m aster m ix w as added to  

each sam ple, and m ixed by pipetting. Sam ples w ere p ooled  by b r ie f centrifugation , and 

incubated at 16°C in a pre-cooled  G -Storm  thermal cycler  (G en e tech n o lo g ies  Ltd) for 2 h.
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It was ensured that the lid o f  the thermal cycler was inactivated, as temperatures above  

16°C may inhibit the second-strand cD N A  synthesis reaction.

A 250 |iL volum e o f  cD N A  binding buffer was added to each sam ple, and m ixed by 

pipetting. The sam ples were centrifuged briefly to pool, and each sample w as pipetted onto 

the centre o f  a cD N A  filter cartridge placed in a plastic wash tube. Sam ples were 

centrifuged at 10,000 x g for 1 min or until the entire volum e had passed through the filter, 

and the flow-through was discarded. A 500 fiL volum e o f  wash buffer was added to the 

cD N A  filter cartridge and centrifuged at 10,000 x g for 1 min or until the entire volum e had 

passed through the filter. The flow-through was discarded, and the centrifugation step was 

repeated to remove any trace amounts o f  wash buffer. The cD N A  filter cartridge was 

transferred to a cD N A  elution tube, and 18 |iL  nuclease-free H 2 O heated to 55°C was 

pipetted onto the cD N A  filter cartridge. Samples were incubated for 2 min at RT°C, and 

then centrifuged at 10,000 x g for I min or until the entire volum e had passed through the 

filter. The eluted cD N A  was transferred to a 0.2 mL PCR tube.

A transcription master mix was made up to contain (per cD N A  sample): 4 |iL  T7 

ATP, 4 nL  T7 CTP, 4 ^L T7 GTP, 4 T7 UTP, 4 [iL T7 (lO X ) reaction buffer and 4 îL 

T7 polymerase enzym e m ix. A  24 fiL volum e o f  transcription master m ix was added to 

each cD N A  sample, mixed by pipetting and centrifuged briefly to pool. Sam ples were 

incubated at 37°C with the lid at 100-105°C in a G-storm thermal cycler (G ene technologies 

Ltd) for 14 h. The reaction was stopped by addition o f  60 fxL nuclease-free H2 O to each 

sample.

A clean-up o f  each sample was then performed to ensure removal o f  enzym es and 

any unincorporated nucleotides from the amplified RNA. A 350 volum e o f  aRNA  

binding buffer, follow ed by 250 f^L ethanol was added to each sample, and m ixed 3 times 

by pipetting. Each sample was then immediately transferred onto the centre o f  an aRNA  

filter cartridge placed in a plastic elution tube. Samples were centrifuged at 10,000 x g for 1 

min or until the entire volum e had passed through the filter, and the flow-through was 

discarded. A 650 |iL  volum e o f  wash buffer was pipetted onto the filter cartridge and 

centrifuged at 10,000 x g for 1 min or until the entire volum e had passed through the filter. 

The fiow-through was discarded, and the centrifugation was repeated to rem ove any trace 

amounts o f  wash buffer. The aRNA filter cartridge was transferred to a new  collection tube.
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and 200 |iL nuclease-free H2O heated to 55”C was pipetted onto the filter cartridge. 

Samples were incubated at 55°C for 10 min, and then centrifuged at 10,000 x g for 1.5 min 

or until the entire volume had passed through the filter. The eluted amplified RNA was 

quantified as described in section 2.14, and stored at -80°C until required.

2.23 Statistical analysis

All data are expressed as mean ± the standard error o f  the mean (SEM), which is the 

standard deviation o f  the distribution o f  sample mean. When the SEM is small, it indicates 

that the distribution o f  the sample means has less error estimating the true mean. SEM is 

calculated as the standard deviation o f the original sample divided by the square root o f  the 

sample size. Significance was determined by analysis o f  variance (ANOVA), or Student’s 

Hest, depending on the number o f  groups to be analysed. A probability (p) o f < 0.05 was 

considered to represent a significant difference between groups. The Mest was used to 

compare the means o f  two groups. In cases where data was paired (i.e untreated versus 

treated), a paired Mest was used for statistical analysis. Otherwise, an unpaired /-test was 

used. When population variances were unequal, Welch correction was applied. For 

statistical analysis involving 3 or more groups, the ANOVA test was used. Tukey post-hoc  

analysis was performed following ANOVA to determine statistical significance between 

individual groups. The probability o f  overall survival was determined by the Kaplan-Meier 

method, using a log-rank (Mantel-Cox) test to determine the statistical significance. 

Statistical analysis was performed using GraphPad InStat v3 (GraphPad software Inc, La 

Jolla, CA, USA) software on a PC.
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Chapter 3

Generation of an isogenic model of radioresistance in 

oesophageal adenocarcinoma

Published in part: Lynam-Lennon N, Reynolds J.V, Pidgeon G.P, Lysaght J, Marignol L, 

and Maher S.G. (2010). Alterations in DNA repair efficiency are involved in the 

radioresistance of esophageal adenocarcinoma. Rad Res. 174: 703-711.
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Pî ®s



3.1 Introduction

Oesophageal cancer represents a significant and increasing health problem. 

W orldwide, it is the eighth most common cancer (Kam angar et al., 2006) with an estimated 

16,470 new cases diagnosed in 2009 (Jemal et al., 2009). Histologically, the vast majority 

o f oesophageal cancers can be divided into SCC or OAC (Sweed et al., 2009). In recent 

decades there has been a dramatic epidem iological shift towards adenocarcinom a (Devesa 

et al., 1998), with the rate o f increase in incidence greater than that o f  any other malignancy 

in the United States (Pera et al., 2005). In Ireland, the incidence o f  OAC increased by 48% 

in 1994-2007, concom itant with a 4% decrease in incidence o f  SCC (National cancer 

registry, Ireland). The incidence o f OAC in Ireland and the UK is greater than the rest o f 

Europe (Corley and Buffler, 2001), with increasing incidence linked to the increased 

prevalence o f  GORD (Hongo et al., 2009), and a num ber o f  environm ental factors, such as 

diet and obesity (A bdel-Latif et al., 2009). OAC is now the most prevalent form o f 

oesophageal cancer in the western world (Demeester, 2009).

Oesophageal cancer is a difficult tum our to treat (Hyngstrom and Posner, 2010). For 

those patients whose disease management is approached with curative intent, the current 

standard o f  care involves neoadjuvant CRT followed by surgery. This multi-modal 

approach has replaced single modality treatment, providing enhanced local tumour control 

and im proving survival rates (Berger and Belka, 2009; Greil and Stein, 2007). Neoadjuvant 

CRT for oesophageal cancer typically consists o f  radiation therapy delivered in fractionated 

doses o f  1.8 - 2 Gy five times per week, to a final dose o f  40-70 Gy (Ekman et al., 2010; 

W alshe et al., 2007), combined with concurrent treatm ent with the chemotherapeutics 

cisplatin and 5-FU (Ekman et al., 2010). Radiation therapy plays a central role in treatment, 

being crucial for local tum our control and having the broadest applicability to patients 

(Berger and Belka, 2009). However, resistance to radiation therapy remains a significant 

clinical problem  (W alsh et al., 1996). The elucidation o f  m arkers and mechanisms o f 

radioresistance would therefore be o f  substantial clinical benefit, and is critical for 

improving the efficacy o f therapy.

The m olecular mechanisms behind resistance to radiation are still poorly 

understood. One limitation o f  studies in this area is the lack o f  radioresistant model 

systems. M any studies have focused on com paring tumours or cell lines o f differing
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radiosensitivities to elucidate m echanism s o f radioresistance (Du et a!., 2009; Guo et a!., 

2005; Jung et a!.; K itahara et al., 2002; Sakakura et al., 2007). However, the m echanism s o f 

radioresistance are complex, and are likely to differ in cells o f  different origin. The inherent 

variation in cells o f  different origin make it difficult to determine the contribution o f  any 

identified factors in determ ining cellular radiosensitivity, and may m ask any conserved 

radioresistance mechanisms. Isogenic models o f  radioresistance, which use cells o f  the 

same origin that differ only in terms o f  radiosensitivity, are increasingly being used to study 

the radioresponse (Fukuda et al., 2004; Guo et al., 2003; Li et al., 2001). These models 

reduce the genetic variation that is present in patient samples and cell lines o f  different 

origin, thus allowing the elucidation o f molecular determinants o f  response. Several 

methods have previously been used to generate radioresistant clones in a num ber o f  cancer 

types, these include treatm ent with m utagens (McM illan and Holmes, 1991), introduction 

or knockdown o f  specific genes (Bristow et al., 1998; Tezuka et al., 2001), and chronic 

exposure to low-dose fractionated radiation (Russell et al., 1995). Isogenic models, 

resulting from the chronic exposure to low-dose fractionated X-ray radiation, provide a 

useful model with which to study the radioresistance o f  human cancers, as they, unlike the 

two other m ethods m entioned, mimic what occurs in the clinical setting. Despite the 

epidemiological shift towards OAC in recent years, there are no isogenic models with 

which to study radioresistance in this cancer subtype. All previous studies have focused on 

s e e  (Fukuda et al., 2004; Jing et al., 2009; M atsuyama et al., 2001; Xie et al., 2009). The 

lack o f research in this area has been compounded by the discovery that two o f  the most 

frequently used OAC cell lines SEG -I, and BIC-1, actually originate from non-oesophageal 

tissue (Boonstra et al., 2010). With the increasing incidence o f  OAC comes the need for 

improved treatm ent strategies, and a necessity for models with which to study treatment 

response.

With this in mind, the aim o f  this chapter was to generate a model o f radioresistance 

in OAC, providing a unique tool with which to investigate the m olecular basis o f 

radioresistance in this cancer subtype.
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3.2 Aims and Objectives

To study radioresistance in oesophageal cancer, the aim o f  this chapter was to 

generate an isogenic model o f  radioresistance in OAC. Several studies have generated 

isogenic models o f  radioresistance in a number o f  other human cancers by the chronic 

exposure o f  cells to radiation. Thus, the aim was to generate an OAC radioresistance 

model, through the chronic exposure o f  an OAC cell line to X-ray radiation.

Specific objectives:

•  Determine the optimum irradiation schedule with which to generate a radioresistant 

subline.

• Confirm radioresistance by clonogenic assay.

• Determine if radioresistance in this cell line is radiation-specific.

3.3 Results

3.3.1 Mycoplasma screening of cell lines

All cell lines used in the course o f  this study were routinely tested for mycoplasma 

infection as described in section 2.3.6. Mycoplasma contamination o f  cells is a common 

occurrence, and may be introduced into cell culture systems from several sources, including 

other cells lines, laboratory personnel and reagents. Mycoplasma is resistant to common 

antibiotics, and unlike other microbial contaminants, is not immediately obvious. 

Mycoplasmal contamination can exert both adverse and subtle effects on cell lines, such as 

changes in metabolism, growth, viability, morphology, DNA, RNA and protein synthesis. 

Infection can therefore lead to unreliable and non-reproducible data. No mycoplasmal 

contamination was detected in OE33, 0E 1 9  or 0E21 cell lines used during the course o f  

this work (Fig. 3 .1 A). The KYSE-410 cell line was found to have a mycoplasmal 

contamination on arrival into our laboratory (Fig. 3.1 A), mycoplasmal contamination was 

eliminated by treatment with an antibiotic solution (as described in section 2.3.7) (Fig 

3 . IB). Once elimination o f  mycoplasmal contamination was confirmed, cells were tested 

routinely to ensure contamination did not reoccur (Fig. 3.1).
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(A)

(B)

F igu re  3.1 M ycoplasm a testing  o f cell lines. Cell culture supernatants were collected from 
all oesophageal cancer cell lines used in this study on a regular basis and tested for 
mycoplasmal contam ination using a M ycoAlert®  M ycoplasma detection kit. The presence 
o f  mycoplasma in the cells is determined by a luminescence ratio o f  >1. (A) In this test the 
KYSE-410 oesophageal SCC cells were found to be positive for mycoplasmal 
contamination, all other samples were negative. (B) KYSE-410 cells were cleared o f 
mycoplasmal contam ination using Plasm ocure™  antibiotic solution, and were routinely 
tested to ensure contam ination did not reoccur.
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3.3.2 Optimisation o f clonogenic seeding densities

Sensitivity to radiation was measured by clonogenic assay as described in sections 

2.6 - 2.6.3. This is the gold standard for assessing the effect o f  cytotoxic agents, as it 

measures the ability o f  every cell within a population to retain its reproductive integrity and 

form a colony following cytotoxic insult (Franken et al., 2006). A critical parameter o f  this 

assay that can affect colony formation is the density at which cells are initially seeded. At 

least 100 viable colonies are required to ensure statistical accuracy. These colonies should 

be discrete and not overlapping or they do not provide a reliable result. The optimum cell 

seeding densities were determined for 0E 19 , 0E 21 , OE33 and KYSE-410 oesophageal 

cancer cell lines irradiated with 2 Gy, 4 Gy and 6 Gy bolus doses (Table 3.1).

Table 3.1 Optimum clonogenic cell seeding densities for radiation treatments

Cell Line Treatment
Cell seeding 

density Days incubated
Mean colony no. ± 

SEM
OE19 Control 1.5 X 10^ -1 0 247 ± 64

2 Gy 3.0 X 10^ -1 0 220 ± 66
4 Gy 6.0 X 10^ -1 0 1 7 0 ± 4 3
6 Gy 1.8 X 10^ -1 0 114± 14

OE21 Control 1.0 X 10^ -8 170± 19
2 Gy 2.0 X 10^ -8 138± 12
4 Gy 4.0 X 10^ -8 124± 19
6 Gy 1.2 X lO'’ -8 122± 16

OE33 Control

oX - 7 140± 16
2 Gy 3.0 X 10^ - 7 157 ± 2 6
4 Gy 6.0 X 10^ - 7 127± 18
6 Gy 1.2 X 10'* - 7 116±  14

KYSE-410 Control 1.0 X 10^ - 8 172 ± 7
2 Gy 2.0 X 10^ - 8 183±  12
4 Gy 4.0 X 10^ - 8 175± 10
6 Gy 6.0 X 10^ - 8 2 1 4 ± 2 1

C lonogenic  survival curve cell seeding densities w ere optim ised for a panel o f  oesophageal cancer cell lines 

trea ted  w ith X -ray rad iation  (n=6). N um bers w ere optim ised to  ensure a m inim um  o f  100 viable colonies w ere 

p resen t at the end o f  the clonogenic incubation period.
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3.3.3 Radiosensitivities of oesophageal cancer cell lines

The radiosensitivity o f a panel o f oesophageal cancer cell lines was assessed (Fig 

3.2) by clonogenic assay as described in sections 2.6 - 2.6.3. The SCC cell line KYSE-410 

was the most radioresistant, with a surviving fraction of 0.54 ± 0.03, 0.27 ± 0.02 and 0.18 ± 

0.01, at 2 Gy, 4 Gy and 6 Gy, respectively. The SCC cell line 0E21 demonstrated a similar 

surviving fraction as KYSE-410 cells at 2 Gy (0.53 ± 0.02), however, 0E21 cells were 

much more sensitive than KYSE-410 at the higher radiation doses o f 4 Gy and 6 Gy, with 

surviving fractions o f 0.19 ± 0.01 and 0.09 ±0.01, respectively. The 0E19 adenocarcinoma 

cell line was the more radioresistant o f the two adenocarcinoma cell lines tested. Although 

0E19 cells were more sensitive than 0E21 cells at 2 Gy (0.49 ± 0.03 vs. 0.53 ± 0.02), at 

the higher radiation doses o f 4 Gy and 6 Gy the radiosensitivities o f 0E 19 and 0E21 cells 

were similar (0.21 ± 0.04 vs. 0.19 ± 0.01 and 0.06 ± 0.01 vs. 0.09 ± 0.01). The OE33 

adenocarcinoma cell line was the most radiosensitive cell line at 2 Gy and 4 Gy with 

surviving fractions of 0.35 ± 0.03 and 0.13 ± 0.01, respectively. The radiosensitivity of 

OE33 at 6 Gy was similar to that o f the OE19 cell line, with a surviving fraction o f 0.05 ± 

0.05. The four oesophageal cancer cell lines displayed varying inherent radiosensitivities, 

which supports in vivo observations (Fukuda et al., 2004), and highlights the importance o f 

elucidating molecular determinants o f response to radiation. Based on these results, the 

OE33 OAC cell line was chosen to generate the radioresistant model due to its inherent 

radiosensitivity.

3.3.4 Optimisation of radiation fractionation schedules

Several radiation fractionation schedules have previously been used by other studies 

to generate isogenic models o f radioresistance, using dose ranges o f 2-10 Gy (Russell et al., 

1995; Wei et al., 2008; Xie et al., 2009). Three different radiation regimens were attempted 

to determine the optimum fractionation schedule with which to generate a radioresistant 

clone (Table 3.2). All irradiations were performed using a Gulmay Medical X-ray 

generator, as described in section 2.4. Regimen 1 involved irradiation o f OE33 cells with a 

sublethal dose o f 6 Gy, followed by a recovery period and subculture, before the irradiation 

was repeated (Chang et al., 2007a). Regimen 2 involved irradiation o f OE33 cells with 2 

Gy every day for 5 days, followed by a 2 day recovery period, before the irradiation
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Figure 3.2 Clonogenic survival of a panel of oesophageal cancer cell lines.
The radiosensitivity o f the OAC (0E19, OE33) and SCC (0E21, KYSE-410) cell lines was 
assessed by clonogenic assay. Controls were mock irradiated. Data are presented as mean ± 
SEM o f 3 independent experiments.
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procedure was repeated (Guo et al., 2003). Regimen 3 involved irradiation o f  OE33 cells 

with 2 Gy, followed by a recovery period and subculture, before the irradiation was 

repeated (Fukuda et al., 2004). The sublethal dose in OE33 cells was determ ined by dose 

titration (Fig 3.3). The surviving fraction o f  cells at 6 Gy, 8 Gy and 10 Gy was 18%, 11% 

and 8%, respectively. Therefore it was decided to irradiate cells with 6 Gy, which allowed 

delivery o f  a significant dose o f radiation, but which also favoured survival o f  -2 0 %  o f 

cells. However, this fractionation schedule exhibited high cytotoxicity, with an average 

recovery period o f  20 days between irradiations. Regimen 2 had the advantage o f  following 

a schedule very sim ilar to what occurs in a clinical setting (Ekman et al., 2010). Thus, any 

resulting radioresistant clone could potentially mimic very closely what occurs in vivo. 

However, this fractionation schedule did not translate to an in vitro setting effectively, as 

the cytotoxicity was so great that no viable colonies were recovered. Similar to regimen 2, 

regimen 3 also used a clinically relevant dose o f  2 Gy. However, this regimen included a 

recovery period after each irradiation. In contrast to regimen 1 and 2, the cytotoxicity was 

minimal, with some cell death evident but the majority o f  cells surviving, with an average 

recovery period o f  8 days between irradiations. Therefore, this regimen was determined to 

be the optimum irradiation schedule to use.

Table 3.2 Optimisation of irradiation regimen

Regimen Irradiation Schedule Cytotoxicity Viable colonies
1 Cells irradiated with 6 Gy at 50% confluency 

Subcultured at 90% confluency 
Irradiation repeated at 50% confluency

High Some recovered
+

2 Cells irradiated with 2 Gy at 50% confluency 
Irradiation repeated every day for 5 days, 
followed by a 2 day break

High None recovered

3 Cells irradiated with 2 Gy at 50% confluency 
Subcultured at 90%  confluency 
Irradiation repeated at 50% confluency

Low M any recovered
+++

Three irradiation regimens were tested to determine the optimum schedule with which to generate a 

radioresistant subline. Regimen 3 was determined to be the optimum schedule.
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Figure 3.3 Dose titration clonogenic survival curve. To determine the sublethal radiation 
dose for OE33 cells, cells were irradiated with 2 Gy, 4 Gy, 6 Gy, 8 Gy or 10 Gy, and 
survival was m easured by clonogenic assay. Controls were mock irradiated. Data are 
presented as mean ± SEM o f  3 independent experiments.
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3.3.5 Generation of an isogenic model of radioresistance in OAC

Following optim isation o f  the irradiation schedule, the human OAC cell line OE33 

was exposed to fractionated doses o f  2 Gy X-ray radiation. Radioresistance was m easured 

by clonogenic assay as described in sections 2.6 - 2.6.3 at various stages during the 

fractionation schedule (Fig 3.4) [having received 7 cycles o f  radiation (OE33 R7) (Fig 3.4 

B), 15 cycles o f  radiation (OE33 R15) (Fig 3.4 C) and 25 cycles o f  radiation (OE33 R25) 

(Fig 3.4 D)]. It was only once the irradiated subline had received 25 cycles o f  2 Gy 

radiation, a cumulative dose o f  50 Gy, that a significant difference in radiosensitivity was 

observed. OE33 R25 cells displayed significantly higher survival to the cytotoxic effects o f 

radiation at 2 Gy (0.48 ± 0.03 vs. 0.35 ± 0.03, p = 0.0037), 4 Gy (0.23 ± 0.01 vs. 0.13 ± 

0.01, p = 0.0009) and 6 Gy (0.13 ± 0.01 vs. 0.05 ± 0.01, p = 0.0015), when compared to 

OE33 parent cells (Fig 3.4 D). Thus, the chronic exposure o f  the OAC cell line OE33 to 

doses o f  2 Gy X-ray produced a radioresistant subline, hereafter known as OE33 R. The 

parent cell line, hereafter known as OE33 P, was handled identically, but was mock 

irradiated, and provided an age and passage-matched control for OE33 R.

3.3.6 Enhanced survival of OE33 R is a radiation-specific adaptation

To investigate if  the enhanced survival o f OE33 R cells was a specific adaptation to 

radiation, or a general phenotype to cytotoxic insult, OE33 P and OE33 R cells were 

subjected to treatm ent with the chemotherapeutics Cisplatin and 5-FU, and their effects on 

cell survival measured by clonogenic assay as described in section 2.6.4. The optim um  cell 

seeding densities were also determined for OE33 P and OE33 R cell lines treated with 

either 0.01 |aM Cisplatin ( I C 5 0 ,  Fig. 3.5A), 0.1 5-FU ( I C 5 0 ,  Fig. 3.5B) or respective 

vehicle controls o f  NaCl or DM SO for 24 h (Table 3.3).

Treatment with 0.01 nM  Cisplatin ( I C 5 0 ,  Fig. 3.5A) for 24 h, significantly decreased 

survival in both OE33 P (0.30 ± 0.04) (p = 0.0026) and OE33 R (0.33 ± 0.04) (p = 0.0035). 

This cytotoxic effect was similar in both cell lines. Similar cytotoxic effects o f  5-FU were 

also observed. Treatm ent with 0.1 |jM  5-FU ( I C 5 0 ,  Fig. 3.5B) for 24 h, significantly 

decreased survival in both OE33 P (0.52 ± 0.003) (p = 0.0013) and OE33 R (0.48 ± 0.05) (p 

= 0.0094) cells. No significant cytotoxicity was observed following treatm ent with a
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F igure 3.4 G eneration  o f  a rad ioresistant cell line. The survival o f  OE33 cells to the 
cytotoxic effects o f  radiation was measured by clonogenic assay (A) The inherent 
radiosensitivity o f  OE33 cells at 2, 4 and 6 Gy bolus dose o f  radiation (B) The survival o f  
OE33 P and OE33 R7, which had received 7 cycles o f  2 Gy radiation (cumulative dose 14 
Gy). Survival o f  OE33 P and OE33 R7 is similar at 2, 4 and 6 Gy bolus dose. (C) The 
survival o f  OE33 P and OE33 R15, which had received 15 cycles o f  2 Gy radiation 
(cumulative dose 30 Gy). Survival o f  OE33 P and OE33 R15 is similar at 2, 4 and 6 Gy 
bolus dose. (D) Survival o f  OE33 P and OE33 R25, which had received 25 cycles o f  2 Gy 
radiation (cumulative dose 50 Gy). OE33 R25 cells are significantly more radioresistant 
than OE33 P cells at 2, 4 and 6 Gy bolus dose. Data are presented as mean ±  SEM o f  at 
least 3 independent experiments. Analysis w as performed using a paired two-tailed 
S tudent’s /-test. *p = 0 .0037 vs. OE33 P, ^p = 0.0009 vs. OE33 P / p  =  0.0015 vs. OE33 P.
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DMSO vehicle control (appendix 4). Although radiation, cisplatin and 5-FU have DNA as a 

common primary target, the mode o f  action o f  each cytotoxic agent is very different, with 

mechanisms o f  resistance generally distinct from one another (Duchesne, 1994). Our data 

indicate that the enhanced survival o f  OE33 R is a specific adaptation o f  the cells to the 

cytotoxic effect o f  radiation.

Table 3.3 Optimum clonogenic cell seeding densities for chemotherapeutic treatments.

Cell Line Treatment
Cell seeding 

density Days incubated
Mean colony no. 

±SE M
OE33 P Control 1.5 X 10^ ~7 177 ± 2 3

0.01 i^M Cisplatin 6 . 0  X 1 0 ^ ~7 205 ± 9
0.1 iiM 5-FU 3.0 X 10^ ~7 148 ± 4 4

DMSO 1.5 X 10^ ~7 164 ± 2 5
NaCl

oX ~7 171 ± 3 6
OE33 R Control

oX ~7 I4 3 ±  17
0.01 |iM Cisplatin 6 . 0  X 1 0 ^ ~7 184 ± 8

0.1 ^M  5-FU 3.0 X 10^ ~7 136± 17
DMSO 1.5 X 10^ ~7 120± 11
NaCl 1.5 X 10^ ~7 120± 15

C lon ogen ic  survival curve cell seed in g  d ensities w ere optim ised  for O E 33 P and O E 33 R cell lines treated 

with either C isplatin , 5 -F U , D M SO  (v e h ic le  control) or NaCl (v eh ic le  control). N um bers w ere optim ised  to 

ensure a m inim um  o f  100 v iab le  co lo n ies  w ere present at the end o f  the c lo n o g en ic  incubation period.
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Figure 3.5 Resistance o f OE33 R is a radiation-specific adaptation. (A) The dose o f 
cisplatin required to reduce OE33 P survival to ~50% was determined by treating cells with 
varying concentrations o f cisplatin for 24 h and measuring survival by clonogenic assay. 
(B) Similar to (A) but OE33 P cells were treated with 5-FU. (C) OE33 P and OE33 R cells 
were treated with an IC50 dose o f cisplatin (0.01 |xM) or 5-FU (0.1 |j.M) for 24 h and 
survival assessed by clonogenic assay. Results are normalized to untreated controls. 
Treatment with either Cisplatin or 5-FU significantly decreased survival in both OE33 P 
and OE33 R cells. Data are presented as mean ± SEM from 3 independent experiments. 
Analysis was performed by paired two-tailed Student’s Mest. *p = 0.0026 vs. OE33 P 
control, ^p = 0.0013 vs. OE33 P control, *p = 0.0035 vs. OE33 R control, ^p = 0.0094 vs. 
OE33 R control, ns = not significant.
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3.3.7 The radioresistance of OE33 R is a stable effect

To determine if  the radioresistance o f  OE33 R was a transient or stable effect, the 

cytotoxic effect o f  radiation on OE33 R was measured (by clonogenic assay) at different 

time points after the cessation o f  radiation treatment, as described in sections 2.6 - 2.6.3 

(Fig. 3.6). At 2 weeks post irradiation, OE33 R displayed enhanced survival to 2 Gy (0.57 

vs. 0.40), 4 Gy (0.28 vs. 0.16) and 6 Gy (0.14 vs. 0.07) radiation, when compared to OE33 

P (Fig 3.6A). Even up to 11 weeks (over 24 passages) after cessation o f  radiation treatment, 

OE33 R demonstrated enhanced survival to 2 Gy (0.55 vs. 0.39), 4 Gy (0.29 vs. 0.22) and 6 

Gy (0.13 vs. 0.10), when compared to OE33 P (Fig 3.6B). W hile the difference in survival 

between OE33 P and OE33 R (11 weeks post IR) at 4 Gy and 6 Gy is lower than that 

difference observed at 2 weeks post IR, the surviving fraction o f  OE33 R at 2 Gy is still 

demonstrably higher than OE33 P (Fig 3.6C).

These data suggest that the radioresistance o f OE33 R is not a transient adaptive 

response to radiation, but is a stable radioresistant phenotype, m aking OE33 R an ideal 

model with which to study the response to radiation.
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Figure 3.6 The radioresistance of OE33 R  is a stable effect. The clonogenic survival of 
OE33 P and OE33 R was assessed at different stages after cessation of fractionated 
irradiation. (A ) OE33 R demonstrates enhanced survival to radiation 2 weeks after 
cessation of radiation treatment, when compared to OE33 P. (B) OE33 R displays enhanced 
survival to radiation 11 weeks after cessation of radiation treatment. (C ) OE33 R 
demonstrates enhanced survival to the cytotoxic effects o f 2 Gy radiation when compared 
to OE33 P. Data are presented as mean from a single experiment.
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3.4 Discussion

To investigate the radiation response in OAC, an isogenic model o f  radioresistance 

was generated, by the prolonged exposure o f  the OE33 OAC cell line to clinically-relevant 

fractionated doses o f  X-ray radiation. To our knowledge, this is the first such model in this 

disease.

The OE33 cell line was chosen to generate this model, primarily as it is an 

adenocarcinoma cell line, but also because it was the most inherently radiosensitive o f  the 

four oesophageal cancer cell lines tested. The model was generated by the chronic exposure 

o f  cells to X-ray radiation, as this mimics what occurs in a clinical setting. Three different 

irradiation schedules were tested to determine the optimum regimen with which to generate 

a radioresistant subline. As radioresistance is not absolute, it is important to ensure that the 

dose o f  radiation applied will favour the emergence o f  radioresistant cells. Irradiation o f  

cells with a sublethal dose o f  6 Gy followed by a recovery period, demonstrated high 

cytotoxicity, with long recovery periods required between irradiations. For this reason it 

was decided that this regimen was not feasible. Irradiation with 2 Gy followed by a 

recovery period was determined to be the optimum schedule, as cytotoxicity was minimal 

and this schedule had the advantage o f  being a clinically-relevant dose. The recovery period 

in this schedule appeared to be important for the emergence o f  radioresistant cells, as 

another schedule in which cells received 2 Gy every day for 5 days, yielded no viable 

colonies. Russell et al. previously highlighted the importance o f  not using an irradiation 

schedule that is too severe, as this may result in the sterilisation o f  potentially radioresistant 

clones (Russell et al., 1995). Therefore, OE33 cells were irradiated with 2 Gy X-ray 

radiation, allowed to recover and the irradiation procedure repeated. The radiosensitivity of 

the irradiated OE33 cells was measured at regular intervals during its irradiation schedule. 

It was only following 25 cycles o f  2 Gy radiation, a 50 Gy cumulative dose, that 

radioresistance was demonstrated. The irradiated subline (OE33 R) displayed significantly 

enhanced clonogenic survival to the cytotoxic effects o f  radiation at 2, 4 and 6 Gy bolus 

dose, when compared to its parent cell line OE33 P. As OE33 R is not clonally derived, it 

represents a heterogeneous population with an overriding radioresistant phenotype, 

mimicking as much as possible, the tumour environment in vivo (Weichselbaum et al., 

1988). With this in mind, the cell changes we have observed in this in vitro model, may
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correspond to changes that occur in vivo. To investigate if the enhanced clonogenic survival 

o f OE33 R to radiation was a radiation-specific adaptation, the sensitivity o f OE33 P and 

OE33 R to the chemotherapeutics cisplatin and 5-FU was assessed. These 

chemotherapeutics were chosen as they are given in combination with radiation therapy for 

the treatment of oesophageal cancer, and thus any cross resistance was investigated. Both 

chemotherapeutics significantly reduced survival, with similar cytotoxic effects observed in 

both OE33 P and OE33 R. This suggests that radioresistance o f OE33 R is a specific 

adaptation o f the cells to the cytotoxicity o f radiation, rather than a general adaptation to 

cytotoxic insult. This was not surprising, as although all three cytotoxic agents have DNA 

as their common primary target, their modes o f action are quite different. Radiation induces 

DNA lesions, such as single strand breaks, nucleotide damage and double strand breaks 

(Ward, 1988). 5-FU is an antimetabolite drug that exerts its cytotoxicity by both 

misincorporation o f fluoronucleotides into RNA and DNA, and inhibition of the enzyme 

thymidylate synthase, which is involved in DNA replication and repair (Longley et al., 

2003). Cisplatin forms intrastrand adducts that ultimately result in apoptosis (Siddik, 2003). 

Thus, the mechanisms o f resistance to radiation, cisplatin and 5-FU are generally distinct 

from one another, providing the rationale for combined therapy, this is also supported by 

work by Heenan et al., which found no correlation between chemo-and radioresistance in a 

lung cancer cell line model (Heenan et al., 1996). The radioresistance o f OE33 R was not a 

transient effect, and the enhanced survival was demonstrated for at least 11 weeks. A 

transient adaptive response to radiation has previously been demonstrated in lymphocytes 

and hamster cells exposed to a low ‘priming’ doses of X-ray radiation, which results in 

increased resistance to subsequent higher doses o f radiation (Joiner et al., 1996; Wolff et 

al., 1988). This effect is transient, with maximum radioresistance observed 6 h after the 

initial irradiation (Marples and Joiner, 1995). The stable radioresistant phenotype in this 

model, supports the hypothesis that radioresistance induced by the chronic exposure to 

radiation results from induced mutations or by the selection of inherently radioresistant 

cells within the cell population (Conger and Luippold, 1957). Interestingly, the cumulative 

dose at which radioresistance was demonstrated in the OE33 cells (50 Gy) is similar to 

what patients receive in a clinical setting, and raises the question as to whether tumours can 

acquire radioresistance during therapy.
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In summ ary, this is the first isogenic model o f  radioresistance in OAC to be 

generated to our knowledge. Using a radiation protocol that is sim ilar to the standard 

clinical regim en, a subline OE33 R was generated that is significantly more resistant to the 

cytotoxic effects o f  radiation when compared to its parent cell line OE33 P. These two cell 

lines, from the same origin but with distinctly different radiosensitivities provide a model 

with which to investigate the molecular determ inants o f  response to radiation in OAC. In 

the next chapter potential molecular alterations that may be involved in conferring 

radioresistance in this model are investigated.
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Chapter 4

Characterisation of an isogenic model of radioresistance in 

oesophageal adenocarcinoma

Published in part: Lynam-Lennon N, Reynolds J.V, Pidgeon G.P, Lysaght J, Marignol L 

and Maher S.G. (2010). Alterations in DNA repair efficiency are involved in the 

radioresistance o f esophageal adenocarcinoma. Rad Res. 174: 703-711.
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4.1 Introduction

In recent years a multidisciplinary approach to the treatment o f  oesophageal cancer 

has replaced single modality treatments (Greil and Stein, 2007). Among the different 

treatment modalities, RT plays a critical role in the local control o f  oesophageal cancer 

(Berger and Belka, 2009). However, oesophageal tumours display widely varying 

radiosensitivities (Fukuda et al., 2004), with only ~  30% o f  patients achieving a pCR (Geh 

et al., 2001; Walsh et al., 1996). The remaining patients are subject to risk o f  toxicity and 

therapy-associated complications without therapeutic gain (Kelsen, 2000). Indeed, there is 

evidence suggesting that the increased time to surgery adversely effects prognosis (Geh et 

al., 2001). Consequently, the elucidation o f  mechanisms o f  radioresistance is central for 

improving patient prognosis and identifying key molecular targets to enhance the efficacy 

o fR T .

The mechanism(s) o f  radioresistance are still poorly understood. Factors such as 

tumour location, size and oxygenation are all thought to play a role in determining tumour 

response to RT (Maity et al., 1997). It has also been demonstrated that increasing the 

radiation dose given does not improve survival (Minsky et al., 2002), suggesting that 

inherent radiosensitivity is the critical determinant to the success o f  treatment. Inherent 

cellular and genetic factors are thought to play an important role in determining the 

radioresponse, with the radioresistant phenotype often correlating with several cellular 

features. Such features include altered DNA repair (Shimura et al., 2010a), alterations in 

cell cycle distribution and check point operation (Hu et al., 2001), dysregulation o f  

apoptosis (Maity et al., 1997), and alterations in DNA damage induction (Schwartz et al., 

1991). Currently there is no consensus as to the single most important determinant o f  

radiosensitivity, generally, or in OAC.

At the most basic level, RT functions by inducing critical DNA damage, which 

ultimately prevents survival. DNA is inarguably the principle target o f  ionizing radiation 

(IR), inducing a variety o f  DNA lesions such as single-strand breaks (SSB), oxidative base 

damage and double-strand breaks (DSB), through both direct and indirect actions (Wilson, 

2004). DNA DSB are considered to pose the most serious threat to cellular survival (Ward, 

1975). As a result, induction o f  DNA damage and the activation o f  molecular mechanisms 

involved in maintaining genome integrity are at the centre o f  the cellular response to
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radiation. Alterations in these mechanisms have thus been the focus o f  research into 

radioresistance.

M ammalian cells have evolved a number o f  mechanisms to repair DNA damage. 

The 5 main pathways o f  repair; nucleotide excision repair (NER), m ism atch repair (MMR), 

non-homologous end jo in ing (NHEJ), hom ologous recom bination (HR), and base excision 

repair (BER), all participate to different extents in the repair o f  IR-induced DNA lesions, 

with NHEJ, HR and BER repairing the majority o f  IR-induced dam age (Jorgensen, 2009). 

NHEJ is the dom inant m echanism  o f  repair o f  IR-induced DNA damage, repairing DSB at 

all stages o f  the cell cycle. This pathway involves processing o f  the broken DNA ends 

followed by a ligation step, and as a result usually introduces sequence deletions o f  various 

lengths (Hefferin and Tom kinson, 2005). In contrast, repair by HR requires extensive 

sequence hom ology between the recombining ends, preferentially using the sister 

chromatid as the repair substrate, which results in error-free repair. Consequently, HR is 

predominantly active in S and G2 phases o f  the cell cycle, when the sister chromatid is 

present (W yman and Kanaar, 2004). BER is primarily carried out by DNA glycosylases 

that function to remove damaged or modified bases and repair SSB (Krokan et al., 2000), 

repairing lesions arising both directly from IR and also indirectly via the generation o f ROS 

(Burdak-Rothkamm and Prise, 2009; Krokan et al., 2000). Deficiencies in DNA repair 

pathways have been demonstrated to have a radiosensitising effect (Pastink et al., 2001), 

thus highlighting the critical role that these pathways play in m aintaining genome stability.

The cell cycle is inextricably linked to the radioresponse, with both cell cycle 

position (Sinclair and Morton, 1966) and progression (Pawlik and Keyomarsi, 2004) 

affecting radiosensitivity. Radiosensitivity varies with the position o f  a cell within the cell 

cycle, with cells in S phase most resistant, whilst cells in the M phase display most 

sensitivity to radiation (Sinclair, 1968). Consequently, the synchronization o f  cells into 

radiosensitive phases has been recognized as a method by which to improve the efficacy o f 

radiation therapy (Choy et al., 1994; Formenti et al., 1999). IR-induced dam age o f  DNA 

induces tem porary cell cycle arrest in G l, S and 0 2  phases o f  the cell cycle. These arrests 

allow time for repair o f  DNA damage, and can also permanently prevent proliferation o f 

severely damaged cells (Lukas et al., 2004). The G2/M  arrest, which unlike the G l arrest is 

p53-independent, is important for survival following irradiation, facilitating repair o f DNA
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dam age before progression  through the ce ll c y c le  (T ob ey , 1975). A brogation o f  this 

ch eck p oin t has been dem onstrated to have a rad iosensitising  e ffec t (B u sse  et al., 1978).

D ep en d in g  on the severity  o f  the D N A  dam age, c e lls  m ay die instead o f  undergoing  

repair (S io n o v  and H aupt, 1999). In the con text o f  IR, ap op tosis is a h igh ly  conserved , 

organized form  o f  program m ed cell death, w hich  is triggered by intracellular stress signals, 

enab ling  the rem oval o f  ce lls  that have suffered irreparable D N A  dam age or gen om ic  

instability  (Y osh id a  and M iki, 2 0 1 0 ). The ab ility  o f  cancer c e lls  to evade program m ed cell 

death is w e ll docum ented  (Hanahan and W einberg, 2 0 0 0 ), and thus has im plications for 

cancer therapy. T he role o f  apoptosis in radioresistance rem ains controversial. Several 

studies dem onstrate ap op tosis  as a primary m echanism  o f  radiation-induced ce ll k illing, 

w ith  d efic ien c ie s  in ap op tosis correlating to radioresistance and the e ffica cy  o f  treatm ent 

(L o w e  et al., 1993a; Stapper et al., 1995; Story et al., 1994). A  body o f  ev id en ce to the 

contrary a lso  ex ists . S tud ies in solid  tum ours have found no correlation w ith apoptosis and 

response to radiation therapy, su ggestin g  that ap op tosis is not the predom inant form o f  IR- 

induced ce ll death, or m ay be dependant on the ce ll type (B row n and Attardi, 2005; Brow n  

and W ilson , 2 0 0 3 ).

A s w ell as alterations in the processing  o f  D N A  dam age, d ifferen ces in D N A  

dam age induction are a lso  associated  w ith radioresistance. T he direct actions o f  IR are 

thought to account for o n ly  ~35%  o f  IR -induced intracellular dam age, w ith the m ajority o f  

dam age caused  indirectly by IR -m ediated generation  o f  R O S (Ito et al., 2 0 0 6 ). R O S, such  

as hydroxyl radicals, superoxide anions and H2 O 2 , dam age D N A  and other structural and 

functional m o lecu les , w h ich  can result in gen om ic instability  (G om es et al., 2005; R iley , 

1994). A s R O S are a lso  induced en d ogen ou sly  in sm all quantities during normal ce ll 

p rocesses, a num ber o f  cellu lar defen ce  and regulatory m ech an ism s have evo lved  to 

m in im ize  the adverse e ffec ts  on cell structures (H ayes and M cL ellan , 1999). A ntioxidant 

en zy m es, such as G SH , SO D  and C A T , function by sca v en g in g  R O S, and are critical for 

regulating intracellular concentrations o f  R O S (R iley , 1994). G iven  the role o f  R O S as 

critical m ediators o f  IR -induced dam age, it is not surprising that the radioresistant 

phenotype has been associa ted  with low er lev e ls  o f  intracellular R O S (D ieh n  et al., 2 0 0 9 ), 

w hich  is lik e ly  to be due, in part, to enhanced R O S scaven g in g  by antioxidant en zym es  

(L ee et al., 2004a).
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Investigation o f  the genes involved in the different pathways involved in the cellular 

response to radiation has been assisted by the advent o f m icroarray technology, which 

allows the high-throughput profiling o f  large numbers o f  genes sim ultaneously (DeRisi et 

al., 1996). The observation that tumours o f  the same tissue and subtype differ in their 

radiosensitivity supports a role for differential gene expression as a m olecular determinant 

o f  response (Ogawa et al., 2007). M ounting evidence also supports a role for miRNA in the 

response to radiation (Josson et al., 2008; W eidhaas et al., 2007). m iRNA are small, non

coding RNA m olecules that regulate gene expression at both the transcriptional and 

translational level (Doench and Sharp, 2004; Zeng et al., 2003). m iRNA are involved in the 

regulation o f  critical cellular processes, such as the cell cycle (Johnson et al., 2007), 

apoptosis (Cimmino et al., 2005) and the oxidative stress response (Sim one et al., 2009). 

Their dysregulation also plays a role in the initiation and progression o f  tumorigenesis 

(Lynam-Lennon et al., 2009). Several recent studies have suggested a role for miRNA in 

determining the response to cytotoxic therapy (Corsten et al., 2007; Josson et al., 2008; 

W eidhaas et al., 2007; Xia et al., 2008). Currently there are no published data on the role o f 

miRNA in the radiation response in oesophageal cancer.

Understanding the relative contributions o f  certain key regulatory 

pathways/m echanism s to radioresistance is central to improving the efficacy o f  RT. The 

cellular response to IR is complex, involving numerous biochemical pathways. 

Consequently, identifying alterations that may confer radioresistance presents a challenge. 

Isogenic models o f  radioresistance circumvent this complexity to some extent, reducing 

genetic variation seen in tumours and cell lines o f  different origin. With this in mind, the 

aim o f  this chapter was to characterise the aforementioned (chapter 3) isogenic model o f  

radioresistance in OAC, to identify molecular determinants o f  response to radiation.

4.2 Aims and objectives

Having generated an isogenic model o f  radioresistance in OAC, the aim o f this 

chapter was to characterise this model in terms o f  parameters that have frequently been 

demonstrated to be altered in radioresistance, to identify the m echanism (s) behind the 

radioresistance o f  OE33 R.
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Specific objectives:

To characterise this model in terms of:

• Cell growth

•  Cell cycle distribution

•  Cell cycle checkpoint operation

•  A poptosis

•  Reactive oxygen species generation

•  Scavenging o f  reactive oxygen species

• DNA damage

• DNA repair

•  M olecular genetic environm ent 

4.3 Results

4.3.1 Proliferative capacity o f OE33 P and OE33 R

To determ ine if alterations in cell cycle progression were involved in the 

radioresistance o f  OE33 R, the basal growth rates o f  OE33 P and OE33 R were 

characterised using the 3T3 assay over 9 days as described in section 2.7. A nine day period 

was chosen as it reflects the incubation period o f  the clonogenic assay and therefore allows 

detection o f  any changes in proliferative capacity over this period. Basal growth rates o f 

OE33 P and OE33 R were sim ilar (Fig 4.1), despite the chronic exposure o f OE33 R to 

radiation during its generation. Therefore, differences in basal proliferation rates were 

deemed unlikely to account for the altered radiosensitivity o f  OE33 R.

4.3.2 Basal cell cycle distribution of OE33 P and OE33 R

The position o f  a cell within the cell cycle greatly affects radiosensitivity, with cells 

in G2/M  phase most sensitive and cells in S phase m ost resistant to radiation (Sinclair and 

M orton, 1966). The basal cell cycle distributions o f  OE33 P and OE33 R were 

characterised by PI staining and flow cytometry as described in section 2.8, to identify any 

alterations that might account for the radioresistance o f  OE33 R. The basal fractions (Fig. 

4.2) o f OE33 P cells in GO/Gl, S and G2/M  phase were 58.66 ± 0.61% , 22.39 ± 0.69%  and
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Figure 4.1 Basal proliferative capacity of OE33 P and OE33 R cells. The proliferative 
capacity of OE33 P and OE33 R was measured using the 3T3 assay over a total of 9 days. 
There is no significant difference in the cumulative proliferative capacity between OE33 P 
and OE33 R cells. Data are presented as mean ± SEM from 3 independent experiments. 
Analysis was performed by one-way ANOVA with Tukey post hoc correction.
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Figure 4.2 Basal cell cycle distribution o f OE33 P and OE33 R cells. Cell cycle analysis 
was performed by PI staining and flow cytometry. A greater percentage o f  OE33 R cells 
(dashed line) was observed in G2/M  phase when compared to OE33 P cells (block line), 
this was concom itant with a decrease in GO/Gl cells. Data are presented as representative 
histogram  graphs from one o f  three independent experiments. A nalysis was performed by 
two-tailed unpaired Student’s t-test. **p = 0.0061 vs. OE33 P control, *p = 0.0306 vs. 
OE33 P control.
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18.16 ± 0.50%, respectively. Corresponding fractions for OE33 R cells were 54.90 ± 

0.37%, 21.79 ± 1.29% and 22.26 ± 1.15%, respectively. There was a slightly greater 

percentage o f  OE33 R cells in G2/M compared to OE33 P cells at the basal level (22.26 ± 

1.15% vs. 18.16 ± 0.50% ) (p = 0.0306), this was concomitant with a decrease in the 

percentage o f  cells in GO/Gl (54.90 ± 0.37%  vs. 58.66 ± 0.61%) (p = 0.0061).There was no 

significant difference in the S phase distribution o f  OE33 P and OE33 R. The differences in 

basal cell cycle distributions o f  OE33 P and OE33 R were minimal, and did not correlate to 

the radioresistance o f  OE33 R, indicating that alterations in cell cycle distribution are 

unlikely to play a critical role in the radioresistance o f  OE33 R.

4.3.3 Cell cycle checkpoint operation in OE33 P and OE33 R

To investigate any alterations in cell cycle checkpoint operation, the effect o f 

radiation on cell cycle distributions in OE33 P and OE33 R was characterised by PI 

staining and flow cytom etry as described in section 2.8 (Fig 4.3). Irradiation with a 2 Gy 

bolus dose, induced a significant accumulation o f  cells in G2/M phase at 6 h (30.19 ± 

1.69% vs. 18.16 ± 0.50%, p < 0.001) and 10 h (38.82 ± 0.40%  vs. 18.16 ± 0.50%, p < 

0.001) post irradiation in OE33 P cells when compared to unirradiated controls. This was 

concomitant with a significant decrease o f cells in the GO/Gl phase (6 h; 42.42 ± 0.62%, p 

< 0.001, 10 h; 36.27 ± 2.18%  vs. 58.66 ± 0.61, p < 0.001). A significant accum ulation o f 

cells in G2/M phase was also observed in OE33 R cells at 6 h (40.74 ± 3.49%  vs. 22.26 ± 

1.15%, p < 0.01) and 10 h (45.53 ± 3.37%  vs. 22.26 ± 1.15%, p < 0.001) post irradiation, 

when compared to unirradiated controls. This was also concom itant with a significant 

decrease o f cells in GO/Gl phase (6 h; 38.32 ± 3.06%, p < 0.01, 10 h; 32.02 ±  2.18%  vs. 

54.90 ± 0 .37%, p < 0.001). There was no significant difference in the level o f  G2/M arrest 

post irradiation in OE33 P or OE33 R. The fraction o f  cells in S phase remained constant at 

all time points m easured post irradiation in both cell lines. These data indicate that 

alterations in cell cycle following radiation treatment are unlikely to explain the altered 

radiosensitivity o f  OE33 R cells.
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Figure 4,3 Radiation induces a G2/M arrest in OE33 P and OE33 R cells. The effect of 
2 Gy radiation on the cell cycle distribution of OE33 P and OE33 R cells was investigated 
at 6 h, 10 h, 24 h and 30 h post irradiation. A significant accumulation o f cells in G2/M 
phase was observed in OE33 P cells at 6 h and 10 h post irradiation. This was concurrent 
with a significant decrease o f cells in GO/Gl phase. Accumulation o f cells in G2/M phase 
was also seen in OE33 R cells at 6 h and 10 h post irradiation. This was concurrent with a 
significant decrease o f cells in GO/Gl phase. The distribution o f cells in S phase remained 
constant in both cell lines at all time points post irradiation. Data are presented as 
representative histogram graphs of the average data from 3 independent experiments. 
Analysis was performed by one-way ANOVA with Tukey post hoc correction. *p < 0.01 
vs. control, **p < 0.001 vs. control.



4.3.4 Radiation-induced apoptosis in OE33 P and OE33 R

The level o f  radiation-induced apoptosis was assessed in both OE33 P and OE33 R 

by annexinV-FITC/PI staining and flow cytometry as described in section 2.9, to 

investigate if reduced apoptosis induction was involved in the radioresistance o f  OE33 R. 

M easuring annexinV-FITC positive cells (lower right quadrant) only (Fig 4.4A), a 

significant induction o f  apoptosis (p = 0.0218) was observed in OE33 P 48 h post 

irradiation at 2 Gy compared to control (10.77 ± 0.83% vs. 4.11 ± 0.86% ). A significant 

induction o f apoptosis (p =  0.0262) was also observed in OE33 R cells 48 h post irradiation 

at 2 Gy compared to control (10.35 ± 2.12%  vs. 5.49 ± 1.51%). Induction o f 

apoptosis/necrosis was also investigated measuring annexin V-FlTC/propidium  iodide 

double stained cells (Fig 4.4B). A significant induction o f  apoptosis/necrosis (p =  0.0429) 

was observed in OE33 R cells 48 h post irradiation at 2 Gy compared to control (18.27 ± 

3.90% vs. 9.78 ± 2.74% ), whilst induction o f  apoptosis/necrosis in OE33 P was 

approaching significance. There was no significant induction o f apoptosis in either OE33 P 

(11.29 ± 1.61% vs. 9.15 ± 2.59% ) or OE33 R (9.12 ± 1.49% vs. 6.85 ± 1.64%), compared 

to control 24 h post irradiation with 2 Gy (Fig 4.4C). There was no significant induction o f 

apoptosis/necrosis in either OE33 P (30.39 ± 9.14%  vs. 29.95 ± 11.46%), or OE33 R (23.88 

± 11.23% vs. 18.42 ± 9.61% ), compared to control 24 h post irradiation with 2 Gy (Fig 

4.4D). These data suggest a similar apoptotic response o f  OE33 P and OE33 R to radiation, 

indicating that alterations in apoptosis are unlikely to account for the radioresistance o f 

OE33 R.

4.3.5 Intracellular ROS levels in OE33 P and OE33 R

ROS are critical m ediators o f  IR-induced damage (Ito et al., 2006). To determine if 

alterations in ROS biology were involved in the radioresistance o f  OE33 R, basal 

intracellular ROS levels were measured in OE33 P and OE33 R (Fig 4.5A) by CM- 

H2DCFDA and flow cytom etry as described in section 2.10. Staining with PI ensured that 

only ROS in viable cells were measured (Fig 4.5B). There was no significant difference in 

the level o f ROS in OE33 P and OE33 R (MFI 1467 ± 66 vs. 1260 ± 183, respectively), 

suggesting that alterations in basal ROS levels are unlikely to play a key role in the 

radioresistance o f  OE33 R.
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Figure 4.4 Radiation-induced apoptosis in OE33 cells. OE33 P and OE33 R cells were 
irradiated with a 2 Gy bolus dose o f X-ray radiation. Apoptosis was assessed by annexinV- 
FITC/Pl staining and flow cytometry, at 24 h and 48 h post irradiation. (A) Apoptotic cells 
are defined as annexinV-FlTC positive cells (lower right quadrant). A significant induction 
o f apoptosis at 48 h post irradiation was observed in both OE33 P and OE33 R compared to 
controls. Data are presented as mean ± SEM from 3 independent experiments. Analysis was 
performed by paired two-tailed Students /-test. *p = 0.0218 vs. OE33 P control, *p = 0.0262 
vs. OE33 R control. (B) Apoptotic/necrotic cells are defined as annexinV-FlTC and Pi 
positive cells (lower and upper right quadrants). A significant induction o f 
apoptotic/necrotic cells at 48 h post irradiation was observed in OE33 R cells only. Data are 
presented as mean ± SEM from 3 independent experiments. Analysis was performed by 
paired two-tailed Students /-test. *p = 0.0429 vs. OE33 R control. (C) Apoptotic cells are 
defined as annexin-V positive cells (lower right quadrant). No significant induction o f 
apoptosis was observed in either OE33 P or OE33 R 24 h post irradiation. Data are 
presented as mean ± SEM from 3 independent experiments. (D) Apoptotic/necrotic cells 
are defined as annexin-V and PI positive cells (lower and upper right quadrants). No 
significant induction o f apoptotic/necrotic cells was observed in either OE33 P or OE33 R 
cells, at 24 h post irradiation. Data are presented as mean ± SEM from 3 independent 
experiments. Analysis was performed by paired two-tailed Students Mest.
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Figure 4.5 Basal intracellular ROS levels are sim ilar in OE33 P and OE33 R. (A)
Basal ROS levels were measured in OE33 P and OE33 R by CM -H 2 DCFDA staining 
and flow cytometry. Basal ROS levels were demonstrated to be sim ilar in both cell 
lines. Data are presented as mean fluorescence intensity ± SEM from 4 independent 
experiments. Analysis was performed by unpaired two-tailed Students /-test. (B) 
Cells were double stained with CM -H 2 DCFDA and PI to ensure that only 
fluorescence from viable cells was measured. Data are presented as representative dot 
plot depicting viable (DCF stained cells in blue) and dead cells (PI stained in black).

114



4.3.6 Radiation significantly induces ROS generation

Although basal ROS levels were similar in OE33 P and OE33 R, alterations in 

radiation-induced ROS generation was investigated by CM-H2DCFDA and flow cytometry 

as described in section 2.10 (Fig 4.6). A significant induction in ROS generation was 

observed immediately after irradiation with 2 Gy (bolus dose) in both OE33 P (MFl 1690 ± 

69 vs. 1467 ± 66, p = 0.0028) and OE33 R (MFl 1433 ± 202 vs. 1260 ±183, p = 0.0163), 

when compared to unirradiated controls. The levels o f induced ROS were similar in both 

cell lines, suggesting that reduced radiation-induced ROS generation is unlikely to play a 

key role in the radioresistance o f OE33 R.

4.3.7 Basal intracellular GSH levels in OE33 P and OE33 R

To determine if ROS scavenging was altered in OE33 R, intracellular levels o f the 

antioxidant tripeptide GSH were measured using a luminescence-based assay as described 

in section 2.11. GSH is the principle intracellular non-protein thiol, which plays a critical 

protective role against oxidative stress through its ability to scavenge ROS (Meister and 

Anderson, 1983; Sies, 1999). GSH exists in two forms, its predominant reduced form can 

be oxidised to its subordinate state (GSSG), as a consequence o f free radical scavenging. 

Basal levels o f GSH were demonstrated to be similar in both OE33 P (2.86 ± 0.75 |o,M) and 

OE33 R (2.66 ± 0.71 |xM) (Fig 4.7). This suggests that differences in the basal intracellular 

stores o f GSH are unlikely to be involved in the radioresistance o f OE33 R.

4.3.8 GSH is significantly reduced in OE33 P cells following irradiation

Although basal levels o f GSH were similar in OE33 P and OE33 R, the effect of 

radiation on intracellular levels o f GSH was investigated as described in section 2.11 (Fig 

4.8). At 20 min post irradiation with 2 Gy, a significant (p = 0.0284) reduction in GSH 

levels was demonstrated in OE33 P cells. No significant decrease in GSH was observed in 

OE33 R cells, suggesting that OE33 R cells more efficiently maintain intracellular levels of 

GSH following exposure to radiation. This may result in more efficient ROS scavenging 

and therefore may provide a mechanism to confer protection from radiation-induced 

oxidative stress.
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Figure 4.6 Radiation induces significant ROS generation in OE33 P and OE33
R. (A) Radiation significantly induced reactive oxygen species generation in both 
OE33 P and OE33 R 20 min after irradiation with 2 Gy, compared to untreated 
controls. The level o f  reactive oxygen species generated by radiation was similar in 
both cell lines. Data are presented as mean ± SEM from 4 independent experiments. 
Analysis was performed by paired two-tailed Student’s t-test. **p = 0.0028 vs. OE33 
P control, *p = 0.0163 vs. OE33 R control, ns = not significant.
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Figure 4.7 Sim ilar basal GSH levels in OE33 P and OE33 R. Basal OE33 P and OE33 R 
GSH levels were measured by luminescence-based assay against a standard curve. The 
basal levels were sim ilar in both cell lines. Data are presented as mean ± SEM from 3 
independent experiments. Analysis was performed by unpaired two-tailed Student’s /-test.
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Figure 4.8 Radiation significantly reduces in tracellu lar GSH levels in OE33 P. GSH
levels were assessed in OE33 P and OE33 R cells after radiation treatment. Results are 
normalized to untreated controls. Irradiation with 2 Gy significantly decreased the level o f 
GSH in OE33 P cells 20 min post treatment. There was no significant decrease in GSH 
levels post irradiation in OE33 R cells. Data are presented as mean ± SEM from 3 
independent experiments. Analysis was performed by paired two-tailed Student’s Mest.*p 
= 0.0284 vs. OE33 P control, ns = not significant.
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4.3.9 G ST Pl expression is sim ilar in both OE33 P and OE33 R

To further investigate if altered GSH biology may play a role in the enhanced 

radioresistance o f  OE33 R, levels o f  the cytosolic enzyme glutathione S-transferase pi 1 

(GSTPl), which catalyses the conjugation o f  GSH with ROS, were measured by Rt-PCR, 

as described in sections 2.16.1 to 2.16.4. GapdH  was used as an endogenous control, and 

one OE33 P control sample was used as the calibrator for data normalisation. Basal levels 

o f  GSTPl were similar in both OE33 P and OE33 R (mean relative expression 0.75 ± 0 .1 6  

and 0.88 ± 0.19, respectively) (Fig 4.9). Irradiation with 2 Gy did not significantly induce 

expression in OE33 P at 3 h, 6 h or 24 h post irradiation, when compared to control (mean 

relative expression 1.23 ± 0 . 2 1 ,  1.06 ± 0.18, 1.01 ± 0.35 vs. 0.75 ± 0.16). Similarly, 

radiation did not significantly induce expression in OE33 R at 3 h, 6 h or 24 h post 

irradiation, when compared to control (mean relative expression 0.96 ± 0.21, 1.39 ± 0.46, 

0.68 ± 0.24 vs. 0.88 ± 0.19). This suggests that alterations in the GSTPl-mediated 

conjugation o f  GSH to ROS are unlikely to play a role in the enhanced radioresistance o f  

OE33 R.

4.3.10 Radiation-induced DNA dam age is sim ilar in OE33 P and OE33 R

To investigate if alterations in the induction o f  DNA damage were involved in 

the radioresistance o f  OE33 R, IR-induced DNA damage was investigated by detection of 

yH2ax by immunofluorescence and HCS, as described in section 2.12 (Fig. 4.10). Histone 

2ax is rapidly phosphorylated to yH2ax in response to DNA lesions such as DSB, forming 

foci at these sites o f  DNA damage (Fernandez-Capetillo et al., 2002). Basal levels o f  yH2ax 

were similar in both OE33 P and OE33 R (MFl; 322.44 ± 48.31 vs. 323.70 ± 57.44) (Fig. 

4.10A), despite the prolonged exposure o f  OE33 R cells to radiation during its generation. 

Irradiation with 2 Gy significantly induced yH2ax in both OE33 P (upregulated 1.31-fold, p 

= 0.0277) and OE33 R (upregulated 1.55-fold, p = 0.0104) 20 min post irradiation (Fig. 

4.1 OB). There was no significant difference in the level o f  IR-induced DNA damage in 

OE33 P and OE33 R, suggesting that reduced levels o f  IR-induced DNA damage in OE33 

R are unlikely to account for its radioresistance. In addition, this also suggests that the 

increased level o f  GSH in OE33 R cells after irradiation (Fig 4.8) does not provide a 

protective effect against IR-induced DSB in OE33 R.
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Figure 4.9 GSTPl expression is similar in OE33 P and OE33 R. GSTPl expression was 
measured in OE33 P and OE33 R, at basal level and 3 h, 6 h and 24 h post irradiation with 
2 Gy by Rt-PCR. (A) Representative agarose gel images. (B) Densitometric analysis was 
performed on PCR products. Data are presented as mean ± SEM from 3 independent 
experiments. Analysis was performed by one-way ANOVA with Tukey post hoc 
correction.
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Figure 4.10 Radiation-induced DNA dam age is sim ilar in OE33 P and OE33 R. DNA
dam age was m easured by detection o f yH2ax by imm unofluorescence and high content 
screening. (A) Basal yH2ax levels were similar in both OE33 P and OE33 R. Data are 
presented as the mean nuclear fluorescence intensity ± SEM  from 3 independent 
experim ents. A nalysis was performed by unpaired two-tailed Student’s /-test (B) Radiation- 
induced DNA dam age was assessed in OE33 P and OE33 R 20 min post irradiation with 2 
Gy. Data are normalized to untreated controls. Radiation significantly induced yH2ax 
expression in both OE33 P and OE33 R cells 20 min post irradiation with 2 Gy. The level 
o f  yH2ax induction was similar in both cell lines. Data are presented as the mean ± SEM 
from 3 independent experiments. Analysis was performed by paired two-tailed Student’s t -  

test.*p = 0.0277 vs. OE33 P control, *p = 0.0104 vs. OE33 R control, ns = not significant.
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4.3.11 OE33 R cells exhibit more efficient repair of radiation-induced DNA damage

The loss o f yH2ax foci at sites o f DNA DSB is consistent with their repair (Banath 

et al., 2010). Thus, to investigate the kinetics of DNA repair yH2ax levels were measured in 

OE33 P and OE33 R at different time points after irradiation with 2 Gy, as described in 

section 2.12 (Fig 4.11). Levels o f yH2ax remained significantly elevated in OE33 P cells 

compared to unirradiated controls at both 6 h (upregulated 1.25-fold, p < 0.01), and 24 h 

(upregulated 1.44-fold, p < 0.001) post irradiation with 2 Gy. However, in OE33 R cells 

yH2ax levels had returned to basal level by 24 h post irradiation, suggesting greater 

efficiency in the repair o f DSB in this cell line. The ability to efficiently repair IR-induced 

DNA DSB is an important survival mechanism that is likely to play an important role in the 

radioresistance o f OE33 R.

4.3.12 Basal expression o f DNA repair genes is altered in OE33 R

Due to the enhanced efficiency o f DNA repair demonstrated in OE33 R cells, the 

expression of a panel of 84 genes (listed in appendix 3B) involved in pathways o f DNA 

repair were examined using RT^Profiler''^'^ PCR arrays (as described in sections 2.19.1 and 

2.19.2), to identify alterations in the molecular genetic environment that may play an 

important role in the radioresistance o f OE33 R. At basal level, using an unpaired Students 

Mest there was no alterations in gene expression between OE33 P and OE33 R. As this is 

an isogenic model, and thus the only difference between OE33 P and OE33 R is the chronic 

irradiation o f OE33 R, it was deemed reasonable to use a paired Students /-test in this 

situation. The expression o f two genes, ataxia telangiectasia and Rad3-related protein 

kinase {ATR) and thymine DNA glycosylase (TDG) were significantly altered in OE33 R 

cells compared to OE33 P (Fig 4.12). ATR was significantly downregulated (p = 0.0312) in 

OE33 R cells when compared to OE33 P cells (Mean relative expression 0.66 ± 0.05 vs. 

0.89 ± 0.14). TDG was significantly upregulated (p = 0.0223) in OE33 R cells, compared to 

OE33 P cells (Mean relative expression 1.25 ± 0.15 vs. 0.84 ± 0.09). This alteration in 

DNA repair genes at basal level further supports a role for altered DNA repair in this 

model.
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Figure 4.11 OE33 R cells exhibit more efficient repair of radiation-induced DNA 
dam age. (A) yH2AX staining in OE33 P and OE33 R cells before and 20 min, 6 h and 24 h 
post irradiation with 2 Gy. yH2AX is green, nuclei (blue) are stained with Hoechst. (B) 
yH2ax was measured at different time points following irradiation with 2 Gy. Data are 
normalized to untreated controls. Radiation significantly induced yH2ax expression in both 
OE33 P and OE33 R cells 20 min post irradiation with 2 Gy. A significant persistence of 
yH2ax foci is present in OE33 P cells at 6 h and 24 h post irradiation with 2 Gy. There is no 
significant persistence of yH2ax foci in OE33 R cells at 6 h or 24 h post irradiation. Data 
are presented as mean ± SEM from 3 independent experiments. Analysis was performed by 
one-way ANOVA with Tukey post hoc correction. *p < 0.01 vs. OE33 P control, ^p < 0.05 
vs. OE33 P control, *p < 0.001 vs. OE33 P control, *p < 0.001 vs. OE33 R control. ^*p = 
0.0257 vs. OE33 R 24 h post irradiation (unpaired two-tailed Student’s Mest).
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Figure 4.12 Basal expression of DNA repair genes in altered in OE33 R. The basal 
expression o f  84 DNA repair genes was assessed in OE33 P and OE33 R using 
RT^Profiler™ PCR Arrays and qPCR. Analysis was carried out using SDS 2.3 and SDS 
RQ M anager 1.2 relative quantification software, gene expression is presented as fold 
difference relative to calibrator sample. ATR  was significantly downregulated in OE33 R 
when compared to OE33 P. TDG is significantly upregulated in OE33 R when com pared to 
OE33 P. Data are presented as mean ± SEM from 3 independent experiments. Analysis was 
performed by paired two-tailed Student’s /-test. *p = 0.0312 vs. OE33 P control, **p = 
0.0223 vs. OE33 P control.
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4.3.13 Basal expression o f miRNA is altered in OE33 R

To further characterise the m olecular genetic environm ent o f  OE33 P and OE33 R, 

the m iR N A  expression profile o f  the radioresistance model was investigated. As m iRN A  

have the capacity  to rapidly and specifically regulate the expression o f  large num bers o f  

genes, and given em erging evidence o f  their role in the response to cancer therapy, it was 

hypothesised that alterations in m iRN A  expression could play a role in the radioresistance 

o f  OE33 R. The expression o f  365 m iRN A  (appendix 3A), were profiled using human 

m iR N A  arrays as described in sections 2.18.1 to 2.18.3. One OE33 P experimental control 

replicate w as set as the calibrator for relative quantification analysis (Fig 4.13). Thirty-five 

percent (129) o f  the total m iRN A  profiled were not expressed in either cell line. O f  the 236 

m iRN A  that were expressed, significant dysregulation between OE33 P and OE33 R was 

dem onstrated. There were 9 m iRN A  expressed in OE33 P cells that were not expressed in 

OE33 R, whilst there were 26 m iRNA expressed in OE33 R that were not expressed in 

OE33 P (Table 4.1). Alterations in the level o f  expression o f  m iRN A  between OE33 P and 

OE33 R was also demonstrated. Four m iRN A; miR-501, miR-31, m iR-186 and m iR-99a 

were found to be significantly differentially regulated at the basal level between OE33 P 

and OE33 R (Fig. 4.14). miR-501 (p = 0.0220) and miR-31 (p = 0.0072) were 

dow nregulated , whilst miR-186 (p = 0.0055) and m iR-99a (p = 0.0078) were upregulated in 

OE33 R cells, when compared to OE33 P.

4.3.14 miRNA are differentially regulated in response to radiation in OE33 R

T he effect o f  radiation on m iRN A  expression was then investigated 6 h after 

irradiation with 2 Gy using hum an m iRN A  arrays as described in sections 2.18.2 and 2.18.3 

(Fig 4.15). O ne control sample from OE33 P and OE33 R was set as the calibrator for 

relative quantification analysis. A 6 h time point w as chosen as two previous studies 

(Josson et al., 2008; Weidhaas et al., 2007) have observed radiation-induced modulation o f  

m iRN A  expression at 2-8 h post irradiation, thus 6 h was deemed to be a reasonable time 

point at which to examine the effect o f  radiation on m iRN A  expression in this model. 

Radiation significantly altered the expression o f  11 m iRN A  in this model, supporting a role 

for m iR N A  in the cellular response to radiation. More importantly these radiation- 

m odulated m iRN A  were differentially expressed between the radiosensitive OE33 P and

125



OE33 P OE33 R

Ctrl + IR Ctrl + IR
h5a-fnflb1 ?b-43?. 
hHHnfl-5fl8d-438. 
huMTifl-646-4361... 
hsjKtiF43l2-4373. 
h«MnR-21-«730. 
hs*mFI'519b-437 
h»a(inFI'572'43&1 
hs»«iFI 503-4373. 
h » ^ f l  -3? l-4373.. 
h»<wnfl 660-4300... 
ht«nfl-107-4373. . 
h»mfl-Z7b-4373... 
h s« n f l-25-43730. . 
hs»n>R-221-4373. . 
h » rn R -379-4373 
h » te l  7b'437316S 
h » « .n  9 4373285 
h»«iFI-30d-4373. 
hsM nfl-132-4373... 
hsdflifl-594-4360.. 
htfrmfl -565-4360;.. 
hsarfnfl-130a-437. 
h ! « n F -412-4373. . 
hs4»tnfl-194-4373. 
hw«)iB-142-5p-4 
h»fnR '106b’437 
hs^'Tifi-31-43731. 
hsd<nfl-669-4360. 
hs*<nfl-331-4373... 
hsdflifi -550-4380.. 
hs*ftifl-196b-437... 
h $ ^ f l -149-4373...

-326-4373.. 
h t«nfl-210-4373. . 
hsa<iifl-30a-3p-4.. 
hs»fnF -2000-437... 
huK nn-514-4373. 
hsattiR 196 4373 

20a-4373. 
-33-43730. 

hs»mfl-422a-43^ 
h»<tifl-220-4373...

-5190-437. . 
hs-!«iifl-556-4360. 
h!»mfl-586-43BO. .

-143-4373, 
huwnfi-491-4373. 
h jom R '320 4373 

410-4378. 
h » /n R -5180-437. 

-32-43730.. 
-597-4360.. 
-452-4373. . 

h!*mR-146a-437. . 
h!*fTiR-99a-4373. 
hs»m R-223-4373. 
h» fnR  £29 4360 

206 4373 
h»<nFl-3ffi-4373. 
h»<iriR-200a-437.. 
hs*<nfl-497-4373.. 
hs»«iFl 5K-4373.

Figure 4.13 m iRNA expression profile in OE33 P and OE33 R. Taqm an human miRNA 
arrays were performed on total RNA collected from OE33 P and OE33 R cells 6 h post 
irradiation at 2 Gy and untreated control samples. One sample, OE33 P control was set as 
the calibrator for relative quantification analysis. The data is presented as a hierarchical 
cluster heat map o f  the miRNA expression profiles o f  OE33 P and OE33 R, at both the 
basal level and 6 h post irradiation with 2 Gy. Samples are OE33 P control, OE33 P + 2 Gy, 
OE33 R control and OE33 R + 2 Gy. Red represents high expression, green represents low 
expression and grey represents no expression. The cluster heat map was produced using the 
log transformed average relative quantification values o f 365 miRNA targets and 2 
endogenous controls. m icroRNA arrays were run in triplicate.
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Table 4.1 Dysregulated basal expression of 35 miRNA in OE33 P and OE33 R.

miRNA OE33 P
Average 
Ct values OE33 R

Average 
Ct values

miR-576 Expressed 35.44 Not Expressed 40.00

miR-382 Expressed 35.91 Not Expressed 40.00

miR-229-5p Expressed 36.72 Not Expressed 40.00

miR-570d Expressed 36.73 Not Expressed 40.00

miR-520a Expressed 37.88 Not Expressed 40.00

miR-9-4378074 Expressed 38.43 Not Expressed 40.00

miR-545 Expressed 39.29 Not Expressed 40.00

miR-452-4378077 Expressed 39.66 Not Expressed 40.00

miR-182-4378066 Expressed 39.88 Not Expressed 40.00

miR-296 Not Expressed 40.00 Expressed 31.57

miR-520g Not Expressed 40.00 Expressed 33.02

miR-497 Not Expressed 40.00 Expressed 34.01

miR-520f Not Expressed 40.00 Expressed 34.02

miR-lOb Not Expressed 40.00 Expressed 34.41

miR-329 Not Expressed 40.00 Expressed 34.49

miR-614 Not Expressed 40.00 Expressed 35.19

miR-368 Not Expressed 40.00 Expressed 35.36

miR-152 Not Expressed 40.00 Expressed 35.77

miR-18b Not Expressed 40.00 Expressed 36.57

miR-199a-4378068 Not Expressed 40.00 Expressed 36.73

miR-556 Not Expressed 40.00 Expressed 36.79

miR-302d Not Expressed 40.00 Expressed 36.82

miR-487b Not Expressed 40.00 Expressed 36.82

mlR-376a-4378104 Not Expressed 40.00 Expressed 36.99

miR-424 Not Expressed 40.00 Expressed 37.05

miR-510 Not Expressed 40.00 Expressed 37.65

mlR-96 Not Expressed 40.00 Expressed 37.75

mlR-206 Not Expressed 40.00 Expressed 37.83

mlR-190 Not Expressed 40.00 Expressed 38.07

mlR-220 Not Expressed 40.00 Expressed 38.07

mlR-452-4373281 Not Expressed 40.00 Expressed 38.19

mlR-485-3p Not Expressed 40.00 Expressed 38.30

mlR-381 Not Expressed 40.00 Expressed 39.23

miR-33 Not Expressed 40.00 Expressed 39.48

miR-517 Not Expressed 40.00 Expressed 39.63
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Figure 4.14 miRNA are significantly differentially regulated between OE33 P and 
OE33 R at basal level. miRNA expression was measured in triplicate using miRNA 
Arrays. Analysis was carried out using SDS 2.1 and SDS RQ Manager 2.1 relative 
quantification software (A) Four miRNA were differentially expressed between OE33 P 
and OE33 R. Data are presented as mean ± SEM from 3 independent experiments. Analysis 
was performed by unpaired two-tailed Student’s t-test *p = 0.0220 vs. OE33 P control, ^p 
= 0.0072 vs. OE33 P control, *p = 0.0055 vs. OE33 P control, ^p = 0.0078 vs. OE33 P 
control.
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the radioresistant OE33 R.

In OE33 P cells, radiation significantly altered the expression o f  5 miRNA; miR- 

203 (p = 0.0344), miR-31 (p = 0.0350), miR-496 (p = 0.0447) m iR-29c (p -  0.0496) and 

miR-23b (p = 0.0294), with all but miR-496 upregulated in response to irradiation (Fig. 

4.15A). Expression levels o f  these miRNA remained unchanged in the radioresistant OE33 

R cell line in response to IR. Radiation modulated the expression o f 6 miRNA; miR-137 (p 

= 0.0131), m iR-210 (p -  0.0077), miR-32 (p = 0.0388), m iR-326 (p = 0.0243), miR-340 (p 

= 0.0203) and miR-16 (p = 0.0086) in radioresistant OE33 R cells (Fig 4.15B). The 

majority o f  these (miR-210, miR-32, miR-326 and miR-340) were downregulated in 

response to radiation. Expression levels o f  these miRNA remained unchanged in OE33 P 

cells in response to radiation. These data not only support a role for miRNA in the response 

to radiation, they also suggest that altered miRNA expression may play a role in 

determ ining the cellular response in this model.
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Figure 4.15 m iRNA are significantly d iffe rentia lly  regulated in response to radiation 
in OE33 P and OE33 R. m iRNA expression was measured 6 h post irradiation with 2 Gy 
using miRNA arrays. Analysis was carried out using SDS 2.1 and SDS RQ Manager 2.1 
relative quantification software. (A) Expression o f 5 miRNAs were modulated by radiation 
in the OE33 P cell line. Data are presented as mean ± SEM from 3 independent 
experiments. Analysis was performed by paired two-tailed Student’s Mest. *p = 0.0344 vs. 
OE33 P control, ^p = 0.0350 vs. OE33 P control, *p = 0.0447 vs. OE33 P control, ^p = 
0.0496 vs. OE33 P control, **p = 0.0294 vs. OE33 P control. (B) Expression o f 6 miRNAs 
were modulated by radiation in the OE33 R cells line. Data are presented as mean ± SEM 
from 3 independent experiments. Analysis was performed by paired two-tailed Student’s t -  

test. ^p = 0.0131 vs. OE33 R control,*p = 0.0077 vs. OE33 R control, *p = 0.0388 vs. OE33 
R control, ^p = 0.0243 vs. OE33 R control, ®p = 0.0203 vs. OE33 R control, **p = 0.0086 
vs. OE33 R control.
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4.4 Discussion

H aving generated an isogenic model o f  radioresistance in OAC, the aim o f this 

chapter was to characterise this model in terms o f  param eters frequently implicated in the 

cellular response to radiation, to assess any molecular alterations that may be involved in 

the radioresistance o f  OE33 R.

The chronic irradiation o f  OE33 R altered its basal cell cycle distribution, with 

OE33 R cells having a significantly higher percentage o f  cells in G2/M  phase and lower 

percentage o f  cells in GO/Gl phase, when compared to OE33 P cells. The increased number 

o f  radioresistant OE33 R cells in the G2/M phase at basal level is surprising, as this phase 

is m ost sensitive to radiation (Sinclair and M orton, 1966). The proliferative capacity o f 

OE33 R cells is very similar to that o f  OE33 P cells, so a faster doubling time does not 

explain this. As this alteration is minimal (only 4%  difference in G2/M phase distribution) 

and does not correlate to the radiosensitivity o f  the cells, it is unlikely that it plays a key 

role in the enhanced radioresistance o f  OE33 R. Radiation induced a similar late G2/M 

arrest in both OE33 P and OE33 R. This arrest is important for DNA repair, and its 

abrogation has been demonstrated to sensitise cells to radiation (Busse et al., 1978). No G1 

arrest was observed in either cell line. This suggests that differences in cell cycle 

checkpoint operation do not play a key role in the radioresistance o f  OE33 R.

Radiation induced significant levels o f  apoptosis in both the OE33 P and OE33 R 

cell lines at 48 h post irradiation, indicating a role for program med cell death in the cellular 

response to radiation. However, there was no correlation between apoptotic propensity and 

radiosensitivity, as sim ilar levels o f  apoptosis were observed in both OE33 P and OE33 R 

cells. The role o f  apoptosis in radiation-induced cell death rem ains controversial, with 

evidence for and against a critical role for apoptosis in determ ining radiosensitivity (Brown 

and Attardi, 2005). Several studies have observed a correlation with reduced apoptosis and 

radiosensitivity in radioresistant isogenic models o f  breast cancer (Pearce et al., 2001), 

oesophageal SCC (Xie et al., 2009) and neuroblastom a (Russell et al., 1995). In contrast to 

this study, large bolus doses o f radiation (9 Gy, 12 Gy and 5 Gy, respectively) were used to 

induce apoptosis in these studies. At a physiologically-relevant radiation dose (2 Gy) the 

induction o f  apoptosis was similar in both OE33 P and OE33 R, indicating that apoptosis is 

not a critical determ inant o f  radiosensitivity in this model. In addition, these data question
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apoptosis as a major form o f radiation-induced cell death in this model. Although 

significant levels o f apoptosis were induced 48 h post irradiation with 2 Gy, the percentage 

o f apoptotic cells were low and did not correlate to the number o f surviving cells as 

determined by clonogenic assay. This indicates that alternative cell death mechanisms are 

more likely significant in this model, and supports the hypothesis that non-apoptotic cell- 

death mechanisms, such as autophagy, mitotic catastrophe, necrosis and senescence, may 

be important in determining the response to radiation (de Bruin and Medema, 2008; 

Mirzayans et al., 2005).

Radiation significantly induced ROS levels in both OE33 P and OE33 R, supporting 

their role as important mediators o f radiation-induced damage (Bump and Brown, 1990; Ito 

et al., 2006). However, basal and radiation-induced ROS levels were similar in both cell 

lines, suggesting that reduced ROS generation is not responsible for radioresistance in this 

model. To ascertain if alterations in ROS scavenging activity were involved, levels o f GSH 

were measured in both cell lines. Radiation significantly decreased levels o f GSH in OE33 

P cells, an effect not observed in OE33 R. Given the critical role that GSH plays in the 

defence against ROS-induced injury (Meister and Anderson, 1983), the ability of OE33 R 

cells to maintain intracellular GSH levels after IR may provide a mechanism for their 

radioresistance. Expression o f GSTPl, which catalyses GSH detoxification o f reactive 

species (Dourado et al., 2008), was similar in both OE33 P and OE33 R at basal level and 

radiation did not significantly induce expression in either cell line. This suggests that any 

radioprotective effect o f GSH in OE33 R is not GSTPl-mediated, but may be due to direct 

actions of GSH or mediated by other enzymes, such as glutathione peroxidise (GPxs), that 

catalyze GSH scavenging activity (Lei, 2002). To further investigate if the increased GSH 

level in OE33 R was having a protective effect, levels of radiation-induced DNA DSB were 

measured. Radiation induced significant DNA damage in both cell lines 20 min after 

irradiation, the level o f which was similar, suggesting that the increased level o f GSH in 

OE33 R after IR treatment does not reduce levels o f IR-induced DNA DSB. Whilst the 

increased GSH levels may reduce non-DSB IR-induced damage, as DNA DSB are 

considered the lethal event, these data suggest that alterations in GSH levels may not be 

critically involved in the enhanced radioresistance o f OE33 R.
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Basal levels o f yH2ax were similar in both OE33 P and OE33 R despite the chronic 

exposure o f OE33 R to radiation during its generation, suggesting that the enhanced 

radioresistance of OE33 R is not due to reduced levels o f IR-induced DNA DSB. Although 

radiation induced similar levels of DNA damage, the kinetics o f yH2ax foci loss was very 

different in each cell line. Phosphorylation of H2ax remained significantly elevated in 

OE33 P cells at both 6 h and 24 h post irradiation. In contrast, in OE33 R cells 

phosphorylation o f H2ax had returned to basal levels by 24 h post irradiation. The 

persistence o f yH2ax foci has previously been demonstrated to correlate to radiosensitivity 

(Taneja et al., 2004), with loss o f foci dependent on efficient repair o f DNA DSB (Banath 

et al., 2010; Kato et al., 2006). These data demonstrate that OE33 R cells have a greater 

efficiency in the repair o f radiation-induced DNA DSB than OE33 P, suggesting a 

mechanism for the radioresistance o f these cells. This is supported by other studies which 

have demonstrated the importance o f IR-induced DNA damage repair in radioresistance 

(Chang et al., 2005; Naidu et al., 2010). A recent study also demonstrated enhanced repair 

o f DNA DSB in IR-induced radioresistant cervical and liver cancer cells, which was 

associated with activation o f a cyclin D1-dependant DNA damage response (Shimura et al., 

2010b).

To identify genetic factors involved in the enhanced DNA repair o f OE33 R, the 

basal expression o f 84 genes involved in pathways o f DNA repair were profiled in OE33 P 

and OE33 R. Expression o f 2 genes, ATR  and TDG were altered in OE33 R, with ATR 

significantly downregulated and TDG significantly upregulated when compared to OE33 P 

cells. ATR is one o f the critical checkpoint proteins following exposure to genotoxic insults 

such as IR, with activation o f ATR primarily driven by DNA SSB (Cliby et al., 1998). ATR 

deficient cells are more sensitive to radiation (Cliby et al., 1998; Wang et al., 2004), thus 

the reduced basal ATR  expression in OE33 R cells is surprising. The effect of ATR on 

radiosensitivity has been demonstrated to be HR-dependent (Wang et al., 2004), therefore, 

this data may suggest that HR is not a dominant repair pathway in this model. Given the 

critical role o f ATR in IR-induced G2 checkpoint arrest (Wang et al., 2003), the fact that 

OE33 P and OE33 R demonstrated a similar IR-induced G2/M arrest suggests that the basal 

downregulation o f ATR  in OE33 R cells does not correlate functionally to the response to 

IR. Thus, it may be interesting to examine the kinetics o f ATR  expression in response to
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radiation, to determine if the downreguiation in OE33 R at basal level is also seen 

following irradiation. TDG is one o f the DNA glycosylases involved in the BER pathway, 

which processes oxidative DNA damage such as SSB and damaged bases (Chaudhry, 

2007). Whilst BER is not traditionally involved in the repair o f DSB, alterations in several 

components of BER have been demonstrated to alter radiosensitivity. Interestingly, 

attenuation o f the DNA glycosylases SM UGl, UNG and NEILI is associated with 

increased radiosensitivity (An et al., 2005; Rosenquist et al., 2003), supporting enhanced 

expression o f TDG as a mechanism for the radioresistance in OE33 R.

Considering the statistical significance threshold was set at p <0.05, in a panel o f 84 

genes one would expect that up to 5% (4 o f 84) o f genes may report as significant by 

chance. By this measure, the significant difference in TDG and ATR  expression could 

potentially be a chance event. However, this situation is generally more applicable to large 

gene array-based studies using samples o f different origin, such as patient samples, where a 

false discovery rate is employed. However, the differences in TDG and ATR  expression are 

likely real as the data was generated from cell lines in three independent experiments. 

Given the demonstrated enhanced repair o f DNA DSB in OE33 R, it was surprising that the 

expression o f genes involved in NHEJ or HR were not altered at basal level. This may 

suggest that alterations in gene expression in response to IR, rather than at basal level, may 

be more important for the enhanced DNA DSB repair in OE33 R. Given that DNA is the 

primary target o f ionising radiation, and that the generation o f DNA DSB are the critical 

factor leading to cell death (Hall et al., 1988), it is not surprising that enhanced DNA repair 

appears to play an important role in conferring radioresistance in this model.

A previous study using microarray analysis demonstrated significant changes in the 

expression o f over 855 genes within 4 h o f exposure to radiation (Yin et al., 2003). Given 

this complex genetic response to IR, regulatory molecules such as miRNA, which are 

capable o f regulating the expression o f a large number of genes, could potentially play an 

important role in the radioresponse. To investigate the role o f miRNA in the response to 

radiation in this model, the miRNA profile o f OE33 P and OE33 R was assessed. O f the 

365 miRNAs that were profiled only 65% were expressed in either cell line, this was not 

surprising given the tumour/tissue-specific expression o f miRNA (Volinia et al., 2006). At 

the basal level, expression o f miRNA was dysregulated between OE33 P and OE33 R, with
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32 m iRNA expressed in either one or the other line. O f the miRNA expressed in both OE33 

P and OE33 R, alterations in the levels o f  expression were also demonstrated, with miR- 

501 and miR-31 downregulated in OE33 R, whilst m iR-186 and m iR-99a were upregulated 

in OE33 R. The role o f these miRNA in the radioresponse in oesophageal cancer is 

unknown. In mesothelioma, miR-31 regulates the protein phosphatase PPP6C (Ivanov et 

al., 2010). Inhibition o f  PPP6C has been demonstrated to sensitise cells to IR (Mi et al., 

2009), suggesting a mechanism for radioresistance in this model, via abrogation o f  miR-31- 

mediated regulation o f  PPP6C. In lung cancer cells, miR-501 was demonstrated to be 

repressed by activated p53 (Tarasov et al., 2007), which is induced by IR, possibly 

suggesting a m echanism  for the downregulation o f  miR-501 in OE33 R. m iR-186 has been 

dem onstrated to inhibit apoptosis and promote growth in a num ber o f  cancer cell lines 

(M yatt et al., 2010; Zhou et al., 2008). Interestingly, m iR -l86-m ediated regulation o f 

FO X O l in endometrial cancer, results in the inhibition o f the cell cycle regulator p27(kip)l, 

which has previously been demonstrated to be associated with a poor response to CRT in 

rectal cancer (Esposito et al., 2001). However as apoptosis and cell cycle checkpoint 

operation were sim ilar in both OE33 P and OE33 R, this suggests that the possible role o f 

m iR-186 in the enhanced radioresistance o f OE33 R is likely to be due to its regulation o f 

alternative pathways. Increased basal expression o f  m iR-99a has been demonstrated in a 

m ulti-drug resistant ovarian cancer cell line (Zhu et al., 2008a), supporting a role for miR- 

99a as im portant for surviving cytotoxic insult. However, given the tissue-specific function 

o f  m iRNA, the role o f these miRNA in the radioresponse o f  this model, may be via 

regulation o f  alternative pathways. Theoretically, fractionated irradiation has selected for 

cells that have altered expression o f these miRNA when compared to the corresponding 

OE33 P cell line. This suggests that the altered expression levels o f  miRNA at the basal 

level may be im portant for surviving the cytotoxic effects o f  radiation.

The effect o f  radiation on miRNA expression was then determined. Radiation 

m odulated expression o f  11 miRNAs, highlighting the involvement o f  these miRNA in the 

cellular response to radiation. Interestingly, these radiation-m odulated miRNA were 

differentially regulated in the radiosensitive parent and radioresistant subline, suggesting 

that m iRNA also play a role in determining radiosensitivity. The m ajority o f  the miRNA 

m odulated by radiation in OE33 P were upregulated in response to IR. In contrast, in OE33
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R, all but one miRNA were downregulated by radiation. Global downregulation o f  miRNA 

enhances cellular transform ation and tum ourigenesis (Chang et al., 2008b; Kumar et al., 

2007), and thus repression o f  miRNA may provide a mechanism for resistance to radiation- 

induced death. O f  the 365 target m iRNA investigated, only miR-31 was found to be 

differentially regulated both at the basal level and in response to radiation. Radiation 

induced the expression o f  miR-31 in OE33 P, however, this effect was not seen in OE33 R. 

Interestingly miR-31 is downregulated at the basal level in OE33 R, strongly suggesting 

that regulation o f  miR-31 expression levels is important in the radioresponse and that its 

downregulation may facilitate resistance to radiation.

Characterisation o f  this model has revealed that o f  the many frequently altered 

parameters associated with the radioresistance phenotype, such as proliferation, cell cycle 

distribution, apoptosis and DNA dam age induction, only DNA repair and miRNA 

expression were significantly altered between OE33 P and OE33 R. These data strongly 

suggest a role for enhanced DNA repair and miRNA in the radioresistance o f  OE33 R. The 

functional role o f  specific miRNA in determ ining the cellular response to radiation is 

investigated in the next chapter.
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Chapter 5

Investigation of the functional role of miRNA in the cellular

response to radiation
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5.1 Introduction

m iRNA are highly conserved, small non-protein coding m olecules that regulate 

gene expression (Kusenda et al., 2006; Place et al., 2008; Vasudevan et al., 2007). Up to 

1,200 miRNA have been identified in hum ans to date 

(http://m icrorna.sanger.ac.uk/sequences/; Saini et al., 2007), with this number rapidly 

increasing with improvements in detection and sequencing technology (Hummel et al., 

2010a). Thousands o f  human genes are predicted to be regulated targets o f  miRNA, and as 

a result m iRNA play a central role in the regulation o f  many physiological and 

pathophysiological processes (Bartel, 2004), including pathways involved in the response 

to radiation (Chan et al., 2005; Cheng et al., 2005; Hu et al., 2010a).

m iRNA are encoded in the genome, and are preferentially transcribed by Pol II into 

long pri-m iRN A transcripts o f ~1 kb in size, which have a stem -loop structure (Cai et al., 

2004; Lee et al., 2002). pri-miRNA molecules are processed in the nucleus by Drosha (Han 

et al., 2004; Lee et al., 2003), to produce pre-miRNA m olecules o f  ~  70 nt in length 

(Bushati and Cohen, 2007; Kim, 2005; Lee et al., 2003). pre-miRNA molecules are 

transported to the cytoplasm (Bohnsack et al., 2004; Lund et al., 2004), where they are 

processed by Dicer to produce a 22 nt duplex molecule (Chendrim ada et al., 2005; 

H utvagner et al., 2001; Ketting et al., 2001). The duplex molecule contains the single- 

stranded m ature miRNA and a fragment term ed miRNA*, which is derived from the 

opposite com plem entary arm o f the pre-miRNA (Schwarz et al., 2003). The 

m iRNA:m iRNA* m olecule is then incorporated into a large protein effecter complex called 

the RN A-induced silencing complex (RISC) (Bushati and Cohen, 2007). Preferentially, the 

m iRNA* strand is subsequently degraded, whilst the miRNA m olecule guides the RISC to 

the target m RNA (Hammond et al., 2000; Schwarz et al., 2003). It is the interaction o f  the 

m iRNA/RISC and its target mRNA that results in gene regulation.

The exact m echanism (s) o f miRNA post transcriptional control o f  target genes is 

still largely unknown. miRNA can downregulate the expression o f  targets at the protein 

level, but can also direct degradation o f  the target mRNA (Filipowicz et al., 2008). miRNA 

bind to sites o f  complete/near complete com plem entarity in the 3 ’-UTR (Hutvagner and 

Zam ore, 2002), 5’-UTR (Chang et al., 2008a; Lytle et al., 2007) and amino acid coding 

sequence (D uursm a et al., 2008; Lai et al., 2008) o f  target genes. This ultimately adds to the 

com plexity o f m iRNA regulation, as it means that a single miRNA can regulate hundreds 

o f  m RNA targets, whilst a target gene can be regulated by a large num ber o f different
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miRNA (Lim et al., 2005). It is notable that alm ost 50% o f  miRNA identified so far are 

located at sites o f  genomic fragility that are frequently amplified, deleted or rearranged in 

cancer (Calin et al., 2004b). In light o f  this, and the dynamic role o f  m iRNA in regulating 

gene expression, it is not surprising that their dysregulation is involved in carcinogenesis. 

Altered miRNA expression profiles relating to diagnosis and prognosis are docum ented in a 

variety o f human cancers (Ambs et al., 2008; Guo et al., 2008; Lu et al., 2005; Yanaihara et 

al., 2006). Consequently, miRNA have emerged as exciting new potential diagnostic and 

prognostic biomarkers, and hold promise as a novel class o f  therapeutic agents for cancer.

More recently, there is increasing interest in the association o f  miRNA and 

therapeutic outcome, in both prediction and m odulation o f  response. miRNA profiling o f 

tumours and cell lines has revealed altered expression to be associated with sensitivity to 

both chemotherapeutics (Yang et al., 2008b) and radiation (Chaudhry et al., 2010a), 

highlighting their potential as predictors o f  response. M oreover, several recent studies have 

demonstrated the ability o f  miRNA to modulate the response to both o f  the aforementioned 

therapies (for review see Hummel et al. 2010). The functional analyses in these studies 

were facilitated by the utilisation o f  synthetic miRNA precursor m olecules designed to 

mimic mature target miRNA (Pre-miRs) and anti-sense oligonucleotides (Anti-miRs), 

which enable the upregulation and downregulation o f  a target m iRNA, respectively. The 

ability to manipulate intracellular expression levels o f  specific miRNA is central to the 

elucidation o f  their m olecular targets and functions. These studies have also highlighted the 

potential use o f  miRNA as agents to enhance the efficacy o f current cancer treatm ents, 

further supporting a role for miRNA in the ‘next generation’ o f  cancer therapeutics.

Currently there is no published data on the role o f miRNA in the cellular response 

to radiation in oesophageal cancer. Chapter 4 identified num erous m iRNA that were 

differentially regulated between the radiosensitive OE33 P and radioresistant OE33 R. This 

chapter investigates the functional role o f  2 o f these identified m iRNA; miR-31 and miR- 

137, in determ ining the cellular response to radiation in oesophageal cancer. These two 

miRNAs were chosen for further investigation as radiation m odulated their expression, 

suggesting a role in the cellular response to radiation. Additionally, they were differentially 

expressed between OE33 P and OE33 R, suggesting a role in determ ining the response to 

radiation. miR-31 was the only miRNA o f the 365 miRNAs profiled that was differentially 

expressed between OE33 P and OE33 R, both at basal level, with downregulation in OE33 

R, and in response to radiation, with upregulation in OE33 P. This suggests that
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upregulation o f miR-31 is important for radiosensitivity. miR-137 expression was similar in 

both OE33 P and OE33 R at basal level, but in contrast to miR-31, was upregulated in 

response to IR in OE33 R cells, suggesting that upregulation is important for 

radioresistance. This is supported by a recent study, which demonstrated a potential role for 

miR-137 in tumour resistance to CRT in rectal cancer (Svoboda et al., 2008).

5.2 Aims and objectives

Evidence points to a role for altered miRNA expression in modulating the response 

to cytotoxic therapy. However, the role o f miRNA in the cellular response to radiation in 

oesophageal cancer is unknown. Given the altered expression o f miRNA in the established 

isogenic model o f radioresistance (as demonstrated in chapter 4), the aim o f this chapter 

was to investigate the functional role o f two of these altered miRNA; miR-31 and miR-137 

in the radioresponse.

Specific objectives:

• Optimise conditions for the transient transfection o f Ambion® Pre-miR™ miRNA 

precursor molecules.

• Investigate the effect o f miRNA overexpression on radiosensitivity in OAC cell 

lines, as measured by clonogenic assay.

• Identify putative miRNA gene targets that may be involved in the radioresponse.

5.3 Results

5.3.1 Transfection optimisation

The conditions for the transient transfection o f synthetic Pre-miR molecules into 

cell lines were optimised by transfection o f Pre-miR-1 miRNA precursor molecules or 

scrambled precursor molecules into OE33 P cells as described in section 2.21.1 and 2.21.2. 

Pre-miR-1 negatively regulates the PTK9 gene at the mRNA level, whilst scrambled 

precursor molecules do not regulate expression o f any genes. The effective delivery and 

activity o f Pre-miR-1 was therefore measured by quantification o f PTK9 expression using 

qPCR, as described in section 2.16.5. GapdH  was used as an endogenous control for data 

normalisation. Three transfection conditions required optimisation; transfection reagent, 

transfection reagent volume and Pre-miR concentration.
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To determine the most efficient transfection reagent, OE33 P cells were transfected 

with Pre-miR-1 (50 nM) or a scrambled precursor molecule (50 nM), using either 

siPORT™ A^eoFX™ or Lipofectamine 2000™ transfection reagents. PTK9 expression was 

then assessed 48 h post transfection by qPCR, as recommended by Ambion®. Transfection 

o f Pre-miR-1 using Lipofectamine 2000 and siPORT NeoVX  transfection reagents resulted 

in a downregulation o f PTK9 expression of 87% and 19%, respectively, when compared to 

untreated controls. Transfection o f scrambled control precursor molecules did not reduce 

PTK9 expression when compared to untreated controls (Fig 5.1 A). Lipofectamine 2000 was 

therefore determined to be the optimum transfection reagent in this system, and was used in 

all further transfection experiments.

The optimum volume o f transfection reagent was then determined by transfecting 

OE33 P cells with either Pre-miR-1 (50 nM) or scrambled precursor molecules (50 nM) 

using either 5 ^L or 9 |iL Lipofectamine 2000 reagent. Transfection o f Pre-miR-1 using 

either 5 |iL or 9 |iL volumes o f Lipofectamine 2000 resulted in >70% downregulation of 

PTK9, when compared to untreated controls. No downregulation o f PTK9 was 

demonstrated after transfection with scrambled precursor molecules (Fig 5 .IB). Therefore, 

5 i^L was determined to be the optimum volume o f Lipofectamine 2000, and was used in all 

further transfection experiments.

The optimum concentration o f Pre-miR precursor molecule was then determined by 

transfecting OE33 P cells with 50 nM, 20 nM or 5 nM concentrations of either Pre-miR-1 

or scrambled precursor molecules. All concentrations o f Pre-miR-1 resulted in >70% 

downregulation o f PTK9, when compared to untreated controls. No downregulation of 

PTK9 was observed after transfection with scrambled precursor molecules (Fig 5.2). Thus, 

5 nM was determined to be the optimum concentration o f Pre-miR/scrambled precursor 

molecule, and was used for all future transfection experiments.

As efficient transfection was demonstrated using the transfection method and cell 

concentration recommended by Ambion®, these parameters did not require optimisation. 

The optimum conditions for transfection were determined to be: reverse transfection of 5 

nM of Pre-miR precursor molecule, with 5 |iL o f Lipofectamine 2000 using cells at a 

concentration o f 2.4 x 10  ̂cells/well in a 6-well plate, in a final volume o f 3 mL.
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Figure 5.1 Optimisation of transfection reagent. Transfection reagent conditions were 
optimised by transfection o f OE33 P cells with Pre-miR-1 or a scrambled non-targeting 
control. The transfection efficiency was assessed 24 h post transfection by measurement o f 
PTK9 gene expression by qPCR. (A) The transfection efficiency o f 2 transfection reagents, 
siPORT NeoVyi and Lipofectamine 2000 were assessed. Transfection o f Pre-miR-1 using 
both reagents resulted in a downregulation o f PTK9 expression when compared to a 
scrambled control. This downregulation was greatest when using Lipofectamine 2000. Data 
are presented as the mean relative expression from a single experiment. (B) The 
transfection efficiency o f 2 volumes (5 |iL and 9 |aL) o f Lipofectamine 2000 reagent was 
assessed. Transfection o f Pre-miR-1 using both 5 |j,L and 9 |jL resulted in a downregulation 
o f PTK9 expression when compared to a untreated control. Data are presented as the mean 
relative expression from a single experiment.
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Figure 5.2 Optimisation o f Pre-miR concentration. The optimum Pre-miR concentration 
was determined by transfecting cells with either 50 nM, 20 nM or 5 nM Pre-miR-1. 
Transfection efficiency was determined 24 h post transfection by measurement o f PTK9 
gene expression by qPCR. A ll concentrations tested resulted in downregulation o f PTK9. 
Data are presented as the mean relative expression from a single experiment.
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5.3.2 Kinetics of Pre-miR overexpression

To assess the kinetics o f  Pre-miR precursor m olecule overexpression following 

transfection, OE33 P cells were transfected with Pre-miR-31 or a scrambled precursor 

m olecule (as described in section 2.21.2) and expression o f miR-31 was assessed by qPCR 

at 16 h, 24 h and 48 h post transfection (as described in sections 2.17.1 and 2.17.2). 

Increased expression o f  miR-31 was demonstrated at 16 h (10-fold), 24 h (31-fold) and 48 h 

(16-fold) post transfection, when compared to a scrambled control (Fig 5.3). As a result, 24 

h post transfection was the time point used for all downstream  experim ents.

5.3.3 Investigation o f the role of miR-137 in conferring radioresistance in OE33 P

As dem onstrated in chapter 4, miR-137 was significantly upregulated in OE33 R 

cells 6 h after irradiation with 2 Gy. This effect was not observed in OE33 P cells. It was 

thus hypothesised that miR-137 might play a role in conferring radioresistance in this 

model. To investigate the functional role o f  miR-137 in conferring radioresistance, miR- 

137 was overexpressed in OE33 P cells (as described in section 2.21.2) with the hypothesis 

that overexpression o f  m iR-137 may induce radioresistance in OE33 P. The effect o f 2 Gy 

radiation on survival was assessed by clonogenic assay (as described in section 2.21.3). 

Overexpression o f m iR-137 was confirmed by qPCR, as described in sections 2.17.1 and 

2.17.2 (Fig 5.4A). Only cells transfected with Pre-m iR-137 dem onstrated upregulation o f 

m iR-137 (mean relative expression 118.99 vs. 3.75 when compared to a scrambled control). 

Expression o f  m iR-137 following irradiation with 2 Gy was also measured to ensure that 

irradiation did not adversely effect expression levels o f  miR-137. Radiation had a minimal 

effect on m iR-137 overexpression (Fig 5.4A). Irradiation with 2 Gy greatly reduced 

survival in OE33 P cells transfected with Pre-miR-137 or a scram bled control to (0.51 

±0.04) and (0.58 ± 0.01), respectively, when compared to an unirradiated control set at 1.00 

(Fig 5.4B). The effect o f  radiation on survival in cells transfected with Pre-miR-137 or a 

scram bled control was similar, suggesting that m iR-137 does not induce radioresistance in 

OE33 P cells.
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F igure  5.3 K inetics o f P re -m iR  overexpression . OE33 R cells were transfected with Pre- 
miR-31 or a scrambled non-targeting control. Kinetics o f  miR-31 upregulation was 
determined by qPCR. miR-31 was upregulated at 16 h, 24 h and 48 h post transfection, with 
maximum overexpression at 24 h. Data are presented as the relative fold difference from a 
single experiment.
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F ig u re  5.4 O verexpression  o f m iR-137 does no t enhance  rad io resis tan ce  o f OE33 P
cells. OE33 P cells were transfected with Pre-m iR-137 or a scrambled non-targeting 
control. A t 23 h post transfection cells were irradiated with 2 Gy whilst control cells were 
m ock irradiated. At 24 h post transfection cells were trypsinised, counted and seeded at 
optim ised clonogenic seeding densities. RNA was also isolated. (A) miR-137 upregulation 
was confirm ed by qPCR. m iR-137 was only upregulated in cells that had been transfected 
with Pre-m iR-137. Transfection with a scrambled control demonstrated minimal 
upregulation o f  m iR-137, when compared to untreated cells. Radiation had minimal effect 
on m iR-137 expression (B) A t the end o f  the clonogenic incubation period, surviving 
colonies were counted and the surviving fraction determined. Irradiation with 2 Gy greatly 
reduced survival in OE33 P cells transfected with either Pre-miR-137 or a scrambled non
targeting control, when compared to non-irradiated controls. The overexpression o f  miR- 
137 did not confer resistance to radiation when compared to scrambled control. Data are 
presented as the mean surviving fraction ± SEM from 2 independent experiments.
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5.3.4 Investigation of the role of miR-137 in conferring radioresistance in OE33 R

To investigate the functional role o f  miR-137 in conferring radioresistance to OE33 

R cells, miR-137 was overexpressed in OE33 R cells and the effect o f  2 Gy radiation on 

survival was assessed by clonogenic assay. As miR-137 is upregulated in OE33 R cells in 

response to radiation, it was hypothesised that increased m iR-137 levels m ay confer 

enhanced resistance to radiation in OE33 R. Overexpression o f  miR-137 was confirm ed by 

qPCR (Fig 5.5A). Only cells transfected with Pre-miR-137 dem onstrated upregulation o f 

miR-137 (mean relative expression 13,687.75 vs. 3.50 when compared to a scrambled 

control). Radiation had a minimal effect on miR-137 overexpression (Fig 5.5A). Irradiation 

with 2 Gy greatly reduced survival in OE33 R cells transfected with Pre-m iR-137 or a 

scrambled control to 0.44 ± 0.003 and 0.47 ± 0.004, respectively, when compared to an 

unirradiated control set at 1.00 (Fig 5.5B). The effect o f  radiation on survival in cells 

transfected with Pre-m iR-137 or a scrambled control was similar, suggesting that miR-137 

does not induce radioresistance in OE33 R cells.

5.3.5 Investigation of the role of miR-31 in conferring radiosensitivity in OE33 R

As demonstrated in chapter 4, miR-31 is significantly downregulated in OE33 R at 

the basal level when compared to OE33 P. miR-31 is induced in OE33 P cells in response 

to radiation, but this effect is not seen in OE33 R. Therefore, it was hypothesised that miR- 

31 might play a role in conferring radiosensitivity in this model. To investigate the 

functional role o f miR-31 in conferring radiosensitivity, miR-31 was overexpressed in 

OE33 R cells. Overexpression o f  miR-31 was confirmed by qPCR (Fig 5.6A). Only cells 

transfected with Pre-miR-31 demonstrated upregulation o f  miR-31 (mean relative 

expression 13.84 vs. 0.72 when compared to a scrambled control). Radiation had a minimal 

effect on miR-31 overexpression (Fig 5.6A). The effect o f  2 Gy radiation on survival was 

assessed by clonogenic assay. Irradiation with 2 Gy significantly reduced survival in OE33 

R cells transfected with either Pre-miR-31 or a scrambled control to (0.47 ± 0.03, p = 

0.0040) and (0.56 ± 0.03, p = 0.0050), respectively, when com pared to an unirradiated 

control set at 1.00 (Fig 5.6B). However, cells transfected with Pre-miR-31 were 

significantly (p = 0.0274) more sensitive to the cytotoxic effects o f  radiation when 

compared to a scram bled control. These data suggest a functional role for miR-31 in 

conferring radiosensitivity in OE33 R cells.
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Figure 5.5 Overexpression o f miR-137 does not enhance radioresistance o f OE33 R 
cells. OE33 R cells were transfected with Pre-miR-137 or a scrambled non-targeting 
control. At 23 h post transfection cells were irradiated with 2 Gy whilst control cells were 
mock irradiated. At 24 h post transfection cells were trypsinised, counted and seeded at 
optimised clonogenic seeding densities. RNA was also isolated. (A) miR-137 upregulation 
was confirmed by qPCR. miR-137 was only upregulated in cells that had been transfected 
with Pre-miR-137. Transfection with a scrambled control demonstrated minimal 
upregulation o f miR-137, when compared to untreated cells. Radiation had minimal effect 
on miR-137 expression. (B) A t the end o f the clonogenic incubation period, surviving 
colonies were counted and the surviving fraction determined. Irradiation with 2 Gy greatly 
reduced survival in OE33 R cells transfected with either Pre-miR-137 or a scrambled non
targeting control, when compared to non-irradiated controls. The overexpression o f miR- 
137 did not confer resistance to radiation when compared to scrambled control. Data are 
presented as the mean surviving fraction ± SEM from 2 independent experiments.
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F igu re  5.6 O verexpression  o f  m iR-31 enhances rad iosensitiv ity  o f O E 33 R  cells. OE33 
R cells were transfected with Pre-miR-31 or a scrambled non-targeting control. At 23 h 
post transfection cells were irradiated with 2 Gy whilst control cells were m ock irradiated. 
At 24 h post transfection cells were trypsinised, counted and seeded at optimised 
clonogenic seeding densities. RNA was also isolated. (A) m iR -31 upregulation was 
confirmed by qPCR. miR-31 was only upregulated in cells that had been transfected with 
Pre-miR-31. Transfection with a scrambled control, demonstrated no upregulation o f  miR- 
31, when compared to untreated cells. Radiation had minimal effect on miR-31 expression. 
(B) At the end o f  the clonogenic incubation period, surviving colonies were counted and 
the surviving fraction determined. Irradiation with 2 Gy significantly reduced survival in 
OE33 R cells transfected with either Pre-miR-31 or a scrambled non-targeting control, 
when compared to non-irradiated controls. Survival o f  cells transfected with Pre-miR-31 
was significantly reduced when compared to cells transfected with a scram bled control. 
Data are presented as the mean surviving fraction ± SEM from 3 independent experiments. 
Analysis was performed by paired two-tailed Student’s Mest. **p = 0.0050 vs. non
irradiated control, ***p = 0.0040 vs. non-irradiated control, *p = 0.0274 vs. scrambled 
control.
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5.3.6 miR-31 expression across the generation o f isogenic model

Given the radiosensitising role o f miR-31 in this model, alterations in miR-31 

expression were investigated at different stages during the generation o f  the radioresistant 

cell line OE33 R (Fig 5.7). miR-31 expression was m easured in OE33 P cells (no 

radiation), OE33 R6 cells (6 cycles o f  2 Gy), OE33 R15 cells (15 cycles o f 2 Gy), OE33 

R21 (21 cycles o f  2 Gy), OE33 R25 cells (25 cycles o f  2 Gy) and OE33 R36 (36 cycles o f  2 

Gy) by qPCR (as described in sections 2.17.1 and 2.17.2). Basal miR-31 expression was 

upregulated in OE33 R6 (3.09 fold), OE33 R15 (2.88 fold) and OE33 R21 (2.06 fold) when 

compared to non-irradiated OE33 P cells, which correlates with the radiation-induced 

expression o f  miR-31 previously observed in OE33 P cells (chapter 4). However, 

expression o f  miR-31 was decreased at R25 (1.77 fold) and R36 (2.72 fold). Interestingly, 

the data indicate increased levels o f  miR-31 in chronically-irradiated cells while they are 

still sensitive to X-ray radiation, but lower levels o f miR-31 at time points were cells are 

radioresistant. Therefore, these data strongly support a correlation between induced 

radioresistance and miR-31 downregulation.

5.3.7 miR-31 is not epigenetically regulated in OE33 R cells

As downregulation o f miR-31 was demonstrated to play a functional role in the 

radioresistance o f  this model, the role o f  epigenetic m odifications in this dysregulation was 

assessed, to investigate the mechanism behind the altered expression o f  miR-31. 

miR-31 expression was m easured by qPCR in OE33 R cells after treatm ent with the histone 

deacetylase inhibitor, suberoylanilide hydroxam ic acid (SAHA) and the DNA 

dem ethyltransferase inhibitor, 5-aza-2-deoxycytidine (5-AZA), as described in section 2.20. 

Treatm ent with SAHA (5 |aM) did not significantly alter expression o f miR-31, when 

compared to an untreated control (mean relative expression 0.66 vs. 1.02) (Fig 5.8A). No 

significant alteration in miR-31 expression was observed following treatm ent with 5-AZA 

(1 |aM) (Fig 5.8.B), when compared to an untreated control (mean relative expression 0.84 

vs. 0.96). These results suggest that hyperm ethylation or histone deacetylation is not 

responsible for the downregulation o f miR-31 in OE33 R.
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Figure 5.7 miR-31 expression across the generation of radioresistant isogenic model.
miR-31 expression was assessed by qPCR at different stages in the generation o f  the 
radioresistant isogenic model. Response to radiation at each stage was confirmed by 
clonogenic assay. miR-31 is upregulated in OE33 R6 cells (6 cycles o f 2 Gy), OE33 R15 
(15 cycles o f  2 Gy) and OE33 R21 (21 cycles o f  2 Gy) when com pared to OE33 P cells. 
miR-31 expression decreases as the number o f  radiation cycles increase, with expression in 
the radioresistant OE33 R25 and OE33 R36 downregulated when com pared to OE33 P. 
Data are presented as the mean relative expression from a single experim ent.
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Figure 5.8 miR-31 is not epigenetically regulated in OE33 R cells. The epigenetic 
regulation o f  miR-31 was investigated by treatm ent o f  OE33 R cells with the histone 
deacetylase inhibitor SAHA and the DNA dem ethylating agent 5-AZA. (A) Treatment o f 
OE33 R with 5 |iM  SAHA for 24 h, did not significantly alter miR-31 expression. Data are 
presented as mean miR-31 expression ± SEM from 3 independent experiments. Analysis 
was performed by paired two-tailed Student’s /-test. (B) Treatm ent o f  OE33 R with 1 
5-AZA for 48 h, did not significantly alter m iR -31 expression. Data are presented as mean 
miR-31 expression ± SEM from 3 independent experiments. Analysis was performed by 
paired two-tailed Student’s /-test.
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5.3.8 Investigation of the role o f miR-31 in conferring radiosensitivity in OE33 P

Having demonstrated a radiosensitising effect o f  miR-31 in OE33 R cells, the effect 

o f  miR-31 upregulation on the radiosensitivity o f  OE33 P was investigated to determ ine if  

greater sensitivity to radiation could be induced. The effect o f 2 Gy radiation was assessed 

by clonogenic assay. Overexpression o f  miR-31 was confirmed by qPC R (Fig 5.9A). Only 

cells transfected with Pre-miR-31 demonstrated upregulation o f  miR-31 (mean relative 

expression 20.27 vs. 1.68 when compared to a scrambled control). Radiation did reduce 

miR-31 expression in Pre-miR-31 transfected cells, when com pared to unirradiated Pre- 

miR-31 transfected cells (mean relative expression 10.02 vs. 20.27, respectively) (Fig 

5.9A). However, levels were still greatly increased when compared to a scram bled control 

(mean relative expression 10.02 vs. 1.76, respectively) (Fig 5.9A). Irradiation with 2 Gy 

greatly reduced survival in OE33 P cells transfected with Pre-miR-31 or a scrambled 

control to 0.56 ± 0.09 and 0.55 ± 0.10, respectively (Fig 5.9B). The effect o f  radiation on 

survival o f cells transfected with Pre-miR-31 or a scrambled control was similar, 

suggesting that overexpression o f  miR-31 does not enhance radiosensitivity in OE33 P 

cells.

5.3.9 miR-31 downregulation correlates with radioresistance in an inherently  

radioresistant OAC cell line

miR-31 expression was observed to correlate with and m odulate radiosensitivity in 

OE33 R cells, a model o f  acquired radioresistance. To investigate the role o f  miR-31 in 

inherent radioresistance, miR-31 expression was measured in 0 E 1 9  OAC cells, both at 

basal level and in response to radiation by qPCR (as described in section 2.17). OE19 cells 

are significantly (p = 0.0074) more resistant to the cytotoxic effects o f  radiation at 2 Gy 

when compared to OE33 P (SF2, 0.49 ± 0.03 vs. 0.35 ± 0.03) (Fig 5.10A and Fig 3.2). 

Interestingly, miR-31 was significantly (p = 0.0008) reduced in 0 E 1 9  cells at the basal 

level, when compared to OE33 P (0.050 ± 0.003 vs. 0.952 ±  0.099) (Fig 5.1 OB). In 

addition, similarly to what was observed in OE33 R cells, radiation did not induce miR-31 

expression in 0 E 1 9  cells, an effect demonstrated in OE33 P (Fig 5 .IOC). This may suggest 

that the downregulation o f miR-31 is involved in both acquired and inherent 

radioresistance.
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Figure 5.9 O verexpression of miR-31 does not enhance radiosensitivity of OE33 P 
cells. OE33 P cells were transfected with Pre-miR-31 or a scrambled non-targeting control. 
At 23 h post transfection cells were irradiated with 2 Gy whilst control cells were mock 
irradiated. At 24 h post transfection cells were trypsinised, counted and seeded at optimised 
clonogenic seeding densities. RNA was also isolated. (A) miR-31 upregulation was 
confirmed by qPCR. miR-31 was only upregulated in cells that had been transfected with 
Pre-miR-31. Radiation had minimal effect on miR-31 expression. (B) At the end of the 
clonogenic incubation period, surviving colonies were counted and the surviving fraction 
determined. Irradiation with 2 Gy greatly reduced survival in OE33 P cells transfected with 
either Pre-miR-31 or a scrambled non-targeting control, when compared to non-irradiated 
controls. The overexpression o f miR-31 did not confer sensitivity to radiation in OE33 P 
cells, when compared to scrambled control. Data are presented as the mean surviving 
fraction ± SEM from 3 independent experiments.
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Figure 5.10 miR-31 expression is decreased in the radioresistant OE19 OAC cell line.
The surviving fraction o f OE33 P and 0E19 cells after irradiation with 2 Gy was measured 
by clonogenic assay. miR-31 expression was assessed in the 0E19 and OE33 P cell lines 
by qPCR. (A) 0E19 ceils are significantly more resistant to the cytotoxic effects o f 
radiation at 2 Gy, when compared to OE33 P cells. Data are presented as mean surviving 
fraction ± SEM from at least 6 independent experiments. Analysis was performed by 
unpaired two-tailed Student’ s /-test. *p = 0.0074 vs. OE33 P. (B) Basal miR-31 expression 
in 0E19 cells is significantly lower than OE33 P cells. Data are presented as mean 
expression ± SEM from 3 independent experiments. *p = 0.0008 vs. OE33 P (C) miR-31 
expression was assessed 6 h after irradiation with 2 Gy. Radiation induced miR-31 
expression in OE33 P cells only. Data are presented as mean expression ± SEM from 3 
independent experiments. Analysis was performed by paired two-tailed Student’s /-test. *p 
= 0.0350 vs. OE33 P control.
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5.3.10 Investigation of the role of miR-31 in conferring radiosensitivity in OE19 cells

As miR-31 was downregulated in 0 E 1 9  cells, and miR-31 was demonstrated to 

have a radiosensitising effect in OE33 R cells, the effect o f  upregulation o f miR-31 on 

radiosensitivity in 0 E 1 9  cells was investigated, to determine if  sensitivity to radiation could 

be induced. The effect o f  2 Gy radiation was assessed by clonogenic assay. Overexpression 

o f  miR-31 was confirmed by qPCR (Fig 5.1 lA ). Only cells transfected with Pre-miR-31 

demonstrated upregulation o f  miR-31 (mean relative expression 35.99 vs. 1.04, when 

compared to a scrambled control). Radiation had minimal effect on miR-31 overexpression 

(Fig 5.1 lA ). Irradiation with 2 Gy significantly reduced survival in 0 E 1 9  cells transfected 

with Pre-miR-31 or a scrambled control to 0.46 ± 0.01 and 0.47 ± 0.01, respectively (Fig 

5.1 IB). The effect o f  radiation on survival in cells transfected with Pre-miR-31 or a 

scrambled control was similar, suggesting that overexpression o f  miR-31 does not enhance 

radiosensitivity in 0 E 1 9  cells. This may indicate that the m odulatory effect o f miR-31 on 

sensitivity to radiation may be a cell-type specific effect.

5.3.11 Identification of putative mRNA targets of miR-31

As miR-31 was demonstrated to play a functional role in modulating the 

radiosensitivity o f  OE33 R, putative miR-31 gene targets that may be involved in the 

radiation response were investigated. As altered DNA repair also appears to be important 

for the radioresistance o f  OE33 R, it was hypothesised that altered miR-31 levels might 

alter the expression o f  DNA repair genes, providing further insight into the mechanism o f 

radioresistance in this model.

To investigate the effect o f  miR-31 overexpression on DNA repair genes, OE33 R cells 

were transfected with either Pre-miR-31 or a scrambled non-targeting control as described 

in section 2.21.2. A non-transfected control was also used. The effect o f  miR-31 

overexpression on gene expression was then investigated using qPCR arrays that contain 84 

genes involved in the main DNA repair pathways (listed in appendix 3B) as described in 

sections 2.19.1 and 2.19.2. Successful transfection o f  Pre-miR-31 was determined 24 h post 

transfection by qPCR as described in sections 2.17.1 and 2.17.2 (Fig 5.12A). 

Overexpression o f  miR-31 resulted in the altered expression o f  13 DNA repair genes
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F igu re  5.11 O verexpression  o f m iR-31 does not enhance  rad iosensitiv ity  o f O E 19 cells.
0 E 1 9  cells were transfected with Pre-miR-31 or a scrambled non-targeting control. At 23 h 
post transfection cells were irradiated with 2 Gy whilst control cells were m ock irradiated. 
At 24 h post transfection cells were trypsinised, counted and seeded at optimised 
clonogenic seeding densities. RNA was also isolated. (A) miR-31 upregulation was 
confirmed by qPCR. miR-31 was only upregulated in cells that had been transfected with 
Pre-miR-31. Radiation had m inimal effect on miR-31 expression. (B) A t the end o f  the 
clonogenic incubation period, surviving colonies were counted and the surviving fraction 
determined. Irradiation with 2 Gy greatly reduced survival in 0 E 1 9  cells transfected with 
either Pre-miR-31 or a scrambled non-targeting control, when com pared to non-irradiated 
controls. The overexpression o f  miR-31 did not confer sensitivity to radiation in 0E 19  
cells, when compared to scrambled control. Data are presented as the mean surviving 
fraction ± SEM from 2 independent experiments.
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{PARPl, SM UGl, M LHl, RAD51L3, MMS19, LIG 3, ERCCl, N EILl, CDK7, DDBl, 

T0P3A, XPC  and RPA3) when compared to a scrambled control (Fig 5.12B). The majority 

o f these genes (with the exception o f XPC  and RPA3) were downregulated following 

overexpression o f miR-31, suggesting negative post-transcriptional regulation o f these 

genes by miR-31. Using miRecords, an online miRNA target prediction resource, each o f 

the 11 downregulated genes were predicted to be a target o f m iR-31 by at least one of 

eleven established miRNA target prediction programs (DIANA-microT (Kiriakidou et a!., 

2004), Microinspector (Rusinov et al., 2005), miRanda (Enright et al., 2003), MirTarget2 

(Wang and El Naqa, 2008), miTarget (Kim et al., 2006), NBmiRTar (Yousef et al., 2007), 

PicTar (Krek et al., 2005), PITA (Kertesz et al., 2007), RNA22 (Miranda et al., 2006), 

RNA hybrid (Rehmsmeier et al., 2004) and TargetScan/TargetScanS (Lewis et al., 2005; 

Lewis et al., 2003). This further supports the potential post-transcriptional regulation of 

these genes by m iR-31.

5.3.12 Investigation of the effect of miR-31 upregulation on IR-induced DNA damage 

and kinetics o f repair

As miR-31 was demonstrated to modulate radiosensitivity in OE33 R, possibly via 

regulation of DNA repair genes, the effect o f miR-31 on levels o f IR-induced DNA DSB 

and kinetics o f repair was investigated. OE33 R cells were transfected with Pre-miR-31 or a 

non-targeting scrambled control as described in section 2.21.2. Efficient transfection was 

determined 24 h post transfection by qPCR, as described in sections 2.17.1 and 2.17.2 (Fig 

5.13A). Only cells transfected with Pre-miR-31 demonstrated an upregulation of miR-31 

(mean relative expression 51.64 vs. 1.10, when compared to a scrambled control). Cells 

were irradiated with 2 Gy 24 h post transfection, and DNA damage levels were assessed 20 

min and 24 h after irradiation by detection o f yH2ax, as described in section 2.12. Radiation 

significantly induced yH2ax expression to similar levels in untransfected cells (p -  0.0440), 

scrambled control transfected cells (p = 0.0187) and Pre-miR-31 transfected cells (p = 

0.0065), 20 min post irradiation. By 24 h post irradiation, yH2ax foci had returned to basal 

levels in all treatments. This suggests that miR-31 does not play a functional role in 

modulating the kinetics o f DNA DSB repair.
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F igure  5.12 Iden tifica tion  o f p u ta tive  gene ta rg e ts  o f m iR-31. (A) OE33 R cells were 
transfected with either Pre-miR-31 or a scrambled non-targeting control. A non-transfected 
control (cells only) was also used. miR-31 upregulation was confirmed 24 h post 
transfection by qPCR. Data are presented as mean miR-31 expression ± SEM from 3 
independent experiments. (B) The effect o f  miR-31 upregulation on the expression o f  84 
DNA repair genes was assessed using qPCR arrays. Expression o f  13 genes was 
significantly altered 24 h post overexpression o f  miR-31 when compared to a scrambled 
control. Data are presented as mean relative expression ± SEM from 3 independent 
experiments. Analysis was performed by paired two-tailed Student’s /-test. *p < 0.01 vs. 
scrambled control, *p < 0.05 vs. scrambled control.
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F ig u re  5.13 T he  effect o f m iR-31 up regu la tion  on IR -induced  DNA DSB and  kinetics 
o f rep a ir. OE33 R cells were transfected with Pre-miR-31 or a scrambled non-targeting 
control. At 24 h post transfection cells were irradiated with 2 Gy whilst control cells were 
m ock irradiated. RNA was also isolated. DNA damage was assessed 20 min and 24 h post 
irradiation by detection o f  yH2ax by im m unofluorescence and HCS. (A) miR-31 
upregulation was confirmed by qPCR. miR-31 was only upregulated in cells that had been 
transfected with Pre-miR-31.(B) Radiation-induced DNA dam age was assessed in Pre-miR- 
31 transfected cells, scrambled control transfected cells and non-transfected cells 20 min 
and 24 h post irradiation with 2 Gy. Data are normalized to untreated controls. Radiation 
significantly induced yH2ax expression to similar levels in all treatm ents 20 min post 
irradiation. By 24 h post irradiation, yH2ax foci had returned to basal levels in all 
treatm ents. Data are presented as mean ± SEM from 3 independent experiments. Analysis 
was performed by two-tailed paired Student’s M est, *p = 0.0440, **p = 0.0187, ***p = 
0.0065 vs. unirradiated control.
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5.4 Discussion

M ounting evidence points to a role for miRNA in both prediction and m odulation o f 

the cellular response to radiation. However, the role o f  m iRNA in the response to radiation 

in oesophageal cancer is unknown. miRNA profiling o f  OE33 P and OE33 R demonstrated 

altered expression o f  a number o f miRNA, both basally and in response to radiation 

(chapter 4). This suggests a potential role for miRNA in m odulating the radioresponse in 

this model. To investigate their potential role in m odulating the radioresponse, the 

functional role o f  two o f  these altered miRNA, miR-31 and m iR-137, was examined. This 

was investigated using Pre-miR miRNA precursor molecules, which are small, chemically- 

modified m olecules that allow the transient overexpression o f  a specific miRNA.

The conditions for the transient transfection o f  pre-miR-31 and pre-m iR-137 were 

optim ised to ensure their efficient delivery into cells. An upregulation in expression was 

dem onstrated at 16 h, 24 h and 48 h post transfection, with greatest upregulation at 24 h. 

Therefore, to investigate the effect o f  miR-31 and miR-137 on radiosensitivity, cells were 

irradiated with 2 Gy 24 h post transfection, to ensure maximum overexpression o f target 

miRNA. There was some intra experimental variability in the level o f  miRNA 

overexpression, which is most likely due to slight variations in transfection efficiency, 

which is comm on in a transient transfection set up. However, overexpression was 

confirm ed in all transfection experiments and therefore it is unlikely that this variation 

would have an important effect on the function o f the transfected miRNA. In chapter 4, the 

significant upregulation o f  miR-137 in OE33 R cells in response to radiation was 

dem onstrated. This effect was not observed in OE33 P, suggesting that upregulation o f 

m iR-137 may confer radioresistance to OE33 R in this model. The transient overexpression 

o f  m iR-137 in OE33 P cells did not induce radioresistance, with a sim ilar effect o f  2 Gy on 

survival observed in cells transfected with Pre-m iR-137 or a scram bled control. In addition, 

the transient overexpression o f  miR-137 in OE33 R cells did not induce an enhanced 

resistance to OE33 R cells. This could potentially be explained by a plateau effect as 

radiation induces expression o f miR-137 in these cells. However, as upregulation o f  miR- 

137 did not alter radiosensitivity in either OE33 P or OE33 R, it suggests that miR-137 

does not have a critical role in modulating radioresistance in this model. A functional role 

for m iR-137 in the radioresponse cannot be ruled out, however, as given the highly 

complex cellular response to radiation mechanisms o f  resistance are likely to be polygenic, 

with m ultiple miRNA involved in coordinating the response to radiation. Therefore,
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altering expression levels of miR-137 alone may not be sufficient to modulate 

radiosensitivity. However, radiation-induced expression o f miR-137 may be associated 

with a poor response to radiation. Indeed, upregulation of miR-137 in rectal cancer patients 

is associated with a poor response to radiotherapy and the chemotherapeutic capecitabine 

(Svoboda et al., 2008). miR-137 has been demonstrated to play a role in cell differentiation 

(Tarantino et al., 2010) and cell cycle regulation (Silber et al., 2008). Overexpression of 

miR-137 was demonstrated to inhibit proliferation, cell cycle progression, and invasion via 

negative regulation o f the GTPase Cdc42 in colorectal cancer, prompting the authors to 

speculate a tumour suppressor role (Liu et al., 2010c). miR-137-directed inhibition of 

proliferation was also demonstrated in glioblastoma, but was associated with down 

regulation of CDK6 (Silber et al., 2008). This function o f miR-137 is at odds with the data 

presented here, suggesting an alternative role for miR-137 in oesophageal cancer, this is 

supported by the fact that no radiation-induced G1 arrest occurred in this model, despite 

radiation-induced upregulation of miR-137 in OE33 R. Interestingly, downregulation of 

CDK6 has previously been demonstrated in 4 radioresistant lines from isogenic models of 

radioresistance in oesophageal SCC (Fukuda et al., 2004), suggesting that CDK6 inhibition 

may be a common mechanism involved in radioresistance in oesophageal cancer. 

Moreover, upregulation o f CDK6 and its partner cyclin-D3 has been demonstrated to 

sensitise cells to genotoxic stress in murine fibroblasts (Chen et al., 2003). It is therefore 

feasible that downregulation o f CDK6 by miR-137 could be involved in the radioresistance 

o f OE33 R.

In chapter 4, miR-31 was demonstrated as the only miRNA of the 365 miRNAs 

profiled that was significantly differentially regulated between OE33 P and OE33 R both at 

basal level and in response to radiation. miR-31 was significantly downregulated in OE33 

R at basal level, when compared to OE33 P. In addition, radiation induced the expression of 

miR-31 in OE33 P cells, an effect not observed in OE33 R. This suggests that upregulation 

o f miR-31 may confer radiosensitivity in this model. Transient overexpression o f miR-31 

significantly sensitised OE33 R cells to the cytotoxic effect of radiation when compared to 

cells transfected with a scrambled control. This suggests that miR-31 plays a critical role in 

modulating the cellular response to radiation, and that its downregulation is a potential 

mechanism o f radioresistance in OE33 R cells. This is further supported by the altered 

miR-31 expression across the generation o f the radioresistant OE33 R subline. The initial 

radiation-induced upregulation o f miR-31 seen early on in the radiation fractionation
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schedule (in OE33 R6 cells) supports a role for miR-31 in the radioresponse o f  OE33 cells. 

The decreasing levels o f  expression then demonstrated as the num ber o f  radiation cycles 

increase, culm inating in a downregulation o f  miR-31 in radioresistant OE33 R25 and OE33 

R36 cells, suggests that the downregulation o f  miR-31 provides a mechanism for the 

enhanced survival to the cytotoxic effects o f  radiation. Interestingly, ectopic expression o f 

miR-31 did not alter the radiosensitivity o f  OE33 P cells. This could be explained by a 

plateau effect, as these cells already express high levels both basally and in response to 

radiation, and thus, increasing miR-31 expression past a critical threshold may not affect 

radiosensitivity.

m iRNA expression has previously been demonstrated to be regulated by epigenetic 

alterations such as DNA m ethylation and histone m odification, with reactivation o f 

expression observed upon inhibition o f  DNA methylation and histone deacteylation (Saito 

et al., 2006). The altered expression o f  miR-31 in OE33 R does not appear to be 

epigenetically regulated, as treatm ent o f  OE33 R with the histone deacetylase inhibitor 

SAHA and the DNA dem ethylating agent 5-AZA did not induce miR-31 expression. This 

suggests that alternative mechanisms o f regulation are more important in this model. This is 

supported by the observations by Valastyan and W einberg (Valastyan and W einberg, 

2010), w hereby the epigenetic regulation o f  miR-31 is cell line-specific in breast cancer. 

Altered miR-31 expression has also been linked to defects in post-transcriptional 

processing (Lee et al., 2008), suggesting that regulation o f  m iR -31 involves a number o f 

m echanism s that may be cell type/lineage-specific. Interestingly, miR-31 is encoded in the 

9p21.3 region, a genomic region frequently lost in human cancers (Sasaki et al., 2003). One 

recent study dem onstrated that loss o f  miR-31 was due to deletion o f  9p21.3 in 

m esotheliom a (Ivanov et al., 2010). Given the role o f  radiation in inducing genome 

instability, it is possible that the downregulation o f  miR-31 may be due to deletions in this 

fragile genomic region.

miR-31 expression was assessed in OE33 P and another oesophageal 

adenocarcinom a cell line 0E 19 . Expression was lowest in 0E 19 , which interestingly are 

the m ost radioresistant o f  the adenocarcinom a cell lines in this study. Additionally, no 

radiation-induction o f  miR-31 was demonstrated in 0E 19 . Ectopic expression o f  miR-31 

did not alter the radiosensitivity o f  0E 19 , suggesting that the radiosensitising effect o f 

miR-31 may be cell line-specific. 0 E I9  cells are derived from a gastric cardia/oesophageal- 

gastric junction tumour, whilst OE33 cells originate from a B arrett’s oesophagus-derived
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adenocarcinoma. The functions o f miRNA have been demonstrated to be highly 

tissue/tumour specific, and therefore it is not entirely unexpected that the modulatory effect 

o f miR-31 on radiosensitivity may be specific to a histological subtype.

miRNA mediate their functional effects by altering mRNA levels or translation of 

specific targets. The potential gene targets of miR-31 were then investigated. 

Computational prediction algorithms usually generate hundreds o f potential targets that 

contain many false positives (Maziere and Enright, 2007). Therefore, a hypothesis driven 

approach was adopted to identify targets that may be regulated by miR-31 at the post- 

transcriptional level. As the only other altered parameter in this model o f radioresistance 

was DNA DSB repair, it was hypothesised that abrogation o f miR-31-mediated regulation 

o f DNA repair genes may provide a mechanism for the enhanced radioresistance o f OE33 

R. Ectopic expression o f miR-31 altered mRNA expression of 13 DNA repair genes, 

suggesting post-transcriptional regulation by miR-31. Interestingly, 2 o f the 13 altered 

genes were significantly induced by miR-31. Whilst translational activation by miRNA has 

been previously demonstrated (Bhattacharyya et al., 2006), activation at the transcriptional 

level has not. This upregulation could be a compensatory effect due to the negative 

regulation of other mRNA targets or it may suggest a novel miRNA function.

Interestingly, only 5 o f the altered genes are involved in the main pathways 

involved in repair o f IR-induced damage, with 4 genes involved in BER (PARPl, SMUGl, 

LlG l  and NEILl), only one gene involved in HR (RAD51L3) and no altered expression of 

genes involved in NHEJ. The NER pathway was most affected by miR-31, with 6 o f the 

altered genes involved in this pathway o f repair (MMS19, ERCCl, CDK7, D DBl, XPC  and 

RPA3), whilst one gene in MMR (MLHl)  was altered. The apparent m iR-31-mediated 

modulation o f genes involved in NER, BER and MMR was surprising as these pathways of 

repair are not traditionally involved in DNA DSB repair. However, there is mounting 

evidence that suggests that the different DNA pathways are interlinked, and that non- 

classically described DSB repair pathways are actually critically involved in the repair of 

DSB (Zhang et al., 2009b). Therefore, miR-31 regulation of genes involved in the NER, 

BER and MMR pathways could potentially play an important role in the cellular response 

to IR-induced DNA DSB damage.

The functional role o f miR-31 in the repair o f IR-induced DNA DSB, was assessed 

by detection o f yH2ax 24 h post irradiation. miR-31 did not appear to modulate the 

efficiency o f DNA DSB repair. This suggests that either miR-31 does not play a functional
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role in m odulating kinetics o f  DSB repair, or that altering expression o f  m iR -31 alone is not 

suftlcient to modulate DNA DSB repair kinetics. This may be supported by the fact that 3 

other m iRNA were also altered at basal level in OE33 R (chapter 4), and therefore could act 

in concert. Additionally, as the majority o f  DNA repair genes altered by m iR -31 in this 

model are involved in non-classically described DSB repair pathways, this may suggest that 

m iR -31 m odulates radiosensitivity by regulating repair o f  non-DSB DNA damage. Indeed, 

several studies have demonstrated the importance o f  this repair for survival following IR 

cytotoxicity. Both NEILI and SM UG l (An et al., 2005; Rosenquist et al., 2003), have been 

implicated in resistance to ionising radiation, whilst PA R Pl-inhibitors to enhance efficacy 

o f  anti-cancer therapies, are currently in clinical developm ent (Sandhu et al., 2010). ERCCl 

has been dem onstrated to predict response to neoadjuvant CRT in oesophageal SCC, with a 

good response significantly associated with no expression o f  ER C C l (Kim et al., 2008). In 

addition, given the large num ber o f genes that miR-31 can potentially regulate, it is likely 

that m iR-31-m ediated m odulation o f radiosensitivity is due to sim ultaneous regulation o f  a 

num ber o f  genes involved in m ultiple pathways, rather than a single pathway.

miR-31 is known to play an important role in tum ourigenesis, with a recent review 

dedicated to its known functions in both neoplastic and non-neoplastic disease states 

(Valastyan and W einberg, 2010). Aberrant expression has been demonstrated in cancer o f 

the breast (Calin et al., 2004b), prostate (Schaefer et al., 2010), ovary (Creighton et al., 

2010), stom ach (Guo et al., 2009) and head and neck (Liu et al., 2010b), with attenuation o f 

miR-31 expression most frequently observed. In addition, m iR -31 is also a potent regulator 

o f m etastatic progression in breast cancer (Valastyan et al., 2009), and reduced expression 

is associated with an invasive phenotype in bladder cancer (W szolek et al., 2009). W hilst 

the role o f  m iR -31 in cancer is well documented, little is known regarding the role o f  miR- 

31 in the radioresponse. Recently, m iR -31-mediated regulation o f  DNA repair was 

dem onstrated in mesothelioma, supporting the data presented here. This was mediated by 

regulation o f  the protein phosphatase PPP6C (Ivanov et al., 2010). PPP6C is an activator o f 

DNA-PK (Mi et al., 2009), which regulates the NHEJ repair pathway (Collis et al., 2005). 

Interestingly, inhibition o f  PPP6C has been demonstrated to sensitise cells to IR (Mi et al., 

2009), therefore, abrogation o f m iR -31-mediated negative regulation o f  PPP6C could 

provide an additional mechanism for resistance to radiation. Additionally, another study 

identified upregulation o f  m iR -31 in colon tumours deficient in the M M R DNA repair 

pathway (Sarver et al., 2009).
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Taken together, this data demonstrates for the first time a role for miR-31 in 

modulating the cellular response to radiation in oesophageal cancer, potentially by the 

negative regulation o f  DNA repair genes. Attenuation o f miR-31 expression, which is often 

seen in cancer, may provide a mechanism for resistance to radiation. In the next chapter the 

expression o f  miR-31 and its putative target genes in oesophageal cancer patient material is 

investigated.
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Chapter 6
miR-31 expression and target gene regulation in oesophageal

tumours
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6.1 Introduction

In Ireland, the incidence rates o f  oesophageal cancer exceed those o f  the EU and 

USA for both men and women (National Cancer Registry, Ireland). Despite recent 

advances in diagnosis, staging, and treatment, the overall 5-year survival rate for 

oesophageal cancer patients is still poor at less than 40%  (Jemal et al., 2009).

Traditionally, surgical resection is the standard approach for treatm ent o f  localised 

oesophageal cancer. However, the 5-year survival rate remains low, despite improvements 

in operative technique and perioperative care (Refaely and Krasna, 2002). Consequently, a 

multi-modal approach to treatment has been adopted, with neoadjuvant or adjuvant 

treatm ent with CT or RT, or a combination o f  both employed. Neoadjuvant CRT offers the 

advantages o f  potentially improving local tum our control, reducing incidence o f 

m icrom etastases, as well as allowing more reliable delivery o f  treatm ent by circumventing 

the recovery period following surgical resection (Geh et al., 2001; Walsh et al., 1996). As a 

result, neoadjuvant CRT followed by surgery has become the standard o f  care for locally- 

advanced oesophageal tumours (Scheer et al., 2010). M oreover, several studies suggest that 

it is the response to neoadjuvant therapy that best predicts a good prognosis, with 5-year 

survival rates increased to 60%  for patients achieving a com plete pathological response 

(pCR), which is characterised by no residual tum our cells (Geh et al., 2001). Further 

pathological subdivision o f  tum our responses to neoadjuvant CRT into tum our regression 

grades (TRG) has also demonstrated to correlate with survival (M andard et al., 1994). In 

1994, M andard et al. quantified tumour response to neoadjuvant CRT into 5 grades. TRG 1 

represents a pCR and is characterised by fibrosis within the oesophageal wall with no 

viable residual tum our cells. TRG 2 is characterised by rare residual tum our cells within the 

fibrosis. TRG 3 is characterised by predom inant fibrosis with residual tum our cells. TRG 4 

represents residual tum our cells outgrowing fibrosis, whilst TRG 5 represents a complete 

absence o f  regressive changes. A TRG o f  1-3 was significantly associated with disease-free 

survival, when compared to TRG 4-5 (M andard et al., 1994).

W hilst higher response rates are achieved with combined CT and RT than with 

either m odality alone (Ilson et al., 1997; Luu et al., 2008), unfortunately, only ~30%  o f 

patients achieve a pCR (Geh et al., 2001; Walsh et al., 1996). The rem aining patients are 

subject to toxicities without therapeutic gain and their prognosis may be worsened by the 

delay to surgery (Geh et al., 2001). Consequently, the identification o f factors that predict 

those patients who will respond to CRT is critical for improving survival rates and
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underlies stratification o f  treatment. In addition, identification o f  novel targets with which 

to enhance efficacy o f  treatm ent is central to improving the prognosis o f  oesophageal 

cancer patients.

Current clinical param eters such as sex, TNM staging and histological subtype are 

unable to distinguish those patients who will respond to neoadjuvant CRT (Fareed et al.,

2009). Several predictive markers o f response such as p53, p21, survivin, EGFR, HER-2, 

cyclin D l, and cyclin E have been identified in oesophageal cancer, although results are 

conflicting (Gillham et al., 2007). As a result, there are no biomarkers predicting response 

that are currently used in a routine clinical setting. A recent study from this unit identified 

an 8-gene signature from pre-treatm ent tum our biopsies, predicting response to neoadjuvant 

CRT in oesophageal cancer (M aher et al., 2009). Work is currently underway to further 

investigate these genes as potential biomarkers o f  response.

Given the critical role o f  miRNA in the regulation o f  gene expression, and their 

demonstrated involvement in tumourigenesis, a potential use for miRNA as cancer 

diagnostic and prognostic markers has been a focus o f  recent cancer research. miRNA have 

been demonstrated to discrim inate tum our from normal tissue (lorio et al., 2005; Yanaihara 

et al., 2006), differentiate cancer types and distinguish tumours according to their 

developmental lineage and differentiation states (Lu et al., 2005; Volinia et al., 2006). 

Furthermore, miRNA have been demonstrated to be more accurate at classifying poorly 

differentiated tumours than mRNA (Lu et al., 2005). miRNA signatures also predict 

prognosis in a num ber o f  cancers, acting as markers o f  progression, m etastases (Coulouarn 

et al., 2009; Tavazoie et al., 2008) and survival (Yu et al., 2008). In addition, the stability o f 

miRNA in tissue (Xi et al., 2007), and ease o f  detection, makes them  ideal candidate 

biomarkers. The recent discovery that miRNAs are detectable in blood (M itchell et al.,

2008) and other bodily fluids, such as urine (Hanke et al., 2009) and saliva (Park et al.,

2009), highlights their potential as novel, minimally-invasive biomarkers.

Both diagnostic and prognostic miRNA signatures have been dem onstrated in 

oesophageal cancer. m iRNA expression profiles can separate tum our from normal tissue 

and distinguish tum our histology (Feber et al., 2008; Guo et al., 2008). Interestingly, altered 

miRNA expression has also been demonstrated in the progression from Barrett’s 

oesophagus to OAC (Feber et al., 2008; Maru et al., 2009; W ijnhoven et al., 2010), which 

may be useful for identifying the subset o f Barrett’s oesophagus patients who go on to 

develop OAC. miRNA expression profiles predicting progression, recurrence and survival
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have also been demonstrated in both SCC and OAC (Hong et al., 2010; Hu et al., 2010b; 

Hummel et al., 2010b).

The role o f miRNAs as biomarkers o f response to cancer treatment is less well 

known. In vitro evidence suggests that miRNA are involved in the cellular response to 

cytotoxic treatment (Josson et al., 2008; Meng et al., 2007a; Xia et al., 2008), and evidence 

associating altered miRNA expression and chemoresistance in vivo is mounting (Hwang et 

al., 2010; Ranade et al., 2010). However, there is little published data investigating miRNA 

biomarkers o f response to either radiation or CRT in vivo, with only one study associating 

expression o f 2 miRNA (miR-125b and miR-137) with a worse response to neoadjuvant 

CRT in rectal cancer (Svoboda et al., 2008). The role o f miRNA as biomarkers o f response 

to CRT in oesophageal cancer is currently unknown. With this in mind, the aim o f this 

chapter was to investigate expression o f miR-31 and several putative gene-targets in the 

tissue and serum o f oesophageal cancer patients, to determine if alterations in expression 

are associated with response to CRT and prognosis.

6.2 Aims and objectives

In chapters 4 and 5, miR-31 was demonstrated to correlate with and modulate 

response to radiation in vitro, possibly via negative regulation o f genes involved in DNA 

repair. Currently there is no published data on the role o f miR-31 in the response to therapy 

in vivo, in oesophageal or any other cancer. Therefore, the aim o f this chapter was to 

investigate miR-31 as a biomarker o f response to CRT and prognosis, and investigate the 

expression o f several putative gene-targets in oesophageal cancer patients.

Specific objectives:

• Investigate if miR-31 expression in diagnostic tumour biopsies from oesophageal 

cancer patients is associated with response to neoadjuvant CRT, nodal status and 

survival.

• Investigate expression o f miR-31 putative gene targets, specifically PARPl, 

SM U G l, M LH l, RAD51L3 and MMS19 in diagnostic tumour biopsies from 

oesophageal cancer patients.

• Investigate if miR-31 expression in serum samples from oesophageal cancer 

patients is associated with response to neoadjuvant CRT, nodal status and survival.
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6.3 Results

6.3.1 miR-31 expression is higher in tumours of patients achieving a good response to 

neoadjuvant CRT

Diagnostic endoscopic tumour biopsies were collected from 37 oesophageal cancer 

patients (33 OAC, 4 SCC) prior to neoadjuvant CRT (regimen outlined in section 2.22.3), 

as described in sections 2.22.1 and 2.22.2. RNA was isolated as described in section 2.22.6, 

and miR-31 expression was measured by qPCR as described in sections 2.17.1 and 2.17.2. 

One patient sample was set as the calibrator for analysis. This patient cohort represented the 

maximum number o f patients within the departmental bioresource that met the criteria for 

this study. Patient response to CRT was classified according to the criteria specified by 

Mandard et al., as described in section 2.22.4.

Patients were separated into 2 groups based on histopathological response to CRT. 

Patients achieving a major response (TRG of 1 and 2) were classified as good responders, 

whilst patients achieving less than a major response (TRG of 3-5) were classified as poor 

responders. Of the 37 patient cohort, 49% were classified as ‘good’responders (TRG 1 and 

2), whilst 51% were classified as ‘poor’ responders (TRG 3, 4 and 5), to the neoadjuvant 

CRT regimen. Patient cohort characteristics are outlined in table 6.1.

miR-31 was expressed in all patients, with expression 2.4-fold higher in good 

responders when compared to poor responders (mean relative expression 1.06 ± 0.32 vs. 

0.44 ± 0.15) (Fig 6.1A). Tumour subtype had a negligible effect on miR-31 expression, as 

similar expression levels were seen following exclusion of SCC samples (mean relative 

expression o f good and poor responders 1.11 ± 0.35 and 0.47 ± 0.16, respectively) (Fig 

6.1C). For this reason SCC samples were included in all subsequent analyses o f miR-31 

expression. Whilst the altered expression o f miR-31 was not statistically significant (p = 

0.1046), the trend toward reduced expression o f miR-31 in oesophageal tumour tissue that 

is resistant to CRT, indicates a role for miR-31 in the tumour response to therapy in vivo.
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Table 6.1 Diagnostic tumour biopsy patient characteristics (In which miR-31

expression was measured)

Patient Characteristics ' n Comments
Gender

Male 28
Female 9
Age*

< 66 (42-78) 19
> 66 (42-78) 18
Histology

SCC 4
OAC 33

Clinical TNM Stage 1 Patient NS
0 0
1 0

lla 13
Mb 5
III 18
IV 0

TRG
1 10
2 8
3 9
4 8
5 2

Nodal Status 2 Patients NS
NO 14
N1 21

*Values given are median (range); NO indicates lymph node metastasis negative; N l ,  lymph node metastasis 

positive; NS, not specified; OAC, oesophageal adenocarcinoma; SCC, oesophageal squamous cell carcinoma; 

TRG, Tumour regression grade; TN M , Tumour-node-metastasis clinical staging classification.

6.3.2 miR-31 expression in diagnostic biopsy samples across tumour regression grade

miR-31 expression in diagnostic biopsies was analysed across the 5 tumour 

regression grades (Mandard et al., 1994) (Fig 6.2). miR-31 expression was highest in 

patients with a TRG 1 (mean relative expression 1.44 ± 0.56), and expression levels 

decreased with increasing tumour regression grade. miR-31 expression was significantly 

reduced (p = 0.0416) in patients in which no tumour regression was evident (TRG 5) (mean 

relative expression 0.09 ± 0.09). The significantly higher expression o f miR-31 in tumour 

tissue o f patients achieving a pCR further supports a role for miR-31 in modulating 

sensitivity to CRT in vivo.
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Figure 6.1 miR-31 is lower in tumours o f responders. (A ) miR-31 expression was 
measured by qPCR in pre-treatment oesophageal tumour biopsies (n=37, OAC=33, 
SCC=4). miR-31 expression is 2.4-fold lower in patients w ith a poor response to 
neoadjuvant CRT (TRG 3,4 or 5), when compared to good responders (TRG 1 and 2). Data 
are presented as the mean ± SEM. (B) Distribution o f miR-31 expression across patient 
groups. (C) Similar to (A) but SCC samples (n=4) were excluded. Data are presented as the 
mean ± SEM. Analysis was performed by two-tailed unpaired Student’ s Mest (Welch 
corrected).
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Figure 6.2 miR-31 is higher in patients achieving a pCR following CRT. miR-31 
expression in diagnostic biopsies was analysed across the 5 tum our regression grades. 
Patients achieving a com plete pathological response (TRG 1) dem onstrated highest miR-31 
expression. m iR -31 was significantly lower in patients in which no regression was evident 
(TRG 5). Data are presented as mean ± SEM. Analysis was performed by two-tailed 
unpaired Student’s /-test (W elch corrected). *p = 0.0416 TRG 5 vs. TRG 1.
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6.3.3 miR-31 expression in diagnostic biopsies is not a prognostic marker for lymph 

node metastasis

miR-31 expression was analysed across patient lymph node metastasis status to 

investigate if  altered expression is associated with cancer invasion. The nodal status o f 2 

patients was unknown, and o f  the remaining 35 patients, 40% demonstrated an absence o f 

lymph node metastasis (NO), whilst 60% demonstrated positive lymph node metastasis 

(N l). miR-31 expression was sim ilar in NO and N1 groups (mean relative expression 0.70 ± 

0.21 vs. 0.82 ± 0.29) (Fig 6.3). This suggests that miR-31 is not a predictive m arker o f 

lymph node metastasis in oesophageal cancer.

6.3.4 miR-31 expression and survival

Having demonstrated altered miR-31 expression in the tum our tissue o f  good 

responders, the role o f  miR-31 as a prognostic m arker o f  survival was assessed. miR-31 

expression in diagnostic tum our biopsies was analysed across patient survival (months post 

initial diagnosis) (Fig 6.4). Two patients were excluded from the analysis as death was not 

due to disease. Patients (n=35, 0A C = 31, SCC=4) were divided into two groups based on 

miR-31 expression: below the median expression or equal to or above the median 

expression. Patients with expression below the median had a median survival o f  20 months, 

whilst patients with expression equal to or above the median had a median survival time of 

32 months. However, this difference in survival was not statistically significant (p = 

0.2703).
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Figure 6.3 miR-31 expression does not correlate with nodal status. miR-31 expression 
was analysed across patient lymph node status. Similar levels of miR-31 were demonstrated 
in patients with no lymph node metastasis (NO) and patients with lymph node metastasis 
(N l). Data are presented as mean ± SEM. Analysis was performed by two-tailed unpaired 
Student’s /-test.
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Figure 6.4 The effect of miR-31 expression on survival. Kaplan Meier curves 
demonstrating the effect o f m iR-31 expression in diagnostic tumour biopsies on survival in 
oesophageal cancer (n=35, 0AC=31, SCC=4). miR-31 expression was separated into two 
groups; < median expression or > median expression. Survival is measured in months post 
initial diagnosis. Analysis was performed by log-rank (Mantel-Cox) Test.
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6.3.5 miR-31 target gene expression in diagnostic biopsies from oesophageal cancer 

patients

Having demonstrated the increased level o f miR-31 in diagnostic tumour biopsies 

that are sensitive to neoadjuvant CRT, the expression o f 5 putative targets o f miR-31 

(PARPl, SMUGl, M LHl, RAD51L3 and MMS19) identified in chapter 5, was investigated 

in the same patient diagnostic biopsies to validate their potential regulation by miR-31. 

These 5 genes were chosen as they were the most significantly downregulated following 

overexpression o f m iR-31 (chapter 5). Sufficient RNA starting material was only available 

for 27 of the 37 patients in which miR-31 expression was previously examined, two 

additional patients were also included (n=30, OAC=27, SCC=2). RNA was isolated as 

described in section 2.22.6. Amplification o f RNA was carried out on all 30 samples as 

described in section 2.22.8. Quality control was carried out on several amplified samples by 

qPCR to ensure that the amplification procedure did not introduce any variation o f gene 

expression (appendix 3D). Patient cohort characteristics are outlined in table 6.2. Gene 

expression was measured by qPCR (as described in sections 2.16.1, 2.16.5 and 2.16.6). The 

ribosomal subunit 18S was used as an endogenous control, whilst one responder sample 

was set as the calibrator for relative quantification. O f these 29 patients, 34% were 

classified as good responders (TRG 1 and 2), whilst 66% were classified as poor responders 

(TRG 3, 4 and 5). Inclusion of SCC patients had a negligible effect on expression o f all 5 

genes (appendix 3E). SCC samples were therefore included in the data set for all 

subsequent analysis.

SMUGl expression was significantly (p == 0.0333) decreased in good responder 

tumour tissue when compared to poor responders (mean relative expression 0.25 ± 0.09 vs. 

1.50 ± 0.39) (Fig 6.5), further supporting its negative regulation by miR-31. Analysis of 

SMUGl expression across the 5 tumour regression grades (Fig 6.5C) grouped patients into 

good responders and poor responders, with similar expression in patients achieving a 

complete (TRG 1), or major (TRG 2) response to neoadjuvant CRT (mean relative 

expression 0.30 ±0 . 18  and 0.20 ± 0.04, respectively). Expression was similar in patients 

achieving a partial (TRG 3), minimal (TRG 4) or absent (TRG 5) response to neoadjuvant 

CRT (mean relative expression 1.54 ±0.71, 1.44 ± 0.48 and 1.51 ± 1.49, respectively). This 

suggests that miR-31-mediated downregulation o f SMUGl is important for sensitivity to 

neoadjuvant CRT in oesophageal tumour tissue.
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Table 6.2 Diagnostic tumour biopsy patient characteristics (In which target gene

expression was measured)

Patient Characteristics n Comments
Gender

Male 23
Female 6
Age*

<66 (42-81) 13
>66 (42-81) 16
Histology

SCC 2
OAC 28

TNM Stage 1 Patient NS
0 0
1 0

lla 12
lib 3
III 13
IV 0

TRG
1 5
2 5
3 9
4 8
5 2

Nodal Status 1 Patient NS
NO 9
Nl 19

* Values given are median (range); NO indicates lymph node metastasis negative; N l ,  lymph node metastasis 

positive; NS, not specified; OAC, oesophageal adenocarcinoma; SCC, oesophageal squamous cell carcinoma; 

TRG, Tumour regression grade; TN M , Tumour-node-metastasis clinical staging classification.

Similarly, M LHl was also significantly (p = 0.0126) decreased in good responder 

tumour tissue, when compared to poor responders (mean relative expression 1.52 ± 0.62 vs. 

5.22 ± 1.23, respectively) (Fig 6.6). Analysis o f M LHl expression across the 5 tumour 

regression grades (Fig 6.6C) grouped patients into good responders and poor responders, 

with similar expression in patients achieving a complete (TRG 1), or major (TRG 2) 

response to neoadjuvant CRT (mean relative expression 0.65 ±0.16 and 2.39 ± 1.03, 

respectively). Expression was similar in patients achieving a partial (TRG 3), minimal
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Figure 6.5 SMUGl expression is decreased in diagnostic tumour biopsies of good 
responders. SMUGl expression was measured by qPCR in diagnostic oesophageal tumour 
biopsies (n=29, OAC=27, SCC=2). (A) SMUGl expression was significantly lower in good 
responders (TRG 1 and 2), when compared to poor responders (TRG 3, 4 and 5). Data are 
presented as mean ± SEM. Analysis was performed by two-tailed unpaired Student’s /-test 
(Welch corrected). *p = 0.0333 vs. poor responders. (B) Demonstrates distribution of 
SMUGl expression across patient groups. Analysis was performed by two-tailed unpaired 
Student’s Mest (Welch corrected). *p = 0.0333 vs. poor responders (C) SMUGl expression 
was analysed across the 5 tumour regression grades. Data are presented as mean ± SEM. 
Analysis was performed by two-tailed unpaired Student’s /"-test (Welch corrected).
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Figure 6.6 M LH l expression is decreased in diagnostic tum our biopsies of good 
responders. M LHl expression was measured by qPCR in diagnostic oesophageal tumour 
biopsies (n=29, OAC=27, SCC=2). (A) M LHl expression was significantly lower in good 
responders (TRG 1 and 2), when compared to poor responders (TRG 3, 4 and 5). Data are 
presented as mean ± SEM. Analysis was performed by two-tailed unpaired Student’s Mest 
(Welch corrected). *p =  0.0126 vs. poor responders. (B) Demonstrates distribution of 
MLHl expression across patient groups. Analysis was performed by two-tailed unpaired 
Student’s /-test (Welch corrected). *p = 0.0126 vs. poor responders (C ) M LHl expression 
was analysed across the 5 tumour regression grades. Data are presented as mean ±  SEM. 
Analysis was performed by two-tailed unpaired Student’s Mest (Welch corrected).
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(TRG 4) or absent (TRG 5) response to neoadjuvant CRT (mean relative expression 

5.71 ± 2.16, 5.13 ± 1.63 and 3.33 ± 3.19, respectively).

Expression levels of RAD51L3 were significantly decreased (p = 0.0420) in good 

responders when compared to poor responders (mean relative expression 0.27 ± 0 .1 0  vs. 

0.76 ± 0.20) (Fig. 6.7). A clear division o f RAD51L3 was also demonstrated across tumour 

regression grades (Fig. 6.7C), with similar expression levels in patients achieving a TRG 1 

(0.28 ± 0.18) and TRG 2 (0.26 ± 0.12). Patients having a TRG 3, TRG 4 and TRG 5 also 

demonstrated similar levels o f RAD51L3 expression (mean relative expression, 0.93 ± 0.38, 

0.60 ± 0.20 and 0.63 ± 0.62, respectively).

Similarly, MMS19 expression was also significantly decreased (p = 0.0098) in good 

responders when compared to poor responders (mean relative expression 0.74 ± 0 . 17  vs. 

2.25 ± 0.49) (Fig. 6.8). There was also a clear division o f MMS19 expression across TRG 

(Fig 6.8C), with similar expression in patients achieving a complete (TRG 1), or major 

(TRG 2) response to neoadjuvant CRT (mean relative expression 0.64 ± 0.20 and 0.26 ± 

0.12, respectively). Expression was similar in patients achieving a partial (TRG 3), minimal 

(TRG 4) or absent (TRG 5) response to neoadjuvant CRT (mean relative expression 0.93 ± 

0.38, 0.60 ± 0.20 and 0.63 ± 0.62, respectively).

In contrast to SM U G l, MLHI, RAD51L3 and MMS19, expression levels o f PARPl 

were not statistically significantly different between good responders and poor responders, 

although there was a trend toward increased expression in poor responders (mean relative 

expression 0.38 ± 0 . 1 5  vs. 0.75 ± 0.15) (Fig. 6.9). This suggests that PARPl is not 

negatively regulated by miR-31 in these diagnostic tumour biopsies.

The significantly lower expression o f SM U G l, M LHI, RAD51L3 and MMS19 in 

good responder tumour tissue supports the negative regulation o f these DNA repair genes 

by miR-31. These data also suggest a role for these genes in determining the response to 

neoadjuvant CRT in oesophageal cancer, highlighting potential roles as biomarkers of 

response.
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Figure 6.7 RAD51L3 expression is decreased in diagnostic tum our biopsies of good 
responders. RAD51L3 expression was measured by qPCR in diagnostic oesophageal 
tumour biopsies (n=29, OAC=27, SCC=2). (A) RAD51L3 expression was significantly 
lower in good responders (TRG 1 and 2), when compared to poor responders (TRG 3, 4 and 
5). Data are presented as mean ± SEM. Analysis was performed by two-tailed unpaired 
Student’s Mest (Welch corrected). *p = 0.0420 vs. poor responders. ( B )  Demonstrates 
distribution of RAD51L3 expression across patient groups. Analysis was performed by two- 
tailed unpaired Student’s Mest (Welch corrected). *p = 0.0420 vs. poor responders (C) 
RAD51L3 expression was analysed across the 5 tumour regression grades. Data are 
presented as mean ± SEM. Analysis was performed by two-tailed unpaired Student’s /-test.
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Figure 6.8 MMS19 expression is decreased in diagnostic tum our biopsies of good 
responders. MMS19 expression was measured by qPCR in diagnostic oesophageal tumour 
biopsies (n=29, OAC=27, SCC=2). (A) MMS19 expression was significantly lower in good 
responders (TRG 1 and 2), when compared to poor responders (TRG 3, 4 and 5). Data are 
presented as mean ± SEM. Analysis was performed by two-tailed unpaired Student’s /-test 
(Welch corrected). *p = 0.0098 vs. poor responders. ( B )  Demonstrates distribution of 
MMS19 expression across patient groups. Analysis was performed by two-tailed unpaired 
Student’s /-test (Welch corrected). *p = 0.0098 vs. poor responders (C) MMS19 expression 
was analysed across the 5 tumour regression grades. Data are presented as mean ± SEM. 
Analysis was performed by two-tailed unpaired Student’s /-test (Welch corrected).
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Figure 6.9 Altered PARPl expression in diagnostic tum our biopsies is not associated 
with response to CRT. PARPl expression was measured by qPCR in diagnostic 
oesophageal tumour biopsies (n=29, OAC=27, SCC=2). (A) PARPl expression is similar in 
good responders (TRG 1 and 2) and poor responders (TRG 3, 4 and 5). Data are presented 
as mean ± SEM. Analysis was performed by two-tailed unpaired Student’s /-test. (B) 
Demonstrates distribution of PARPl expression across patient groups. (C) PARPl 
expression was analysed across the 5 tumour regression grades. Data are presented as mean 
± SEM. Analysis was performed by two-tailed unpaired Student’s /-test.
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6.3.6 DNA repair gene expression and lymph node metastasis

Given the demonstrated altered expression o f SM U G l, M LH l, RAD51L3 and 

MMS19 in tumours that are sensitive to neoadjuvant CRT, expression o f these genes was 

analysed across patient lymph node metastasis status to investigate if their altered 

expression was associated with cancer invasion. The nodal status o f one patient was 

unknown. In the remaining patients (n=28, OAC=26, SCC=2), 32% demonstrated an 

absence o f lymph node metastasis (NO) whilst 68% demonstrated positive lymph node 

metastasis (N l). Only expression o f SM U Gl was significantly altered, being significantly 

lower in tumours o f patients with no lymph node metastasis when compared to patients 

with lymph node metastasis (mean relative expression 0.45 ±0 . 15  vs. 1.40 ± 0.41) (p = 

0.0405) (Fig 6.10).

6.3.7 DNA repair gene expression across survival status

Given the clinical significance o f altered SMUG, M LHl, MMS19 and RAD51L3 in 

the tumour response to neoadjuvant CRT, gene expression was measured across survival 

status (months post initial diagnosis) (Fig 6.11). Two patients were excluded from the 

analysis as death was not due to disease. Patients (n=27, OAC=25, SCC=2) were divided 

into two groups based on gene expression: below the median expression or equal to or 

above the median expression. There was no statistically significant association with 

expression o f any o f the 4 genes investigated and survival.

6.3.8 miR-31 expression in oesophageal cancer patient serum samples

Having demonstrated an association with miR-31 downregulation and sensitivity to 

CRT in pre-treatment biopsies o f oesophageal cancer patients receiving neoadjuvant CRT, 

miR-31 expression was investigated in serum. RNA was isolated from the serum of 27 

oesophageal cancer patients (n=27, OAC=20, SCC=7), both pre-treatment and 24 h and 48 

h post initiation o f neoadjuvant CRT as described in section 2.22.7. Only 7 of these patients 

had matched pre-treatment diagnostic biopsies and serum samples. RNA was also isolated 

from 14 non-cancer controls. Pre-treatment serum samples were available for all 27 

oesophageal cancer patients, however, serum samples taken 24 h and 48 h post initiation of 

CRT were available for only 24 o f these patients. Patient characteristics are outlined in 

table 6.3. Expression o f miR-31 was confirmed in two patient samples by qPCR as
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Figure 6.10. SMUGl is decreased in patients with no lymph node metastasis. SMUGl 
expression was significantly lower in patients with no lymph node metastasis (NO), when 
compared to patients with lymph node metastasis (Nl). Data are presented as mean ± SEM. 
Analysis was performed by two-tailed unpaired Student’s /-test (Welch corrected). *p = 
0.0405.
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Figure 6.11 The effect of DNA repair gene expression on survival. Kaplan Meier curves 
demonstrating the effect o f DNA repair gene expression in diagnostic tumour biopsies on 
survival (n = 27). (A) SMUGl, p = 0.1966 (B) MLHl, p = 0.3712 (C) RAD51L3, p = 
0.1015 (D) MMS19, p = 0.0934.
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described in sections 2.17.1 and 2.17.2, prior to large scale expression profiling. miR-31 

was detectable in both samples, although at low levels (Ct values, 35.98 and 34.54, 

respectively).

RNA from OAC patients (n=20) was pooled into 24 groups depending on TRG, 

lymph node status and time at which serum was taken. RNA from SCC patients (n=7) was 

pooled into 2 groups based on response (good vs. poor), whilst all non-cancer patients were 

pooled together. miR-31 expression was undetectable in all pools, suggesting that miR-31 

is not suitable as a candidate serum biomarker in this patient cohort.

Table 6.3 Serum sample patient characteristics.

Patient Characteristics n Comments
Gender

Male 28
Female 13

Age
< 62 (44-78) 20
> 62 (44-78) 21
Histology

SCC 7
OAC 20

Non-Cancer 14
TNM Stage

0 0
1 0

lla 8
lib 1
III 18
IV 0

TRG
1 4
2 11
3 6
4 4
5 2

Nodal Status 1 Patient NS
NO 10
N1 16

* Values given are median (range); NO indicates lymph node metastasis negative; N l ,  lymph node metastasis 

positive; NS, not specified; OAC, oesophageal adenocarcinoma; SCC, oesophageal squamous cell carcinoma; 

TRG, Tumour regression grade; TN M , Tumour-node-metastasis clinical staging classification.
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6.4 Discussion

The elucidation o f biomarkers predicting response to neoadjuvant CRT is critical 

for enhancing the efficacy o f treatment and improving survival rates for oesophageal 

cancer, which at present remain poor. Recent studies have demonstrated a potential role for 

miRNA as both diagnostic and prognostic biomarkers in a number o f human cancers, 

including oesophageal. However, the role of miRNA as potential markers o f response to 

CRT is relatively unknown.

Having demonstrated miR-31 expression correlating with and modulating the 

cellular response to radiation in vitro (chapter 4 and 5), expression of miR-31 was 

investigated in diagnostic tumour biopsies (pre-treatment) from oesophageal cancer patients 

to determine if alterations in expression are associated with the tumour response to CRT. 

m iR-31 was expressed in all tumour samples and was demonstrated to be increased 2.4-fold 

in diagnostic biopsy tissue from patients achieving a good response (TRG 1 or 2) to 

neoadjuvant CRT, when compared to poor responders (TRG 3, 4 or 5). Although this did 

not reach significance, the large fold change in miR-31 expression may suggest a role for 

miR-31 in the response to CRT in vivo. This was further supported by the significantly 

increased levels o f miR-31 in patients achieving a pCR (TRG I), when compared to 

patients in which there was no evidence of tumour regression (TRG 5). Interestingly, 

altered miR-31 expression was independent o f histological subtype, whilst greater 

differences may be apparent if using larger numbers o f SCC, this may indicate a common 

role for miR-31 in the cellular response to CRT.

These results suggest a role for miR-31 as a potential marker o f tumour response to 

radiation therapy, cisplatin and 5-FU. In vitro, miR-31 was demonstrated to predict and 

moreover, modulate sensitivity to radiation in a cell line model, which has similar 

sensitivities to both cisplatin and 5-FU (chapter 2), this suggests that in vivo, miR-31 may 

be predominantly involved in the cellular response to radiation. Given that the 

radiosensitising roles of cisplatin and 5-FU provides the rationale for combined modality 

treatment in terms o f local tumour control, the demonstrated role o f miR-31 in modulating 

the radioresponse has important implications for treatment o f localised tumours, 

highlighting a potential role for miR-31 as an agent to enhance efficacy o f radiation 

therapy. It is interesting that low miR-31 expression correlates with both acquired 

radioresistance o f the isogenic cell line model and inherent resistance of tumour tissue 

biopsies, suggesting that common mechanisms o f radioresistance exist.
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It must be considered that the Mandard grading system is based only on the 

histopathological response o f the primary tumour to neoadjuvant treatment. It does not take 

into account lymph node metastasis status, which has been demonstrated to be a prognostic 

marker of survival (Eloubeidi et al., 2002). However, the histopathological response o f the 

primary tumour has also been demonstrated to be prognostic for survival, with a complete 

pathological response a proxy for improved outcome (Geh et al., 2001). In addition, given 

the locoregional effects o f RT, the histopathological response o f the primary tumour is a 

good indicator o f the efficacy o f treatment.

There was no association between miR-31 expression and cancer invasion, as 

similar levels were demonstrated irrespective o f lymph node status. This is supported by a 

study by Slaby et al., which also found no association between miR-31 levels and nodal 

status in colorectal cancer (Slaby et al., 2007). In contrast, a study by Wang, demonstrated a 

significant correlation between increased miR-31 expression and tumour invasion in 

colorectal cancer (Wang et al., 2009). The role of miR-31 in invasion and metastasis 

appears to be cell-type specific, with a demonstrated anti-metastatic function in breast 

cancer cells (Valastyan et al., 2009), whilst in colon cancer cell lines, miR-31 is 

demonstrated to enhance invasion and metastasis (Cottonham et al., 2010). This study 

suggests that m iR-31 is not a marker o f lymph node metastasis in oesophageal cancer.

High miR-31 expression demonstrated a trend towards increased survival time 

(median survival 32 months vs. 20 months), this may be explained by the fact that patients 

with high miR-31 expression demonstrate a better response to neoadjuvant CRT, which is 

associated with improved outcome. However, this warrants further investigation in a larger 

cohort and may suggest miR-31 as a putative prognostic marker for survival. The 

previously demonstrated anti-proliferative, anti-migratory and anti-invasive functions of 

miR-31 (Ivanov et al., 2010; Valastyan et al., 2009), in addition to its role in the response to 

radiation, may provide a mechanism for miR-31 in improving the outcome o f oesophageal 

cancer patients.

The increased level o f miR-31 in diagnostic tumour biopsies o f good responders 

was concomitant with a significant decrease in SM UGl, M LH l, RAD51L3 and MMS19 

expression. This indicates that these genes may be direct targets o f miR-31 in vivo, 

supporting in vitro observations (chapter 5). PARPl was the only gene o f the 5 putative 

target genes investigated, that did not demonstrate altered expression in diagnostic biopsies. 

This may suggests that miR-31-mediated regulation of PARPl is not involved in the
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tumour response to cytotoxic therapy, however, validation in a larger patient cohort is 

necessary as there was a trend toward increased expression in tumours o f poor responders. 

The reduced expression of SMUGl, MLHl, RAD51L3 and MMS19 in tumour tissue of 

good responders indicates a role for these DNA repair genes in resistance to CRT. This 

supports previous work that demonstrated a role for SMUGl in resistance to IR- and 5-FU- 

induced cell kill (An et al., 2005, 2007b). c-MYC-mediated inhibition o f MLHl has been 

demonstrated to enhance radiosensitivity to y radiation in melanoma (Bucci et al., 2005), 

whilst inhibition o f MLHl was also demonstrated to be important for 2-fluoro- 

2 ’deoxyuridine-mediated radiosensitisation in colon carcinoma cells (Flanagan et al., 

2008). RAD51L3 is a paralog o f RAD51, which has a demonstrated role in enhancing 

resistance to radiation (Russell et al., 2003; Vispe et al., 1998). The abrogation o f miR-31- 

mediated regulation o f these DNA repair genes may therefore provide a mechanism for 

tumour resistance to CRT

In addition, increased expression o f SMUGl was demonstrated in patients with 

lymph node metastasis, which is associated with a more aggressive tumour phenotype. 

SMUGl is a DNA glycosylase that facilitates the removal o f Uracil residues from DNA 

(Kavli et al., 2002), which is critical for maintaining genome integrity. Due to increased 

proliferation, cancer cells experience high rates o f DNA damage (Cooke et al., 2003), 

consequently DNA damage and repair pathways are important for their survival (Fishel et 

al., 2003; Rinne et al., 2004). The inhibition o f another DNA glycosylase UNG, has been 

demonstrated to enhance DNA damage, reduce proliferation and induce apoptosis in 

prostate cancer (Pulukuri et al., 2009), and thus suggests a mechanism for increased 

survival o f cancer cells.

All data in this study was analysed both with, and without, the inclusion of SCC 

samples. Whilst OAC and SCC have distinct pathological and aetiological characteristics, 

in terms o f response to neoadjuvant CRT, common mechanisms may be involved in 

resistance. Inclusion o f  SCC samples had no skewing effect on any o f the parameters 

analysed (appendix 3E), and were therefore included in the study. The negligible effect of 

SCC on m iR-31 expression levels suggest that the role o f m iR-31 in the radioresponse may 

not be specific to cancer subtype, supporting the hypothesis that common mechanisms of 

resistance to radiation may exist.

It must be considered that in this study endoscopic diagnostic biopsies without laser 

microcapture dissection were used for miRNA and gene expression analysis, and thus there
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is potential for contamination o f samples with non-tumour tissue. However, this 

heterogeneity is more representative o f the tumour environment in vivo, which may be 

more valuable for predicting tumour response and is more clinically robust.

The recent discovery that miRNA are detectable in bodily fluids has heralded much 

excitement at the potential use of miRNA as novel minimally-invasive biomarkers of 

disease. Several studies have demonstrated circulating miRNA as cancer diagnostic and 

prognostic biomarkers (Heneghan et al., 2010; Kong et al., 2010). Despite confirming miR- 

31 expression, albeit at low levels, in two patient serum samples, no miR-31 expression 

was detectable in any o f the OAC, SCC or non-cancer pooled serum samples. This suggests 

that miR-31 is either not detectable or is detected erratically at low levels in these patient 

serum samples, therefore indicating that miR-31 is not a suitable candidate serum 

biomarker. Due to the lack o f an established endogenous control for miRNA profiling of 

serum, it is possible that miR-31 was not detected due to a failed cDNA synthesis step. 

Whilst the assessment o f miR-31 levels in serum warrants further study, there is evidence 

that supports the hypothesis that miR-31 was undetected due to low/erratic levels or an 

absence o f circulating miR-31. There is evidence (Lodes et al., 2009), including one study 

from this laboratory (unpublished data) that miRNA profiles detected in serum do not 

always correlate with tumour-derived miRNA profiles. This discrepancy could potentially 

be due to the source o f circulating miRNA, the exact mechanism o f which is still unclear. A 

study by Taylor and Gercel-Taylor in 2008, profiled the expression o f miRNA in 

circulating exosomes in ovarian cancer patients. Whilst a good correlation between tumour 

and exosomal miRNA expression was demonstrated for the majority o f cancer-associated 

miRNA detected, the expression o f 22 miRNA was increased in exosomes when compared 

to matched tumour, whilst 12 miRNA were increased in tumour when compared to 

exosomes. This suggests that the export o f specific miRNA in exosomes from tumour cells 

may be an active selective process (Taylor and Gercel-Taylor, 2008). Thus, if circulating 

miRNA are actively transported in exosomes rather than a byproduct o f tumour lysis (Chin 

and Slack, 2008), there may not be a direct correlation between tumour tissue and serum 

miRNA profiles.

Therefore, although miR-31 was expressed in all tumour tissues tested, it may not 

be detected in serum samples. It is also important to note that only 7 o f the tumour and 

serum samples were matched, which may further explain the discrepancy in miR-31 levels 

in serum. Only one other study has assessed circulating miR-31, demonstrating increased
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miR-31 in plasma o f oral SCC patients when compared to non-cancer controls (Liu et al., 

2010a). This suggests that detectable levels o f circulating miR-31 may be cancer-type 

specific. The authors state that miR-31 was detected at low levels in non-cancer controls 

which supports this study, unfortunately no Ct values are provided so it is not clear exactly 

how low the levels o f miR-31 were. In this study Ct values above 40 cycles were excluded 

to ensure reproducibility and reliability.

Taken together, these findings suggest that reduced expression of miR-31 in 

oesophageal tumours provides a mechanism for resistance to CRT in vivo, potentially by 

abrogation o f miR-31-mediated regulation o f SM U Gl, M LH l, RAD51L3 and MMS19. This 

highlights miR-31 as a potential novel biomarker o f response to CRT in oesophageal 

cancer. The elucidation o f biomarkers o f response to therapy and prognosis in oesophageal 

cancer are critical for optimising current treatment and improving survival. The ability of 

miRNA to simultaneously regulate hundreds o f genes involved in multiple cellular 

pathways, suggests that miRNA may serve as better cancer biomarkers than a single gene 

or protein.

Furthermore, the demonstrated modulatory role o f miR-31 in the cellular response 

to radiation in vitro (chapter 5) suggests miR-31 as a potential therapeutic agent to enhance 

the efficacy o f radiation therapy. Given the complexity o f mechanisms involved in 

resistance to cancer therapy, it is highly unlikely that SM U G l, M LH l, MMS19 and 

RAD51L3 are the only genes involved in m iR-31-mediated modulation of the tumour 

response to treatment. Therefore, the modulation o f miR-31 may be a more efficient 

strategy to enhance the efficacy o f radiation, instead o f targeting a single gene.

The patient cohort used for this study was the maximum number available in the 

departmental bioresource (taken between 2003 and 2009), that met the inclusion criteria. 

Given the small sample size, the results warrant further investigation o f miR-31 as a 

potential in vivo biomarker to predict treatment response in oesophageal cancer.
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Chapter 7 
Concluding Discussion
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7.1 Concluding discussion

W hilst oesophageal cancer is still relatively uncomm on, the diagnosis frequently 

confers a poor prognosis. Advances in diagnosis, staging and treatm ent have improved the 

m anagem ent o f  the disease and increased the percentage o f  patients whose disease 

m anagem ent is approached with curative intent. Despite this, 5-year survival rates remain 

poor, at less than 40%  (Jemal et al., 2009). The recent dramatic increase in the incidence o f 

OAC, both in Europe and the U.S. (Demeester, 2009), represents a real health burden, 

highlighting the critical need for improved treatm ent strategies.

A lthough somewhat controversial, a multi-modal approach to treatment is now the 

standard o f  care for oesophageal cancer, with patients receiving neoadjuvant CRT followed 

by surgical resection. It is indisputable that a subset o f  patients achieving a pCR following 

neoadjuvant CRT have improved survival rates, however, this occurs in only -3 0 %  o f 

patients (Geh et al., 2001; Walsh et al., 1996). The rem aining patients are subject to 

toxicities w ithout apparent therapeutic gain, and their prognosis may be worsened by the 

delay to surgery (Geh et al., 2001). This highlights the need for markers predicting the 

response to therapy, facilitating patient stratification, as well as the identification o f  novel 

targets, the m anipulation o f  which may enhance the efficacy o f  current treatment.

RT exerts its effect on the tumour locoregionally. Part o f  the rationale for 

combining RT with CT is the potential additive effect (Steel, 1979), which describes the 

potential o f  CT to enhance the efficacy o f  RT. Thus, in terms o f  locoregional control, this 

suggests that it is ultimately tum our resistance to RT that results in treatm ent failure. In 

recent years, there have been huge advancem ents in radiation technology, both in terms o f 

imaging and in the delivery o f  RT. This has enabled the accurate delivery o f  radiation to the 

tumour, reducing normal tissue toxicities (Ikushima, 2010). Despite this, tumour resistance 

to RT rem ains a significant clinical problem. Current clinicopathological parameters do not 

predict the tum our response to RT, suggesting a role for cellular and m olecular alterations 

in determ ining tum our radiosensitivity. A greater understanding o f  the molecular 

m echanism s involved in radioresistance is therefore central to the identification o f  both 

novel biom arkers predicting response and targets with which to enhance the efficacy o f  RT. 

To study radioresistance in oesophageal cancer, a novel isogenic model o f  radioresistance 

in OAC was generated by the chronic exposure o f  OAC cells to clinically-relevant, 

fractionated doses o f  X-ray radiation. The benefit o f  this type o f  model, which compares
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cell lines o f the same origin, but with distinctly different radiosensitivities, is that it avoids 

the influence o f confounding factors, such as phenotypic, genetic and inherent 

radiosensitivity variabilities. Therefore, this facilitates the elucidation of molecular 

mechanisms that are truly involved in radioresistance. Additionally, as the irradiation 

protocol used for the generation o f this model was similar to a standard clinical regimen, it 

suggests that the mechanisms involved in the radioresistance o f this model may be similar 

to those found in the tumour in vivo. Furthermore, as the radioresistant subline was not 

clonally derived, it represents a heterogeneous population with an overriding radioresistant 

phenotype, which is more similar to the in vivo environment (Weichselbaum et al., 1988). 

There are some limitations to this model, however, as the contribution o f extrinsic factors 

involved in radioresistance, such as tumour location, size and the microenvironment cannot 

be assessed (Barcellos-Hoff et al., 2005; Maity et a!., 1997). Whilst there is substantial 

evidence that suggests that it is the intrinsic radiosensitivity of the tumour that is the critical 

determinant o f the response to RT, there is mounting evidence that suggests a role for the 

microenvironment in regulating radiosensitivity. Several studies have demonstrated an 

altered radioresponse in tumours transplanted into severe combined immunodeficient mice 

(Garcia-Barros et al., 2010), suggesting that the radiosensitivity o f the stromal compartment 

is also a factor governing the tumour response to radiation. This is further supported by a 

study by Tsai et al (2009), which demonstrated that IR-induced senescent fibroblasts could 

confer a radioprotective effect on breast cancer cell lines. The role o f the stroma in 

modulating the radioresponse was not assessed in this study. Additionally, this model 

represents induced radioresistance, the mechanisms o f which may be different compared to 

tumour cells that are inherently resistant to radiation.

This model was characterised in terms o f parameters frequently implicated in 

radioresistance, such as cell cycle distribution, cell cycle checkpoint operation, apoptosis 

induction, ROS generation and scavenging, DNA damage induction and (Barcellos-Hoff et 

al., 2005; Maity et al., 1997) repair, to identify the mechanisms underlying radioresistance 

in this model. Specific alterations in DNA repair efficiency were demonstrated, with the 

radioresistant OE33 R subline displaying enhanced efficiency in the repair o f IR-induced 

DNA DSB, when compared to the radiosensitive OE33 P. This is in agreement with 

numerous other studies which have highlighted a critical role for DNA repair in the 

resistance to IR-induced cell kill (Abbott et al., 1999; Naidu et al., 2010; Negroni et al., 

2008; Shimura et al., 2010a) . The importance o f DNA repair in this model is also
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supported by the recovery period required between irradiation treatments during its 

generation. This enhanced repair efficiency was accompanied by alterations in the basal 

expression o f  2 DNA repair genes 77? and TDG. Given the enhanced efficiency o f DNA 

DSB repair in the OE33 R subline, it was surprising that o f 84 DNA repair genes 

investigated, only two genes were altered at the basal level. This may suggest that altered 

expression o f DNA repair genes following IR insult is more important for determining and 

coordinating the efficiency o f DNA repair. This may be supported by the complex genetic 

response initiated by IR (Yin et al., 2003).

Given the complex genetic cellular response induced by IR, molecules that can 

rapidly regulate a large network o f genes are likely to play an important role in the cellular 

response to radiation. miRNA are a novel class o f gene regulators that can regulate the 

expression o f hundreds o f genes simultaneously. Whilst emerging evidence points to a role 

for miRNA in the radioresponse (Josson et al., 2008; Weidhaas et al., 2007), their role in 

the response o f oesophageal cancer to radiation is unknown. Consequently, the global 

miRNA expression profile of both OE33 R and OE33 P was assessed, to determine any 

alterations that may contribute to the altered radiosensitivity o f OE33 R. Basally, miRNA 

expression was significantly altered between the two cell lines, with loss or gain of 

expression o f 32 miRNA and altered expression levels o f 4 miRNA. Given that these two 

cell lines are from the same origin and only differ in their radiosensitivities, this may imply 

a role for miRNA in determining the cellular response to radiation. miRNA expression was 

significantly modulated by IR in both cell lines, supporting a role for miRNA in the cellular 

response to radiation. Interestingly these IR-modulated miRNA were differentially 

regulated in the radioresistant OE33 R and radiosensitive OE33 P, further supporting a role 

for miRNA in determining the response to radiation. Whether the chronic fractionated 

irradiation o f  OE33 R has ‘selected’ for cells with altered expression o f these miRNA, or 

has induced mutations resulting in the dysregulation o f these miRNA is not known. 

However, the dysregulated expression o f miRNA in OE33 R would suggest that these 

alterations may be important for surviving the cytotoxic effects o f radiation.

Two o f the altered miRNA were further investigated to determine if miRNA played 

a functional role in modulating the cellular radioresponse, or if altered expression is merely 

a consequence o f the genotoxic effects o f radiation. Given the large number o f miRNA that 

were differentially expressed, both basally, and in response to IR, it was decided to further 

investigate miRNA that were differentially modulated by radiation, as it was hypothesised

203



that these miRNA may be the most important in the cellular response to IR. miR-31 and 

miR-137 were chosen for further investigation.

miR-137 expression was similar in both OE33 P and OE33 R at basal level, but was 

upregulated in OE33 R cells in response to radiation. miR-137 was the only miRNA in 

OE33 R to be upregulated following IR treatment, suggesting a radioprotective role. This is 

supported by a recent study dem onstrating that radiation-induced expression o f  miR-137 in 

rectal tumours was associated with a poor response to CRT (Svoboda et al., 2008). 

However, the transient overexpression o f  miR-137, using Pre-m iR precursor m olecules, did 

not confer resistance to radiation in OE33 P, or enhance radioresistance in OE33 R. This 

may suggest that m iR-137 does not play a functional role in m odulating radiosensitivity, 

and that its upregulation following IR is merely a by-product o f  the effect o f  IR on the 

cellular environment. This may be supported by the fact that m iR-137 was not altered at 

basal level. However, it is also possible that miR-137 upregulation in response to IR is 

important for radioresistance, but that altering expression levels o f  m iR-137 alone is not 

sufficient to modulate radiosensitivity. This is supported by the fact that the expression o f  5 

other miRNA were altered by IR in OE33 R, and therefore may suggest that alterations in a 

network o f miRNA are required to modulate the radioresponse. A dditionally, it is not 

known at what tim e point after IR treatm ent that upregulation o f m iR-137 may be important 

for modulating radiosensitivity, and as the overexpression o f  m iR-137 was performed by 

transient transfection, it is possible that miR-137 was not upregulated at the tim e point 

necessary for conferring resistance to radiation. The kinetics o f IR-induced upregulation of 

miR-137 could be examined to investigate this.

In contrast, m iR-31, which was the only miRNA significantly differentially 

regulated between OE33 P and OE33 R, both at basal level, and in response to radiation, 

was demonstrated to play a functional role in conferring sensitivity to radiation in OE33 R. 

Downregulation o f  miR-31 was demonstrated to be important for radioresistance, both in 

the generation o f  the radioresistance model, and in an inherently radioresistant OAC cell 

line, further supporting a radiosensitising role for miR-31. The dysregulation o f  miR-31 did 

not appear to be due to epigenetic modifications, suggesting that alternative mechanisms, 

such as altered post-transcriptional processing or genomic alterations are involved in the 

dysregulation o f miR-31 in this model. Given the role o f  IR in inducing genome instability 

(Morgan et al., 1996), and the positioning o f  miR-31 at a fragile genomic region frequently 

lost in human cancers (Sasaki et al., 2003), this may point to deletions or translocations as a
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mechanism behind the downregulation in OE33 R. Additionally, a study by Lee et al., 

2008, demonstrated widespread alterations in the processing o f pre-miRNA-31 molecules 

in a number o f human cancer cell lines, which was associated with the reduced or absence 

o f miR-31 expression. Whilst pre-miRNA-31 molecules were transcribed and processed 

from pri-miRNA molecules correctly, they were retained in the nucleus, preventing 

cytoplasmic processing to mature miR-31. Interestingly, this study identified miR-31 as the 

most differentially processed miRNA of 225 miRNA studied. This suggests an alternative 

mechanism for the dysregulation of miR-31. The attenuation o f miR-31 expression has 

been demonstrated to be important for the initiation (Creighton et al., 2010; Zhang et al., 

2010b) and progression (Valastyan et al., 2009; Wszolek et al., 2009) o f a number of 

cancers. However, this is the first study to demonstrate its downregulation in 

radioresistance.

Altered miR-31 expression resulted in the altered expression o f 13 DNA repair 

genes {PARPl, SM U Gl, M LHl, RAD51L3, MMS19, LIG 3, ERCCl, NEILl, CDK7, DDBl, 

T0P3A, XPC  and RPA3), suggesting miR-31-mediated regulation o f these genes. This was 

supported by miRNA target prediction algorithms. The downregulation o f miR-31 in OE33 

R, may thus provide a mechanism for radioresistance, via enhanced DNA repair. The 

majority o f these genes (with the exception of XPC  and RPA3) were downregulated 

following overexpression o f miR-31, suggesting post-transcriptional regulation by miR-31. 

The majority o f these altered genes are involved in BER, MMR and NER pathways, which 

are primarily involved in the repair o f non-DSB damage. This was surprising given the 

enhanced efficiency o f IR-induced DNA DSB repair in OE33 R cells. However, there is 

mounting evidence that suggests that the different DNA pathways are interlinked, and that 

non-classically described DNA DSB repair pathways are actually critically involved in the 

repair o f DSB (Zhang et al., 2009b).

There is little published data on the role of miR-31 in the regulation o f DNA repair. 

Interestingly, one o f the only other studies that has assessed miR-31 and DNA repair 

demonstrated upregulation o f miR-31 in colon tumours in which M LHl was inactivated 

(Sarver et al., 2009), supporting the data presented here. Several other studies have 

demonstrated miRNA-mediated regulation o f DNA repair genes in other cancer types. In 

line with this study, a recent study demonstrated the sensitisation of cells to IR, both in 

vitro and in vivo, via miR-lOl-mediated targeting o f ATM and DNA-Pkcs, supporting
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miRNA-mediated regulation o f DNA repair as a mechanism for modulating radiosensitivity 

(Yan et al., 2010).

miR-31 did not appear to play a functional role in modulating DNA DSB repair, as 

ectopic expression did not reduce DNA DSB repair efficiency in OE33 R. This may 

suggest that the modulatory effect o f miR-31 on radiosensitivity is either not mediated, or is 

mediated only in part, via regulation o f DNA DSB repair. As 3 other miRNA were altered 

in OE33 R at basal level, this may suggest that altered expression o f all 4 miRNA is 

necessary for the enhanced efficiency in repair o f IR-induced DNA DSB, observed in OE33 

R cells. Additionally, the artificial overexpression o f miR-31 was only a transient effect, 

therefore, depending on the transcript stability and protein turnover of miR-31 targets, 

stable overexpression o f miR-31 may be required for modulation o f DNA DSB repair 

efficiency.

Alternatively, given the observed alterations in DNA repair genes involved in BER, 

NER and MMR, this may suggest that the radiosensitising effect o f miR-31 may be 

mediated, at least in part, by regulating the repair o f non-DNA DSB damage, such as SSB 

or base damage. The importance o f repair of non-DNA DSB for surviving the cytotoxicity 

o f radiation has previously been demonstrated (An et al., 2005; Naidu et al., 2010; 

Rosenquist et al., 2003). In addition, given the complexity o f the cellular response to 

radiation, it is also likely that m iR-31-mediated modulation o f radiosensitivity may be due 

to simultaneous regulation o f a number o f genes involved in multiple pathways.

The in vitro observations were then assessed in vivo. m iR-31 expression, and miR- 

31-mediated regulation o f the 5 most altered putative DNA repair gene targets (PARPI, 

SM UGl, M LH l, RAD51L3, MMS19), was investigated in pre-treatment oesophageal 

tumour biopsies. Expression o f SM UGl, M LHl, RAD51L3 and MMS19 was concomitantly 

reduced with increased miR-31 expression in vivo, further supporting the negative 

regulation of these genes by miR-31. There was no significant decrease in expression of 

PARPI, which may suggest that it is not a post-transcriptional target o f miR-31 in the 

tumours examined. The demonstrated downregulation o f PARPI upon overexpression of 

miR-31 in vitro, may therefore be a specific effect to the cell line used, or may be merely a 

by-product o f miR-31 overexpression, via altered expression o f other miRNA or mRNA 

targets.

Importantly, miR-31 expression was increased in patients achieving a good 

response to CRT, with miR-31 significantly increased in patients achieving a pCR when
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compared to patients in whom no regressive change was evident. This was concomitant 

with a significant decrease in SM U G l M LH l, RAD51L3 and MMS19 expression in patients 

achieving a good response to CRT, when compared to those achieving a poor response. 

This highlights a potential role for miR-31-mediated regulation o f these DNA repair genes 

in sensitising oesophageal tumours to CRT. This is supported by a study by An et al., 2005, 

who demonstrated that silencing o f SM U Gl, and another DNA glycosylase UNO, increased 

sensitivity to y radiation in mouse embryonic fibroblasts. A role for MLHl in resistance to 

Y radiation has also been demonstrated (Bucci et al., 2005). Another study by An et al., 

2007, demonstrated a role for SM U G l in resistance to 5-FU, which supports a role for 

SMUGl in the resistance to neoadjuvant CRT. However, this is in contrast to what was 

observed in vitro, as both OE33 P and OE33 R demonstrated similar sensitivities to 5-FU, 

suggesting that 5Mt/G7-mediated repair o f IR-induced lesions is more important in this 

model.

Given the demonstrated functional role o f miR-31 in modulating radiosensitivity in 

vitro, this suggests that in vivo, miR-31 may be predominantly involved in the cellular 

response to radiation. This may have important implications for locoregional control, 

highlighting a potential role for miR-31 as an agent to enhance efficacy o f RT. The fact that 

the in vitro alterations o f miR-31 expression were also observed in tumour samples, 

highlights this novel radioresistant model as a viable working model with which to 

investigate radioresistance in oesophageal cancer. Globally, several different regimens of 

radiation are used during CRT for oesophageal cancer and therefore the validity o f this 

model across different treatment schedules must be considered. Nevertheless, as this model, 

generated using fractionated doses o f 2 Gy, correlated well with tumour samples taken from 

patients who subsequently received fractionated doses o f 2.67 Gy, it suggests that this 

model is a viable working model for studying radioresistance across different fractionation 

schedules. The correlation between our observations in vitro and in tumour samples 

suggests that the mechanisms behind both inherent and induced radioresistance may be 

similar. In addition, the negligible effect o f SCC tumour samples on miR-31 expression 

levels suggest that the role o f miR-31 in the radioresponse may not be specific to cancer 

subtype, supporting the hypothesis that common mechanisms o f resistance to radiation may 

exist. However, one consideration is that although miR-31 was upregulated in OE33 P cells 

at basal level, expression o f SM U G l, M LHl, RAD51L3 and MMS19 were not differentially 

regulated at basal level between OE33 P and OE33 R. In vitro, m iR-31 was upregulated
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2.5-fold in the OE33 P cell line, when compared to OE33 R at basal level. Transient 

transfection of Pre-miR-31 increased miR-31 expression 10-fold, and this resulted in 

significant downregulation of these DNA repair genes. Thus, in vitro differences in the 

level o f overexpression may account for this discrepancy. Given the mechanism of 

miRNA-target regulation, it is highly probable that these genes are not the only genes 

regulated by miR-31, therefore, there are likely to be numerous other targets that are 

involved in the radiosensitising effect o f miR-31.

From a clinical perspective, the fact that miR-31 was altered in pre-treatment 

biopsies offers an advantage as a predictive biomarker, as it would allow stratification of 

patients prior to commencement of treatment. The utility o f using miRNA as novel 

diagnostic and prognostic cancer biomarkers has already been demonstrated (Lu et al., 

2005). In addition, the stability o f miRNA in tissue (Xi et al., 2007), and ease o f detection, 

makes them ideal candidate biomarkers. The ability o f miRNA to simultaneously regulate 

hundreds of genes involved in multiple cellular pathways, suggests that miRNA may serve 

as better predictive biomarkers than a single gene or protein. Furthermore, given that 

tumour resistance to radiation is likely to be multi-faceted, radiosensitising strategies are 

likely to involve the modulation o f numerous pathways simultaneously. This highlights the 

potential for miRNA as novel targets with which to enhance the efficacy o f radiation. The 

field of miRNA research is rapidly developing toward the use o f miRNA in therapeutic 

intervention, using new technology that facilitates the exploitation or inhibition o f specific 

endogenous miRNA. miRNA ‘mimics’ provide a novel opportunity for replacement 

therapy, which can potentially facilitate the restoration o f downregulated miRNA in tumour 

tissues, such as tumour suppressor miRNA or miRNA that enhance the efficacy o f standard 

cancer therapy. miRNA as therapeutics offer some advantages over traditional gene 

replacement therapy, since their small size and non-essential nuclear localisation facilitates 

less problematic delivery (Bader et al., 2010). Studies on miRNA as cancer therapeutics are 

still in the early stages and there are still major obstacles to be overcome, such as targeted 

delivery and investigation o f normal tissue toxicities (Li et al., 2009). However, miRNA as 

biomarkers and therapeutics are fast moving into the pharmaceutical industry.

In this study we have used a functional genetic approach to identify molecular 

determinants o f the response to radiation. Using a novel model o f radioresistance in 

oesophageal adenocarcinoma, this study has highlighted for the first time the role o f miR- 

31 in modulating the cellular response to radiation, possibly via regulation o f DNA repair
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genes. In addition, a role for miR-31 and miR-31-mediated regulation o f SM U Gl, M LH l, 

RAD51L3 and MMS19 has been demonstrated to be altered in tumours resistant to 

neoadjuvant CRT. This highlights for the first time a role for miR-31 as a biomarker 

predicting response to neoadjuvant CRT in oesophageal cancer.

7.2 Future directions

Whilst this study has demonstrated a functional role for miR-31 in modulating the 

radioresponse, the exact mechanism(s) by which miR-31 mediates radiosensitivity remain 

to be elucidated. Further investigation using stable overexpression of miR-31 could be 

employed to investigate the exact pathways regulated by miR-31. In addition, the other 

miRNA altered in this isogenic model o f radioresistance could be investigated to determine 

any functional role in the cellular response to radiation.
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Appendix 1. Flow cytometry data

(A) (B)

2 5 6 -  

1 9 2 -

<a

k ^ 28 -
K

6 4 -  

0 -

C v -T  I 1 > u 'f i

PI Lin .PI Area

Appendix lA . PI staining for cell cycle analysis. (A) Doublet exclusion. (B) PI staining, 
cell cycle phase markers.

GO/Gl S G2/M

281



(A) (B)

unsi«jned.001

) Zbo 460 600 800 1000
FLl-H

(C)
e ivon ty  .002

(D)

10' 10*" 
anne>4n

lO"* 10^

PI only .003

o

FL1-H

(E) (F)

10 "  1 0 '  10 ^  10 '"  10 
Annexin Annexin

1 0 ^  10 '  10"̂  lO '^ 10'
Anne>dn

10^ 10’ lO'  ̂ 10'̂  10^ 
Annexin

A ppendix  IB . A nnexin  V -F IT C /P I sta in ing  fo r apop tosis. (A) Representative scatter 
plot (B) Unstained control. (C) Annexin V-FITC only control. (D) PI only control. (E) 
OE33 P unirradiated annexin V-FITC/Pl stained cells. (F) OE33 P cells 48 h post 
irradiation with 2 Gy annexin V-FITC/Pl stained cells. (G) OE33 R unirradiated annexin 
V-FITC/PI stained cells. (H) OE33 R cells 48 h post irradiation with 2 Gy annexin V- 
FITC/PI stained cells.
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A ppendix  1C. R O S detection  by C M -H 2 D C FD A  and  PI stain ing . (A) Representative 
scatter plot o f  cells. DCF positive cells are black, PI positive cells are blue. (B) Unstained 
control. (C) DCF only control. (D) PI only control. (E) OE33 P unirradiated DCF/Pl 
stained cells. (F) OE33 P 20 min post 2 Gy DCF/Pl stained cells. (G) OE33 R unirradiated 
DCF/PI stained cells (H) OE33 R 20 min post 2 Gy DCF/Pl stained cells. (I) Positive 
control.
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Appendix 2. Representative GSH standard curve.
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Appendix 3. qPCR data

P0RT1 PORT 2 PORT 3 PORT 4 PORTS PORT 6 PORT 7 PORTS
let-7a miR-1 miR-30a-3p miR-7 iet-7f miR-15a miR-651 miR-639

let-7b mlR-26a miR-30a-5p miR-23b miR-105 miR-15b miR-376a# miR-613

let-7c miR-26b miR-30c miR-28 miR-106b mlR-199a mlR-542-5p mlR-614

let-7d miR-27a mlR-30d mlR-32 miR-122a mlR-199a# miR-545 mlR-615

let-7e miR-27b miR-30e-3p miR-134 miR-124a miR-199b miR-544 mlR-616

let-7g mlR-103 miR-95 miR-147 miR-126 miR-219 miR-656 miR-548c

miR-10a miR-125a miR-100 miR-149 mlR-128b miR-25 miR-549 miR-617

miR-lOb mlR-125b mlR-101 miR-153 mlR-129 miR-30e-5p miR-657 mlR-642

miR-17-3p miR-152 miR-126# miR-186 miR-130a mlR-323 miR-658 mlR-618

miR-17-5p mlR-183 miR-127 miR-187 miR-130b miR-338 miR-660 miR-644

RNU48 RNU48 RNU48 RNU48 RNU48 RNU48 RNU48 RNU48

RNU44 RNU44 RNU44 RNU44 RNU44 RNU44 RNU44 RNU44

miR-18a miR-210 mlR-132 mlR-190 miR-139 mlR-368 miR-425-5p miR-646

miR-19a miR-222 miR-133a miR-193a miR-140 miR-373 miR-652 mlR-647

miR-19b miR-296 mlR-135a miR-196a miR-143 miR-373# miR-532 mlR-649

miR-21 miR-302a# mlR-135b miR-196b miR-145 miR-382 miR-551a miR-650

miR-24 mlR-302c# mlR-148a miR-197 mlR-16 miR-424 mlR-552 miR-661

miR-34a miR-302d miR-148b miR-205 miR-182# miR-448 mlR-553 miR-662

miR-34b miR-324-5p mlR-184 mlR-208 miR-185 mlR-450 mlR-554 mlR-449b

miR-34c miR-367 mlR-192 mlR-213 miR-189 mlR-451 mlR-555 miR-653

miR-92 mlR-423 miR-194 miR-214 miR-18b miR-452 miR-562 miR-411

miR-93 mlR-324-3p miR-203 miR-220 miR-195 miR-452# mlR-563 miR-654

miR-107 miR-369-5p mlR-204 mlR-320 mlR-200a mlR-453 miR-564 miR-572

miR-141 miR-449 miR-206 mlR-325 miR-202 miR-485-3p miR-565 BLANK

miR-142-3p mlR-497 miR-211 miR-326 miR-202# miR-486 miR-566 mlR-575

miR-142-5p mlR-501 miR-216 mlR-328 miR-22 miR-488 mlR-551b miR-576

miR-146a miR-509 mlR-217 mlR-331 mlR-23a mlR-490 miR-569 miR-578

miR-155 miR-510 miR-330 mlR-337 mlR-299-3p mlR-492 miR-570 miR-579

miR-181c miR-511 miR-335 miR-339 miR-29a mlR-493 miR-548a miR-580

miR-191 miR-514 miR-371 miR-340 miR-29c mlR-503 miR-586 mlR-585

miR-200c mlR-515-3p miR-379 miR-342 miR-302a miR-504 mlR-587 miR-200b

miR-215 mlR-515-5p miR-381 miR-361 mlR-302b miR-505 mlR-548b miR-484

miR-218 mlR-517a miR-383 mlR-374 miR-302b# mlR-507 miR-588 miR-512-3p

mlR-221 mlR-517b miR-198 mlR-380-3p miR-302c mlR-513 miR-589 miR-631

mlR-223 mlR-517c miR-30b miR-422b miR-329 miR-516-5p miR-550 miR-363#

miR-301 mlR-518a mlR-133b miR-98 mlR-33 mlR-517# miR-591 miR-487b

miR-345 miR-518b miR-224 miR-151 miR-362 BLANK mlR-593 mlR-645

miR-372 miR-518c mlR-299-5p miR-182 mlR-369-3p miR-518c# mlR-594 mlR-659

miR-375 miR-518d mlR-31 miR-422a miR-376a mlR-518f mlR-596 mlR-556

miR-378 miR-518e mlR-409-5p mlR-193b miR-376b miR-519b miR-597 miR-558

mlR-20a mlR-520a mlR-432 mlR-365 miR-380-5p miR-519c miR-622 miR-627

mlR-9 mlR-520b miR-433 miR-425 miR-410 miR-519d miR-599 miR-630
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PORT 1 PORT 2 PORTS PORT 4 PORTS PORT 6 PORT 7 PORTS
miR-137 miR-520c miR-485-5p miR-429 miR-412 miR-519e miR-600 miR-603

miR-146b miR-520d miR-489 miR-491 miR-432# miR-522 miR-624 miR-606

miR-181b miR-520e miR-494 miR-496 miR-512-5p miR-523 miR-601 miR-607

miR-181d miR-520f miR-506 miR-500 miR-9# miR-524 miR-626 miR-608

miR-200a# miR-520g miR-508 miR-502 miR-99a miR-526b# miR-629 miR-609

miR-20b miR-520h miR-521 RNU6B miR-99b miR-96 miR-548d miR-633

Appendix 3A. TaqMan Human miRNA array. Each array contained 365 miRNA targets 
and 2 endogenous controls (RNU44 and RNU48). Each sample was applied in 8 pools to 
corresponding fillports.
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Gene Well Position Gene Well Position Gene Well Position

APEX1 A1 MSH6 D1 TREX1 01
APEX2 A2 MUTYH D2 UNG G2

ATM A3 NEIL1 03 XAB2 G3
ATR A4 NEIL2 D4 XPA G4

ATXN3 A5 NEIL3 D5 XPG G5
BRCA1 A6 NTHL1 D6 XRCC1 G6
BRCA2 A7 0GG1 D7 XRCC2 G7
BRIP1 A8 PARP1 D8 XRCC3 G8
CCNH A9 PARP2 D9 XRGC4 G9
CCNO A10 PARP3 DIO XRCG5 G10
CDK7 A11 PMS1 D ll XRCC6 O il
DDB1 A12 PMS2 D12 XRCC6BP1 G12
DDB2 B1 PNKP E1 B2M HI
DMC1 B2 POLB E2 HPRT1 H2

ERCC1 B3 P0LD3 E3 RPL13A H3
ERCC2 B4 POLL E4 GAPDH H4
ERCC3 B5 PRKDC E5 ACTB H5
ERCC4 B6 RAD 18 E6 HGDG H6
ERCC5 B7 RAD21 E7 RTG H7
ERCC6 B8 RAD23A E8 RTC H8
ERCC8 B9 RAD23B E9 RTG H9
EX01 B10 RAD50 E10 PPG H10
FEN1 B11 RAD51 E ll PPG H11
LIG1 B12 RADS 1C E12 PPG H12
LIG3 C1 RAD51L1 F1
LIG4 C2 RAD51L3 F2

MGMT C3 RAD52 F3
MLH1 C4 RAD54L F4
MLH3 C5 RFC1 F5

MMS19 C6 RPA1 F6
MPG C7 RPA3 F7

MRE11A C8 SLK F8
MSH2 C9 SMUG1 F9
MSH3 C10 TDG F10
MSH4 C11 T0P3A F11
MSH5 C12 T0P3B F12

Appendix 3B. RT^Profiler^''^ PCR Array gene list and well position in a 96-well plate.
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2.5

■  STAT6B

■  HSD17B4 

□  RNFC1

RNA5 aRNA5 RNA8 aRNA8 RNA65 aRN^65 RNA71 aRNA71

Appendix 3D. aRNA expression. Expression o f STAT5B, HSD1784 and RNPCl were 
measured in 4 RNA and corresponding aRNA samples by qPCR.

Average Exp 
OAC + see

ression ± SEM 
OAe only

SMUG1 Good (1-2) 
Poor (3-5)

0.25 ± 0.09 
1.50 ±0.39

0.24 ±0.10 
1.57 ±0.40

MLH1 Good (1-2) 
Poor (3-5)

1.52 ± 0.62 
5.22 ± 1.19

1.60 ±0.69 
5.40 ±1.25

PARP1 Good (1-2) 
Poor (3-5)

0.38 ±0.15 
0.75 ±0.15

0.38 ±0.17 
0.77 ±0.15

MMS19 Good (1-2) 
Poor (3-5)

0.74 ±0.17 
2.25 ±0.49

0.71 ±0.18 
2.34 ±0.51

RAD1L3 Good (1-2) 
Poor (3-5)

0.27 ±0.10 
0.76 ±0.20

0.28 ±0.11 
0.79 ± 0.52

Appendix 3E. DNA repair genes expression in patient tumour biopsies, with and 
without s e e  samples.
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A ppendix 4. Vehicle control data

Cell Line T reatm ent Surviving Fraction
OE33 P Untreated 

NaCl 
Cisplatin (0.1 |liM  )

1
0.94 ± 0.10  
0.30 ± 0.04

OE33 R Untreated 
NaCl 

Cisplatin (0.1 |iM )

1
0.86 ±0.13 
0.33 ± 0 .04

OE33 P Untreated 
DMSO 

5-FU (0.01 nM)

1
0.92 ± 0.04 

0.52 ±0.003
OE33 R Untreated 

DMSO 
5-FU (0.01 fxM)

1
0.87 ± 0.12 
0.48 ± 0.05

A ppendix 4. Clonogenic survival of OE33 P and OE33 R cells treated  w ith cisplatin 
(0.1 |iM), 5-FU (0.01 |iM) o r vehicle controls NaCl and DMSO, respectively.
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A B S T R .\C T

m icroRNA s (miRNAs) are highly conserv'ed, non-protein-coding RNAs that function to regulate gene expression. 
In  m am m als this regtilation is prim arily carried out by repression of’translation. miRNAs play im portant roles in 
hom eostatic processes such as dev'elopment, cell proliferation and cell death. Recently the dysregulation of 
m iRNA s has been linked to cancer initiation and progression, indicating that m iRNAs m ay play roles as tum our 
suppres.sor genes or oncogenes. T he  role o f miRNAs in apoptosis is not fully understood, however, evidence is 
m ounting that m ilW A s are im portant in this process. T he  dysregulation of miRNAs involved in apoptosis may 
p ro \’ide a m echanism  Ibr cancer developm ent and resistance to cancer therapy. T his review exam ines the 
biosynthesis o f m iRNA , the mechanism s of m ilW A  target regulation and  the involvement ol' m iliN A s in the 
initiation and  progres.sion o f  hum an cancer. It will include milOJAs involved in apoptosis, specifically those 
m iRNA s involved in the regulation o f apoptotic pathw ays and tum our suppressor/oncogene networks. It will also 
consider em erging evidence supjjorting a role for m iRNAs in m odulating sensitivity to anti-cancer thera[)y.

hey words: m icroRNA , cancer, apoptosis, tum our suppressor, oncogene, target gene, therapeutic response. 
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I . IN T R O D U C T IO N  T O  m icr o R N A

microRNAs (miRNAs) are small non-protein-coding mole
cules tha t regulate gene expression at the translational level 
(Kusenda et al, 2006; Place et a i, 2008; Vasudevan, Tong & 
Steitz, 2007). miRNAs are m embers o f a family of small 
RNAs, typically 19-30 nucleotides, which includes small 
nuclear RN A  (snRNA) involved in m R NA  splicing (Mattaj, 
Tollervey &l Seraphin, 1993), small nucleolar RNA 
(snoRNA) which direct modification o f ribosomal RNA 
(Bachellerie, GavaUle & Huttenhofer, 2002) and short 
interfering RNA (siRNA) produced from long  double
stranded RN A  precursors. Similar to miRNA, siRNA also 
functions to regulate gene expression (Ambros et ai, 2003).

miRNAs are endogenous RNAs highly conserved in the 
genomes of animals, plants, fungi and viruses (Du & 
Zamore, 2005). It is currently estimated that miRNAs 
account for approxim ately 1 % o f the hum an genome (Lim 
d ai, 2003), and they have been shown to play a vital role in 
processes such as development (Reinhart et al, 2000), 
cellular proliferation, and m ore recently apoptosis (Chan, 
Krichevsky & Kosik, 2005; C heng et a i, 2005). Their 
aberrant expression has been linked to several hum an

cancers and evidence increasingly points to their role as 
oncogenes and tum our suppressors (Zhang et al., 2007).

(1) m iR N A  b io g e n e s is

In humans, miRNAs are transcribed as long prim ary 
transcripts (pri-miRNA) over 1 kb in size, which have 
a stem-loop structure, are capped at the 5’-end and have 
a 3’-poly (A) tail (Cai, H agedorn & Cullen, 2004; Lee et ai, 
2002). pri-m iRNA transcripts undergo a two-step m atu ra
tion process to produce functional miRNA  (Fig. 1). T he first 
step occurs in the nucleus and is facilitated by D rosha, an 
endonuclease RNAse III, and the double-stranded RNA- 
binding dom ain (dsRBD) protein D G C R 8 (Han et al., 2004; 
Lee et ai, 2003). D rosha cleaves both strands of the pri- 
m iRNA transcript in a staggered manner, producing 
a stem-loop precursor molecule (pre-miRNA), approxi
mately 70 nucleotides in length (Bushati & Cohen, 2007; 
Kim, 2005; Lee et ai, 2003).

These pre-m iRNA molecules are then transported from 
the nucleus to the cytoplasm, a process m ediated by 
Exportin-5, a nuclear transport receptor and the nuclear

Nucleus
iniRNA geiic

pri-miRNA 
(> 1 kb)

p ro -s lii DGCRS

pre-miRNA 
(70 m)

Cytoplasm
TRBP Dicer miRNA:miRNA*CO) i i i i n | "irTTr

duplex

miRNA* strand

Activated RISC Degradation

To large! mRNA

P ig . 1. Biosynthesis of microRNA. RNA polymerase II (Pol II) primarily facilitates transcription of the miRNA gene in the nucleus. 
The resulting primary transcript (pri-miRNA), is then cleaved by Drosha and DGCRB, producing a precursor molecule (pre- 
miRNA). The pre-miRNA is transported to the cytoplasm by Exportin-5 and Ran-GTP. Here, the pre-miRNA undergoes its final 
processing step, which involves cleavage by Dicer and I ’REP below the stem-loop. This produces a duplex molecule, which contains 
the single-stranded mature miRNA molecule and a miRNA* fragment. The miRNA:miRNA* complex is then incorporated into 
the RNA-induced silencing complex (RISC), which is activated upon unwinding of the miRNA:miRNA* duplex. The miRNA* 
fragment is degraded, whilst the mature miRNA molecule guides the RISC to the target mRNA.
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protein  R an-G T P  (Bohnsack, Czaplinski & Gorlich, 2004; 
Lund et al., 2004).

T h e  final processing step is facilitated by the RN A  III 
enzym e Dicer and  a dsR B D  protein T R B P  (C hendrim ada 
et al., 2005; H utvagner et al., 2001; K etting et al., 2001), 
which cuts both strands o f the pre-m iR N A  at the base o f the 
stem-loop. This produces a  duplex molecule approxim ately 
22 nucleotides long (C^hendrimada et al., 2005; H utvagner 
et al., 2001; K etting et al., 2001). T he  duplex molecule 
contains the single-stranded m ature m iR N A  and a fragm ent 
term ed  miRNA*, w hich is derived from the opposite 
com plem entary arm  o f  the pre-m iR N A  (Schwarz et a i, 
2003). T he m iRN A :m iRN A * molecule is then incorporated 
into a large protein effecter com plex called the RNA- 
induced silencing com plex (RISC) (Bushati & C ohen, 2007). 
T he  R ISC  is activated upon unw inding of the 
m iRNA :m iRNA * duplex. T he  miRNA* strand is sub
sequently degraded, whilst the m iR N A  molecule guides the 
R ISC  complex to the target m R N A  (H am m ond et a i, 2000; 
Schw arz et a i, 2003) (Fig. 1). It is the interaction of the 
m iR N A /R IS C  and  its target m R N A  that results in gene 
regulation.

II. miRNA REGULATION OF TARGET GENES

'I'he interaction betw een a m iR N .'\ and  its target m R N A  is 
restricted to the 5 ’-end o f the m iRNA. Secjuence com ple
m entarity  between nucleotides 2-8 is vital for target 
sequence recognition (Lewis et a i, 2003). T he  degree of

com plem entarity  betw een the 3’-U T R  region o f the target 
m R N A  and  this so called ‘seed region’ in the 5’-end o f the 
m iRNA  determ ines the m echanism  by w hich the m iRNA  
regulates the target (H utvagner & Zam ore, 2002) (Fig. 2). If 
the m iR N A  bears sufficient sequence com plim entariry (near 
perfect) to the target m R N A , then regulation is carried out 
by a process called RNA  interference, in w hich the RISC  
com plex is directed to cleave the target m R N A  (H utvagner 
& Zam ore, 2002).

If there is insufficient com plim entarity, w'hich is generally 
the case in m am m als (Lewis et a i, 2003), regulation is 
achieved by repression o f translation, the exact m echa- 
nism(s) o f w'hich is still under debate (Petersen et a l, 2006; 
Pillai et a i, 2005; W ang et a i, 2006). D ow n-regulation o f 
target genes by miRNAs is reflected at the protein  level, but 
m R N A  levels rem ain unaffected, indicating that regulation 
occurs at the translational lev'el (Olsen & Ambros, 1999; 
W ightm an, H a & Ruvkun, 1993), Several studies have 
provided evidence that translational repression occurs pre- 
initiation o f translation (H um phreys et a i, 2005; Pillai et a i, 
2005; W ang et a i, 2006). However, o ther studies suggest that 
repression occurs post-initiation o f translation (M aroney 
et a i, 2006; N ottrott, Sim ard & Richter, 2006; Petersen et ai, 
2006).

Processing bodies (P-I)odies), cytoplasmic structures 
involved in the storage and  degradation  o f mRNAs, are 
also thought to play a role in m iR N A  regulation (Engels & 
H utvagner, 2006; Liu et a i, 2005). m iRNAs are thought to 
guide m RN As and associated R ISC  proteins to these 
storage structures (Liu et a i, 2005), a  process wiiich has been 
shown to be a con.sequence ra ther than  the cause o f m iR N A

RISC

Tlrgel
mRNA

Translation

Cleavage oi 
mRNA ,T

Translattonal /  
rrpreuion ^

■w»»r

Storage

G ene silencing

Fig . 2. microRNA regulation of target genes. The degree of complementarity between the 3’- untranslated region (UTR) of the 
target mRNA and the seed region of the miRNA determines the mechanism of regulation. If there is sufficient (near perfect) 
complementarity regulation is carried out by RNA interference. The RNA-induced silencing complex (RISC) is directed to cleave 
the target mRNA, and does so between the nucleotides pairing to residues 10 and 11 of the miRNA. If there is insufficient 
complementarity, regulation is carried out by repression of translation. I'his occurs pre-initiation an d /o r post-initialion of 
translation. I ’argel mRNA can also be stored in P-bodies, and can re-enter polysomes for translation. ORF, open reading frame.
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jtranslational repression (Eulalio et a i, 2007). A recent study 
dem onstrated  that under different stress conditions 
repressed mRNAs can be relieved from m iR N A -induced 
repression, a  process involv'ing release o f the m R N A  from 
P-bodies and  re-entiy  into polysomes (B hattacharyya et ai,

; 2006), T hus, it has been argued tha t P-bodies act as storage 
[units for repressed mRNAs, possibly shielding repressed 
I m RN A s from translational machinery- (Eulalio et a i, 2007)
I (Fig- 2).

T he genomic positioning o f m iRNA s is interesting, in 
tha t the m ajority o f m iR N A  genes are found in intergenic 

! regions, at least 1 kb from known genes, indicating that they 
.are  transcribed independently. A lthough a substantial 
num ber o f m iRNA  genes are found in in tron regions, it is 
predicted  that these genes are  also transcribed indepen
dently (Lau et al., 2001; Lee et at., 2004). M any m iRNA s also 
form  genom ic clusters, suggesting that they m ay be 
transcribed as a single polycistronic transcript, a theory- 
backed up by the co-ordinated expression o f these clustered 
genes (Lau et al., 2001; Lee et al., 2002).

m iR N A  regulation appears to be an extremely dynam ic 
process, its complexity is increased by the fact that perfect 
com plim entarity  to the target is not required  for regulation, 
indicating that a single m iR N A  can regulate a num ber oi' 

itarget genes. T his ultim ately makes the identification of 
(target genes m uch m ore difficult, the result o f which is that 
the functions of m any m iRNA s are still unknown.

C urren tly  there is no clear ag reem ent as to  w hat 
experim ental p rocedures should be followed to identify 

[specific m iR N A  targets, usually a com bined  app roach  o f 
com puta tional analysis and  experim ental m ethods is used 
(K uhn et al., 2008). Various com puter program s such as 
n iiR anda  (Enright et al., 2003; Jo h n , S ander & M arks, 
2006), P icTar (K rek et al., 2005) and  T argetScan  (Lewis 
et a i, 2003) have been developed to elucidate m iR N A  

{targets, using distinct param eters to predict the probability  
ol a  functional m iR N A im R N A  in teraction  (K uhn et al., 
2008). M ost o f these program s focus on identifying 
m iR N A  target sites w ithin the 3’-U T R  o f an  m R N A , the 
presence o f  m ultiple target sites, and  the conservation  of 
(target sites across species (Bentwich, 2005). U nfortim ately, 
tliese program s pred ict num erous target genes th a t contain  
m any false positives (M aziere & E nrigh t, 2007) and  due to 
the focus on conserved targets, m any non-conserved 
[targets are  missed (Enright et al., 2003). G iven the high 
ra te  o f false-positives and  false-negatives using cu rren t 
target p red ic tion  com puter program s, the need for 
sensitive biological techniques to validate putative m iRNA : 
m R N A  in teractions in cells/tissue is vital. C u rren t 
experim ental m ethods to  validate m iR N A  targets involve 
tlie use o f rep o rte r  gene constructs (K rek et al., 2005; Lewis 
et a i, 2003; Z hu  et a i, 2007), target-d irec ted  m utagenesis 
(Brennecke et a i,  2005; D oench & Sharp , 2004; Lewis, 
Burge & B artel, 2005; Yang et a i, 2008) and  gene silencing 
(M eng et a i,  2006; O ’D onnell et a i, 2005). Howev'er, these 
m ethods a re  tim e consum ing and  a lthough  high th rough 
p u t m ethods a re  being developed (Wang, 2006) the 
in lluence o f endogenous m iR N A  expression can be 
p rob lem atic  (Ruike et a i, 2008). V erification o f the 
n iiR N A -target in teraction  is also com plicated  by w hether

this in terac tion  results in degradation  or translational 
repression of the target m R N A .

G enom e-scale analysis o f m iR N A  expression is needed to 
understand fully the function o f these regulators. An 
integrated approach , com bining com parative genomics 
with transcriptom ics or proteom ics is im portant. Paired 
expression profiles o f m iRNA s and  genom e-wide m RN A  
expression is useful for identifying putative m iR N A -target 
interactions (Ruike et a i, 2008). C om bined  analysis o f the 
proteom e is also im portant, due to m iR N A  regulation at the 
translational level (Tian et al., 2008).

T he  field o f m iR N A  biology is rapidly expanding; 
currently the m ethods o f target prediction and  validation 
are limited. H ow ever as our knowledge o f m iR N A  target 
regulation increases, it is expected tha t m ore accurate 
prediction m ethods and  higher th roughput validation 
m ethods will be developed.

III. miRNA PROFILING IN CANCER

m iRNAs are involved in im portant hom eostatic processes 
such as cellular proliferation and cell death  (Cheng et a i, 
2005), the dysregulation o f wiiich is an  im portant trait in 
cancer progression (Evan & Vousden, 2001). T his suggests 
that aberran t expression o f miRNAs likely has a role in the 
developm ent o f cancer.

The link betw'een m iRNAs and  cancer was first 
highligined by Calin et al. (Calin et a i, 2002), w hen it was 
discovered that two m iRNA  genes, m iR-16  and miR-15, are 
located in a region on chrom osom e 13 that is deleted in 
over 65% o f chronic lym phocytic leukaem ia (CLL) patients. 
T he link to cancer was further strengthened by the 
discovery that m iR N A  genom ic positioning appears to be 
non-random , and  that a significant num ber of m iRNA  
genes are located at fragile sites (unstable regions that have 
been shown to prom ote DNA instability in cancer cells) or 
genom ic regions that have been linked to  cancers (Calin 
d  al., 2004).'

Several studies hav'e shown that unique m iR N A  expres
sion profiles are present in a num ber o f  im portant cancers 
such as breast, lung, oesophageal, prostate and  pancreatic 
cancer. lorio  et al. (2005), dem onstrated  tha t the differential 
m iR N A  expression profiles o f just 15 m iRNAs could 
distinguish tum our and norm al tissue, w ithout error, in 76 
m alignant and  10 norm al breast tissue samples. Five 
miRNAs: m iR -lO b, m iR -125b, m iR -145, miR-21 and 
m iR-155 were found to be the most consistently dysregu- 
lated, with dow nregulation o f m iR -lO b, m iR -125b and 
m iR-145 and  upregulation o f miR-21 and  m iR-155 seen in 
m alignant tissue. M oreover, differential expression of 
miRNAs also acted  as m arkers o f im portant histopathologic 
features such as tum our stage, proliferation capacity and 
vascular invasion. Dysregulation o f m iR -145 and  m iR-21, 
both o f whicli were part o f the subset o f m iRNAs classifying 
tum our tissue from norm al was shown to be associated with 
tum our progression. R educed let-7 expression was associ
ated with increased lym ph node metastasis and  proliferation 
capacity, suggesting a role for these m iRNAs in cancer
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progression and prognosis. M ore recently, Blenkiron et al. 
(2007), analysed 9 3  hum an breast tum ours. T h e  data 
generated allowed the classification o f  tum our ti.ssue into 
subtypes (Luminal A , Lum inal B, Basal-like and HE;R2 -̂ ) 
based on differential m iR X A  expression. T his supported  
previous findings by M attie e t a l. (2006), w ho reported  
a correlation betw een  global m iR N A  dysregulation and 
KR +  and ER- tum our type in breast cancer biopsies. 
Interestingly, the authors w-ere also able to classify ErbB2 +  
tum ours into two clinical subgroups (ErbB2 +  /E R - and 
E r b B 2 -I- /E R -I-) based on  differential m iR N A  expres.sion, 
highlighting a possible role for m iR N A s in diagnosis o f  
cancers and cancer subtypes.

A possible role for m iR N A s in breast cancer metastasis 
has also been highlighted. Six m iR N A s were dem onstrated  
to be dow nregulated in a m etastatic breast cancer cell line. 
U pregulation o f  three o f  these m iR N A s (m iR -335, m iR -126  
and m iR -206) was obser\'ed to decrease m etastasis to lung 
and b on e in a m ouse m odel o f  the disease, indicating  
a m etastasis repressor role. T his was also o b se n ’ed in vivo , 
with reduced expression o f  m iR -335  and m iR -126  in 
prim ary tum ours resulting in poor m etastasis-free survival 
(Tavazoie e t a l . , 2008).

C ollectively these studies suggest the existence o f  a breast 
cancer-specific m iR N A  signature that can diagnose m alig
nancy and classify tum our subtype. T his, considering that 
iR N A  expression profiles appear to im pact tum our grade 
and prognosis, indicates that aberrant m iR N A  expression is 
potentially involved in the initiation, progression and  
ultim ately prognosis o f  breast cancer. T h e  fact that m iR N A  
ex |)iession  profiles m ay classify tum our subtype has 
im portant im plications, as they m ay prove usef'ul as 
diagnostic tools in the future. Currently, the course o f  
breast cancer treatm ent is determ ined by the ErbB2 and 
E R receptor status o f  the tum our (M attie et a l . , 2006), 
therefore the classification o f  subtype by m iR N A  profiling 
m ay be im portant in determ ining the m ost effective 
treatm ent.

Sim ilar results hav'e been  observed in non-sm all-cell lung 
cancer (N SC L C ). Yanaihara et a l. (2006) dem onstrated the 
differential expression o f  43 m iR N A s in tum our versu.^ 
norm al tissue. D ata analysis also identified a unicjue 
m iR N A  expression profile discrim inating two clinical 
subtypes (squam ous cell carcinom a and adenocarcinom a) 
o f  N S C L C , w ith six m iR N A s com m on to both subtypes and 
six m iR N A s differentially expressed. Five m iR N A s differ
entially expressed in tum our tissue versus norm al (mif<^-155, 
m iR -17-3p , let-7a-2 , m iR -145 , m iR -21) were also shown to 
indicate prognosis, w ith overexpression o f  m iR -155  or 
underexpression o f  let-7a-2 correlating to lower survival 
rates in adenocarcinom a patients. T his was supported by Yu 
et a l. (2008) w h o  recently identified let-7 as one o f  a five 
m iR N A  signature that correlated to patient survival, further 
supporting a role for let-7 as a marker o f  prognosis. T he  
expression o f  let-7 is altered in N S C L C  tissue (Takamizawa 
e t a l., 2004), ind icating a possible role in carcinogenesis. 
T his is further supported by evidence that induction inhibits 
growth both in  v itro  (Takam izawa et a l. , 2004) and in vivo. 
T w o recent studies dem onstrated reduced tum our growth in 
a m urine m odel o f  lung cancer upon induction o f  let-7

(Esquela-K erscher e t a l . , 2008; K um ar et a l . , 2008), 
indicating an im portant role in progression o f  the disease.

As seen in breast, a role for m iR -126  in preventing  
invasion has also been dem onstrated in lung cancer  
(Crawford e t a l . , 2008). m it^-126 is underexpressed in lung 
tum ours (Yanaihara et a l . , 2006). Induction o f  m iR -126  in 
a lung cancer cell line (H I 703) reduced invasion and  
m igration suggesting a com m on m etastasis suppressor role 
for m iR -126.

T he fact that a m iR N A  profile is seen in N S C L C  that 
can distinguish clinical subtype, as previously observed in 
breast (Blenkiron et a l . , 2007; M attie et a l . , 2006), indicates 
a role for these m iR N A s in lung carcinogenesis; it also 
highlights a possible future diagnostic role. Importantly, 
there also appears to be a prognostic expression profile, let- 
7 in particular appears to serv'e as a marker o f  survival. T his  
indicates a m ajor role for let-7 in lung cancer, and could  
provide a novel target for treatm ent o f  this neoplasm .

A diagnostic and prognostic m iR N A  expression profile 
was also seen in squam ous cell oesophageal cancer (Guo  
e t a l. , 2008), with differential expression o f  46  m iR N A s  
distinguishing tum our from norm al tissue. Seven o f  these 
m iR N A s allow ed diagnosis o f  m alignant f rom  norm al tissue 
in 30 o f  31 paired patient sam ples. T his study also found  
that the dysregulation o f  two m iliN A s, m iR -103  and m iR - 
107, was prognostic for su n iv a l, with overexpression  
correlating to poorer survival rates, indicating a role for 
these m iR N A s in the progression o f  oesophageal cancen

Several studies have identified a specific m iR N A  
expression profile in jirostate cancer (Ambs et a l . , 2008; 
O zen  e t a l . , 2008; Porkka e t a l . , 2007). O zen et a l. (2008) 
profiled 480  m iR N A s in 10 benign and 16 m alignant 
prostate tissues, 85 o f  which were found to be expressed in 
m alignant a n d /o r  benign tissue. Seventy-six o f  these 
m iR N A s were underexpressed in cancer tissue. Similarly, 
Porkka et a l. (2007) found that 51 o f  319 m iR N A s profiled in 
m alignant prostate tis.sue had altered expression w hen  
com pared to norm al. T h e  vast majority o f  these (37) were  
dow nregulated, o f  w hich 33 had previously been show'ii (Lu 
et a l. , 2005) to differentiate cancer and norm al tissue. Am bs 
et al. (2008) identified a tum our m iR N A  signature from  
analysis o f  16 norm al and 60 prim ary prostate tum our  
samples. A  15 m iR N A  expression signature distinguished  
tum ours w ith extraprostatic disease extension suggesting  
a role in progression o f  the disease. Differential m iR N A  
expression also facilitated the classification o f  m alignant 
tissue into lower-grade untreated tum our and m ore 
aggressive horm one-refractory tum our tissue (Porkka et a l . ,  
2007), indicating a role for these m iR N A  in determ ining  
cancer phenotype. Recently, serum  levels o f  m iR -141 were 
dem onstrated to detect prostate cancer with significant 
sensitivity and specificity (M itchell e t a l . , 2008) highlighting  
a future role for m iR N A  as biom arkers o f  carcinogenesis.

A com m on m iR N A  expression pattern has also been  
identified in pancreatic cancer. N inety-three percent o f  
upregulated m iR N A s and seventy-one percent o f  dow n
regulated m iR N A s were com m on to both endocrine and  
acinar tum ours, with differential expression o f  m iR -103 , 
m iR -107 and m iR -155 found to distinguish tum our from  
norm al pancreatic tissue (Roldo et a l . , 2006). Interestingly
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a miRNA pattern  that distinguishes pancreatic cancer, 
normal pancreas and chronic pancreatitis has also been 
demonstrated (Bloomston et al., 2007). Overexpression of 
seven miRNAs was com m on to bo th  pancreatic cancer and 
chronic pancreatitis suggesting a role in  tumorigenesis 
(Bloomston et al., 2007).

miRNA expression was also seen to distinguish tum our 
subtype, Dysregulation o f 10 miRNAs allowed classification 
of two tum our subtypes (endocrine and acinar tumour), 
indicating a role for these miRNAs in determ ining cancer 
phenotype (Roldo et al., 2006). m iR-21, which was 
upregulated in tum our tissue, was shown to correlate to 
increased proliferation index and  metastasis, indicating 
a role for m iR -21 in the progression of pancreatic cancer 
(Roldo et al., 2006). This was supported by a recent study, 
which showed that in patients with node-negative disease, 
overexpression of miR-21 correlated to poor outcome 
(DtUhoff et a i, 2008). Interestingly miR-21 expression can 
discriminate betw een chronic pancreatitis and pancreatic 
cancer, further highlighting a role in carcinogenesis 
(Bloomston et a i, 2007).

T he data reported  in these studies are consistent with 
results seen by Lu et al. (2005), who reported that miRN A 
expression profiles clearly differentiated hum an cancers 
according to their developm ental lineage in 334 samples 
representing hum an tissue and  tumour. M oreover, a panel 
of 217 miRNAs were able to classify poorly differentiated 
tumours, while m R N A  expression profiling could not. In 
contrast to some of the previous studies, a global down- 
regulation of miRNAs m ay be observed in tum our tissue. 
More recendy, global repression o f m iR N A  expression was 
dem onstrated to enhance transform ation of cells in 
osteosarcoma, colorectal and breast cells (U 20S , H CA7, 
MCF7), and form  m ore aggressive tum ours in animals, 
suggesting that loss o f m iR N A  expression enhances 
tumorigenesis (Kum ar et al., 2007).

Taken together, the results reported  in  these studies are 
consistent w ith the hypothesis tha t miRNAs play a sub
stantial role in the pathogenesis of hum an cancer. T he fact 
that diagnostic and prognostic m iR N A  expression profiles 
can be generated strongly implies a role for these regulators 
in the initiation and progression o f these cancers. Reports 
that m iRNA  expression profiles can classify poorly 
differentiated tum ours and clinical subtypes has im portant 
implications for diagnosis and trea tm ent o f these cancers, as 
miRNAs could serve as novel targets for cancer treatm ent. 
Whilst it seems that m iRN A  profiles are largely tissue-type 
specific, the aberran t expression of miRNAs tha t has been 
docum ented highlights the im portance of further investiga
tion o f the function o f these gene regulators.

IV. SPECIFIC miRNAS AS ONCOGENES/ 
TUMOUR SUPPRESSORS

The differential expression o f m iRNAs seen in multiple 
hum an cancers has led to certain miRNAs being term ed 
‘oncom irs’. miRNAs that have been shown to be down- 
regulated in cancers have been proposed to be tum our

suppressors, whilst upregulated miRNAs have been classi
fied oncogenes. Several o f these miRNAs such as the m iR - 
17-92 cluster and let-7 have been very well studied.

H e et al. (2005) investigated the potential oncogenic role 
o f the m iR -17-92 cluster, a family o f homologous miRNAs 
with genomic positions on chromosomes X , 13 and 7. T he 
cluster located on chrom osom e 13 occurs in a region tha t is 
com monly amplified in B-ceU lym phom a (O ta et a i, 2004). 
This gene cluster is transcribed as a single pri-m iRN A  and  
then processed to produce seven single m ature m iRNA 
molecules: miR-17-5p, miR-17-3p, miR-18, m iR-19a, m iR- 
20, m iR -19b-l and miR-92-1 (Tanzer & Stadler, 2004). It 
was dem onstrated that five miRNAs from  this cluster were 
overexpressed in cell lines having this amplification, and  
that the overexpression observed correlated with gene copy 
num ber (He et ai, 2005). Significant overexpression of pri- 
m ir-17-92 was also seen in 65% o f 46 lym phom a patient 
samples. By contrast, significant overexpression of this 
cluster was seen in only 15% o f colorectal carcinom a 
samples, suggesting a role for the m iR -17-92 cluster specific 
to B-cell lym phom a development. These initial findings 
were further investigated in vim, using a mouse m odel of 
hum an B-cell lym phom a, in which lym phom a developm ent 
is due to overexpression of the c-Myc transcription factor. It 
was dem onstrated that overexpression of the m iR -17-92 
cluster not only accelerated c-M yc-induced lym phom a 
development, but also resulted in a m ore aggressive tum our 
in these mouse models, indicating a role in B-ceU cancer 
development and progression. Tum ours resulting from  
com bined c-Myc and  m iR -17-92 expression showed a low 
degree of apoptosis w hen com pared to tum ours lacking the 
cluster, suggesting a mechanism  for evading norm al 
apoptotic responses.

Overexpression of the m iR -17-92 cluster was also 
identified in lung cancer (Hayashita et ai, 2005). Similar to 
previous findings (He et al, 2005), overexpression in both cell 
lines and patient tissue was seen to correlate with increased 
gene copy number, particularly in  smaU-ceU lung cancer. It 
was also dem onstrated that introduction of the miR-17-92 
cluster enhanced proliferation in A549 cells, whilst introduc
tion of single m ature miRNAs from the cluster did not result 
in enhanced growth, suggesting that the whole cluster is 
required for the proliferation effects observed.

T he mechanism  by which overexpression of the m iR-17- 
92 cluster may prom ote tumorigenesis is not fully clear. T he 
data reported by H e et al. (2005), which suggested a possible 
role for the miR-17-92 cluster in evasion o f apoptosis, is 
supported by another study which dem onstrated tha t 
inhibition of two miRNAs (miR-17-5p, miR-20a) from  the 
m iR -17-92 cluster induced apoptosis in the lung cancer cell 
lines Calu6 and A C C -LC -172 (M atsubara et a i, 2007). This 
suggests that the m iR-17-92 cluster m ay indeed have a role 
in the evasion of apoptosis, and that the overexpression 
observed in B-ceU lym phom a and lung cancer could 
prom ote inappropriate proliferation.

A role for the m iR-17-92 cluster in evasion of apoptosis 
has been further strengthened by the validation o f the pro- 
apoptotic gene Bim as a target (Xiao et a i, 2008). Negative 
regulation of Bim by the m iR-17-92 cluster m ay provide 
a m echanism  for evasion o f apoptosis.
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Interestingly, lym phom as ov'erexpressing the m iR -17-92 
cluster in the study by H e et al. (2005) were shown to be 
derived from a pre-B cell ra th e r than  m ature B-cell lineage, 
indicating that overexpression o f the m iR -17-92 cluster 
favours transform ation o f pre-B cells. T he  m iR -17-92 
cluster has also been shown to be highly expressed in 
mouse em bryonic stem cells, with levels decreasing with 
developm ent (Thom son et al., 2004). This would suggest 
that the m iR -17-92 cluster m ay prom ote stem cell 
properties, and  provides an alternative m echanism  to 
explain the role o f this cluster in oncogenesis,

B\' contrast, loss o f the region on chrom osom e 13 
encom passing the m iR -17-92 cluster has also been linked to 
m alignancy in hepatocellular carcinom a (Lin et al., 1999). A 
possible m echanism  explaining this is the reported  regula
tion o f the m iR -17-92 cluster by the proto-oncogene c-Myc 
(O 'D onnell et al., 2005). Seven putative c-M yc binding sites 
w ere identified within the miR-1 7-92 cluster, four o f which 
are conserved in hum an  and  mouse. U pregulation o f six 
m iRNA s from the m iR -17-92 cluster (m iR-17-5p, m iR -18, 
m iR -19, m iR -20, m iR -92 and  m iR -106) was ob.served upon 
induction o f  c-M yc in p rim aiy  hum an fibroblasts. This 
study identified E2F1 as a target o f m iR -20a and m iR -17- 
5p, two o f the m iRNA s from the miR-1 7-92 cluster. E2F1 is 
a transcription factor that prom otes cell cycle progi'ession 
(Bracken et al., 2004). It is induced by c-M yc and  forms 
a positive feedback loop by inducing c-M yc expression 
(M atsum ura, T anaka & K anakura, 2003). m iR -20a and 
m iR -17-5p were shown to regulate E2F1 at tiie trans
lational level, suggesting tha t this regulation provides 
a control m echanism  for c-M yc- m ediated proliferation. 
I'his study w ould suggest a tum our suppressor role for the 
m iR -17-92 cluster, which contrasts with the hypothesised 
oncogenic role seen in B-cell lym phom a and lung cancer 
(H ayashita et a i, 2005; H e et al., 2005).

A recent study m ay explain the contrasting effects of 
m iR -17-92 on proliferation .seen in previous studies. 
C loonan et al. (2008) identified m iR -17-5p as a key 
regulator o f  the G l-S  phase transition, targeting over 20 
genes involved in this checkpoint. Eight o f these targets 
were pro-proliferative, whilst 20 were anti-proliferative, 
possibly explaining the m echanism  by which this cluster 
exerts both oncogenic and tum our suppressor activities 
(C loonan et a i, 2008).

T his w ould suggest that the role o f m iR -19-72 in cell 
proliferation and  death  is tissue specific, and  highlights the 
m erit in con tinued  investigation o f the miR-1 7-92 cluster in 
malignancy.

T he  let-7 family o f m iRN A s is a  highly conserved group 
contain ing  12 closely related m em bers. T he  role o f let-7 in 
hum an  cancer was first indicated upon discovery that m any 
o f the let-7 genes are located at fragile sites associated with 
hum an cancers (Calin et a i, 2004). T his was further 
substantiated  by the discovery that let-7 expression was 
reduced in lung cancer (Takam izaw a et a i, 2004; Y anaihara 
et a i, 2006). Johnson  et al. (2005) identified the Ras 
proto-oncogene as a target o f  let-7, dem onstrating  this 
regulation in vitro. Increased RiAS protein expression 
correlating  w ith reduced let-7 expression was dem onstrated 
in vivo, w hich indicates a possible tum our suppressor role for

let-7. M ore recently, Johnson  et al. (2007) dem onstrated  the 
negative regulation o f proliferation by let-7 in lung and  liver 
cancer, suggesting a com m on tum our suppressor role. 
O verexpression of five o f the seven hum an let-7 m iRNAs 
in A549 cells consistently reduced the num ber o f p ro 
liferating cells, while inhibition o f the same fiv'e m iRNAs 
resulted in a significant increase in the num ber o f 
proliferating cells (Johnson et a i, 2007). T his study also 
dem onstrated  the regulation o f cell cycle progression by let- 
7, through the regulation o f putative targets, Ras, CDC25a, 
CDK6, Cyclin D  and CCND2, w hich was dem onstrated  in 
vitro. These genes have key roles in cell cycle progression 
and are upregulated in num erous hum an cancers. It is 
tem pting to hypothesise that the poor let-7 expression 
frequently observ'ed in cancers allows for the upregulation 
o f these cell cycle proteins, resulting in unregulated  cell 
cycle progiession and ultim ately transform ation.

V. m iR N A  AND A P O P T O S IS

Apoptosis is a consei^ved, irreversible process that allows 
cells to undergo a highly regulated form  o f death, and  is 
essential for norm al dev'elopment and  homeostasis (Danial, 
2007; Degterev, Boyce & Yuan, 2003). Evasion o f  apoptosis 
is a hallm ark o f cancer, and  plays a role in dictating the 
evolution o f neoplastic cells (H anahan  & W einberg, 2000). 
I 'h e  role o f m iRNAs in apoptotic signalling has yet to be 
fully determ ined; how'ever, several studies have indicated 
a regulatoiy role in this process.

(1) T h e  in t r in s ic  a p o p to tic  p a th w a y  a n d  m iR N A

iniR-15 and  m iR -16 have been identified as regulators o f 
the anti-apoptotic factor Bcl-2. Bcl-2 belongs to the Bcl-2 
family o f apoptotic proteins, which contains pro-apoptotic 
and anti-apoptotic m em bers, all o f which act as pivotal 
regulators o f  the intrinsic pathw ay o f apoptosis (Cory & 
Adams, 2002; U anial & Korsmeyer, 2004). T he  intrinsic 
pathw ay o f  apoptosis is triggered by various intracellular 
stimuli such as DNA dam age, cytotoxic drugs, grow th factor 
deprivation and  oxidative stress (Degterev et a i, 2003).

T he anti-apoptotic Bcl-2 is overexpressed in a num ber of 
hum an cancers such as breast (Krajewski et a i, 1999), 
H odgldn’s lym phom a (Rassidakis et a i,  2002) and  B-cell 
lym phom a (Sanchez-Beato, Sanchez-A guilera & Piris, 
2003), indicating a role in tum origenesis. C hrom osom al 
translocation o f Bcl-2 is often a  characteristic genetic 
alteration in these cancers, bu t in m any cases (95% of 
C LL cases) this genetic alteration does not occur, and  the 
m echanism  o f upregulation is unknow n (C im m ino et a i, 
2005). Bcl-2 was identified as a putative target o f  m iR -15 
and  m iR -16 in haem atopoietic cancer cells (C im m ino et a i, 
2005). Endogenous levels o f m iR -15 and m iR -16 were 
shown to correlate inversely with Bcl-2 protein  levels. 
U nderexpression o f m iR -15 and  m iR -16 associated with 
overexpression o f Bcl-2 was observ'ed in leukaem ia cells, 
while the opposite was seen in norm al C D 5 ^  lym phoid 
cells. Transfection o f the m iR-15-16  cluster into M EG -01,
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a cell line w ith high Bcl-2 levels that does not express the 
n iiR -15 or m iR -16 genes, resulted in a reduction o f Bcl-2 
jirotein levels. T ransfection o f m iR-15 and  7 6̂  separately 
and  together, resulted in com plete reduction o f BcI-2 
expression, an effect that was not seen upon transfection 
o f antisense RNA. m R X A  levels o f Bcl-2 were shown to be 
stable, indicating th a t regulation occurred  at the trans
lational level, thus ru ling  out chrom osom al translocation as 
the m echanism  o f dysregulation (Tsujimoto et a i, 1985). 
Im portantly, DNA fragm entation, Im m unoblot and 
T U N E L  analysis indicated that negative regulation o f Bcl- 
2 by m iR -15 and  m iR -16 resulted in activation o f the 
intrinsic pathw ay o f apoptosis (C im m ino et a i, 2005).

Several target prediction program s (Krek et a i, 2005; 
Lewis et a i, 2005) identified m iR -15 and  m iR -16 as putative 
regulators o f Bcl-2 based on com plem entarity  at the 3'- 
U T R ; further indicating that Bcl-2 is indeed a target. 
T ogether these data  strongly indicate m iR -15 and m iR -16 
as regulators o f Bcl-2, and w ould explain the m echanism  of 
Bcl-2 overexpression seen in a num ber of hum an  cancers, 
such as CLL. T h e  induction o f apoptosis upon regulation of 

, Bcl-2 by m iR -15 and  m iR -16 in litro would indicate that 
dysregulation o f  these m iRNAs is potentially an  im portant 
event in the evasion o f apoptosis tiiat m ay ultim ately lead to 
tumorigenesis.

(2) T h e  e x tr in s ic  a p o p to t ic  p a th w a y  an d  m iR N A

Several studies have im plicated m iRNA s in the regulation 
o f  the extrinsic pathw ay of apoptosis. T he  TRjML signalling 
pathw ay involves the binding o f T R A IL  ligand to cell 
surface death  receptors (DR) 4 and  5 (Degterev et al., 2003; 
K um ar, H erbert & W arrens, 2005). U pon binding, the 
receptor trim erizes (Wang & El-Deiry, 2003), recruits the 
adap to r protein FADD and initiates the caspase ca.scade 
wliich results in apoptosis (C hinnaiyan et al., 1995). T he 
T R /\IL  signalling pathw ay has been shown to induce 
a[)optosis in a nu m b er o f transform ed cell types both  in vitro 
and  in vivo (Schaefer et a i, 2007). However some tum our 
cells display a T R A IL -resistant phenotype (Garofalo et ai, 
2008). G arofalo el al. (2008) identified miR-221 and  miR- 
222 as regulators o f  T R A IL  sensitivity in N SCLC . T R A IL - 
resistant (CALU-1) and TRA IL-sensitive (H460) cell lines 
w ere identified; differences in sensitivnty to T R A IL  w ere not 
related to differences in endogenous receptor levels, as 
recep tor levels w ere dem onstrated  to  be com parable in both 
cell lines. m iR N A  analysis indicated differential expression 
o f  seven m iR N A s in TI^'M L-resistant cells com pared to 
l'R /\IL -sensitive  H 460 cells. O verexpression o f two o f these 
m iRNA s, m lR -2 2 1 and m iR-222 in TILM L-sensitive cells 
increased resistance to T R ,\IL -in d u ced  cell death  by 
approxim ately 40%  and reduced activation o f caspase-3 
and  caspase-8. By contrast, inhibition o f these m iRNA s in 
1 R .\IL -resistan t cells resulted in a  TR_\IL-sensitive phe
notype, indicating  a  role in determ ining cell sensitivity to 
T I ^ I L .  Putative targets, the proto-oncogene K it and 
tum our suppressor p27'"P' (Felli et a i, 2005; G alardi et a i, 
2007), both  o f w hich  play im portan t roles in the cell cycle 
and  its regulation w ere shown to be dow nregulated in cells 
exhibiting resistance to TILM L. In vitro inhibition and

overexpression of miR-221 and  m iR-222 m odulated  
expres.sion of both  K it and  p27'“P ', strengthening evidence 
that these genes are targets. Silencing o f p27'‘'*’ ' increased 
cell resistance to T R A IL , im plicating a role for this protein 
in m aintain ing sensitivity to TR_/\IL. These data  strongly 
point to a role for miR-221 and  m iR -222 in determ ining 
cellular sensitivity to I’R A IL-induced apoptosis in N SC L C , 
through the regulation o f key proteins K it and  p27'“P'. 
Interestingly, a recent study dem onstrated  the negative 
regulation o f p27'^'f’' by miR-221 and m iR-222 in breast 
cancer cells, w hich conferred resistance to the chem other
apeutic drug Tam oxifen (Miller et a i, 2008), indicating 
a com m on role for these m iRNA s in lung and breast cancer.

O vcharenko et al. (2007) also dem onstrated  a link 
betw een m iRNAs and  regulation o f T R ,\IL -induced  
apoptosis. T hey  found that 34 o f 187 transfected synthetic 
m iRNAs resulted in a differential caspase-3 phenotype in 
M DA-M B-453 breast cancer cells. Several o f these miRNAs 
were indicated in the direct regulation of the TR_.\IL 
pathway. m iR -182 and the highly hom ologous m iR -96 were 
predicted to regulate FADD and  caspase-3, whilst m iR -145 
and  m iR -2 16 were identified as putative regulators o f D R 4 
and  D R5. T hey  also dem onstrated  that the overexpression 
o f these m iRNA s resulted in reduced caspase-3 activity 
in vitro, suggesting that the predicted target genes are 
correct. This indicates that a num ber o f m iRNAs are 
involved in m odulating sensitivity to I ’l^'ML, through the 
regulation o f various proteins involved in this pathway.

A nother study identified M cl-1 as a target o f m iR -29 in 
cholangiocarcinom a cells (M ott et al., 2007). M cl-l is an 
anti-apoptotic m em ber o f the Bcl-2 family o f proteins, 
which binds to pro-apoptotic m em bers Bim and  Bid 
preventing T R A IL -induced  apoptosis (Chen et a i, 2005). 
Overexpression o f M cl-l is com m on in cancers such as 
cholangiocarcinom a, w here its expression renders cells 
resi.stant to T R .\IL -m ed ia ted  apoptosis. Silencing o f  this 
protein has been shown to sensitise cholangiocarcinom a 
cells to T R A IL  (Taniai et a i, 2004). Sequence analysis by 
M ott et al. (2007) dem onstrated  com plem entarity  betw een 
the m iR-29 seed region and  the 3’-U T R  of M cl-l. T he 
expression o f m iR -29 was shown to be inversely related to 
M cl-l expression in a cholangiocarcinom a cell line (KM CH) 
and  a non-m alignant cholangiocyte cell line (H69), with 
abundan t expression of m iR -29 accom panying reduced 
protein levels o f M cl-1. T he  fact that this dow nregulation of 
M cl-l was not seen at the m R N A  level suggests post- 
transcriptional regulation. T ransfection o f pre-miR-29 into 
K M C H  cells resulted in dow nregulation of M cl-l at the 
protein level only; m iR-29 was dem onstrated  to b ind to 
M cl-l at the 3’-U T R  in vitro, suggesting their direct 
interaction. T he  authors also dem onstrated  the ability o f 
m iR-29 to sensitise cells to TRyM L-mediated apoptosis, 
whilst inhibition of m iR-29 conferred resistance. T hese data 
strongly point tow ard m iR -29 as a regulator o f M cl-1, with 
an  im portant role in determ ining sensitivity to TRyML. It 
may explain the m echanism  o f M cl-1 overexpression seen in 
cholangiocarcinom a. This has im portan t im plications given 
that m iR -29 is dow nregulated in a num ber o f cancers such 
as lung and  C LL  (Calin et a i, 2005; Y anaihara et a i, 2006). 
This m ay be accounted for by the genom ic positioning of
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miR~29a and miR-29b at the com m on fragile site FRA7 
(C alin  et a i, 2004). Further investigation of m iR-29 and  its 
ta rgets m ay provide insights into the biology' o f these 
cance rs and could be o f value for future therapies. These 
studie;s provide strong evidence for the role o f m iRNAs in 
the retgulation o f im portan t proteins involved in the intrinsic 
and  e xtrinsic pathw ays o f  apoptosis.

VI. miRNA-MEDIATED REGULATION OF 
APOPTOSIS VIA TUMOUR SUPPRESSORS/ 
ONCOGENES

m iR X A s also influence apoptosis through their regula
tion t i f  tum our suppressor and  oncogenes, appearing to 
pla>’ iintegral roles in oncogenic and tum oiu' suppressor 
netwoirks.

(1) m  iRNA regulation of PDCD4
Receiiitly, three studies have dem onstrated  the regulation of 
p rog ram m ed  cell death  4 (PDCD4) by m iR -2 1. PD C D 4 is 
a tum iour suppressor protein that is overexpressed during 
apoptosis (Lankat-Biittgereit & Goke, 2003). It has been 
showni to inhibit TPA (12-0-tetradecanoyl-[)horbol- 
13-ace-tate)-induced neoplastic transform ation (Cmarik 
et ai, 1999), tum our prom otion  and  progression (Jan.sen, 
G am a.lier & C olburn , 2005). Indeed, PD C1)4 is down- 
regu la ted  in a num ber o f hum an cancers; its underex
pression was found to correlate to poor sun'ival prognosis in 
lung a.nd colorectal cancer (C'.hen et a i, 2003; M udduluru  
et a t, 2007). T h e  regulation o f PDC;D4 by m iR -2 1 is 
m ediaited by interaction at a m iR -2 1 target site within 
the P D C D 4  3’-U T R , w hich is conserved in seven species: 
/ / .  sapnens, P. troglodytes, AI. mulatta, R. taurus, C. familiaris, R. 
norvegitrus and  AI. musculus (Asangani et al., 2008). Asangani 
et al. (2008) dem onstrated  this regulation in colorectal 
ca rc inom a. Inhibition o f m iR -2 1 in R K O  colon cancer cells 
resulte’d in a significant increa.se o f PD C D 4 protein, while 
overex.pression o f  m iR -2 1 in C olo206f cells produced the 
opposiite elTect, indicating the negative regulation of 
PDCD)4 by m iR -2 1. Im portantly, the regulation o f PD C D 4 
by m iR -2 1 was also dem onstrated  to influence tum our cell 
invasioin, with inhibition o f m iR -2 1 decreasing invasion 
capaciity, intra-vasation and  metastasis o f R K O  cells, 
indicatiing a m echanism  for cancer progression. A signifi
cant iinverse correlation betw een m iR -2 1 and  PD C D 4 
expres.'sion was observed in 22 m atched norm al and tum our 
co lo rec ta l tissue samples, as well as 10 colorectal cancer cell 
lines, iindicating this regulation both in vivo and  in vitro. 
Interes;tingly, m iR -21 was seen to be significantly upregu- 
lated in  all tum our samples com pared to norm al tissue.

T he  regulation o f P D C D 4 by m iR -2 1 was also reported  
in bre;ast cancer (Frankel et a i, 2008). Regulation was 
dem onistrated to occur at the translational level, and  to be 
m ediat'ed  by direct interaction at the seed region in M CF-7 
breast cancer cells. This was corroborated  by Lu et al. 
(2008), w ho dem onstrated  the translational regulation of 
PD C D '4 by m iR -2 1 in M C F-7 cells, em bryonic kidney cells

IIE K 2 9 3 T  and  a mou,se epiderm al cell system. T he  authors 
also dem onstrated  that overexpression of m iR -2 1 increased 
colony form ation in M C F-7 cells, indicating a role in 
anchorage-independent transform ation  in these cells, which 
supported  w hat had been seen in colorectal cancer 
(Asangani et al., 2008).

Taken together, these data  strongl)- indicate the regula
tion o f PD C D 4 by m iR -2 1, w hich appears to play a role in 
invasion and  metastasis in both colorectal and  breast 
cancer. m iR -2 1 is ov’erexpressed in both cancers, indicating 
a role in tum origenesis (Asangani et a i, 2008; lorio et a i, 
2005). T he  dysregulation o f m iR -2 1 m ay provide a m ech
anism for cancer initiation and progression in colorectal 
and  breast carcinom a through its regulation o f PD CD 4.

(2) miRNA regulation of TPM 1
Recently, the tum our suppressor Tropomyosin 1 (T P M l) 
was identified as a potential target o f m iR -2 1 (Zhu et ai, 
2007). Tropom yosin proteins function to stabilise the 
m icrofilam ent o f the cytoskeleton, the destabilisation of 
which is often seen in tum our cells, and  is thought to be 
linked to growth control (Boyd et al., 1995). I P M l has been 
dem onstrated to be suppressed in m alignant cells, suggesting 
a role in transform ation (Bhattacharya et a i, 1990). Zhu et al. 
(2007) dem onstrated the regulation o f T P M  1 by m iR -2 1 in 
breast cancer Inhibition o f m iR -2 1 resulted in increased 
T P M l protein expression in vitro. Transfection o f a reporter 
construct containing the 3’-U I’R of T P M l and  a plasmid 
expressing m iR -21 into 293T  cells resulted in reduced 
reporter activity, whilst transfection o f anti-miR-21 
increased reporter activity, suggesting that T P M  1 is 
regulated by m iR -21. N either m iR -21 nor anti-miR-21 
had any effect on reporter activity once the m iR -21 binding 
site at the T P M l 3’-U T R  was deleted, implying that miR- 
21 -m ediated regulation o f T P M  1 is m ediated through this 
binding site. T he  regulation o f T P M  1 by m iR -21 was also 
dem onstrated  to be at the protein level only. These data 
suggest the regulation of T P M  1 at the translational level by 
m iR -21, which is m ediated through the binding region at 
the S’-IJ'FR. T M P l was dem onstrated  to have a negative 
effect on cell and  anchorage-dependent grow th, thus the 
negative regulation o f T M P l by m iR -2 1 m ay in part explain 
the dysregulation o f T P M l associated with malignancy.

(3) miRNA regulation of PTEN

m iR -21 has been identified as a potential regulator o f the 
phosphatase and  tensin hom ologue (PTEN) in hepatocel
lular carcinom a (HCC) (M eng et a i, 2007). PT E N  is a 
tum our suppressor, negatively regulating cell proliferation 
and  survwal. Im pairm en t o f  P T E N  regulation is thought to 
play a role in oncogenic transform ation (M aeham a, 2007). 
M eng et al. (2007) dem onstrated  the upregulation o f  m iR -2 1 
in both H C C  tum ours and cell lines. Inhibition o f  m iR -2 1 
was shown to increase P T E N  expression in vitro, and  was 
also dem onstrated  to decrease proliferation, m igration and 
invasion. O verexpression o f m iR -2 1 produced the opposite 
effect, indicating a  role for m iR -2 1 in regulating p ro 
liferation and  tum origenesis. T he use o f a reporter construct
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dem onstrated  regulation o f PT E N  by miR-21 and  indicated 
tliat this in teraction  is directed at the 3’-U T R , Ectopic 
expression o f m iR -2 1 in norm al hepatocyte cells was seen to 
decrease P T E N  expression, which w'as accom panied with 
the induction o f phosphorylated Focal A dhesion Kinase 
(E'\K). FAK is a m ajor target o f PT EN . w hich is involved in 
cell cycle progression, cell survival and  m igration. T he 
opposite effect was seen upon inhibition o f m iR -2 1 in ^^CC 
cells. F u rtherm ore, the regulation o f F I ’EN by m iR -2 1 was 
shown to increase expression o f M M P-9 and  M M P-2, two 
proteins involved in invasion in norm al hepatocyte cells, 
w'hilst inhibition o f m iR -2 1 decreased M M P-9 and  M M P-2 
expression in three IIC C  cell lines (H ep-G 2, SK-HEP-1 
and  SNU-182). These data suggest a role for miR-21 in 
m ediating cell proliferation, m igration and  invasion, and  it 
would appear its efi’ects are exerted through its regulation o f 
PT E N  in H C C . T his contrasted w ith results seen in brea.st 
cancer, w here in troduction  and  inhibition o f miR-21 caused 
only subtle changes in PT E N  expression (Frankel et ai, 
2008), suggesting that functional targets o f miR-21 may 
differ in different cell/tissue types, h  is interesting that miR- 

I 21 appears to  regulate different tum our suppressor proteins.
depending on tissue type, w hich w ould suggest a com m on 

I  oncogenic role.
Recently, Yang et al. (2008) also dem onstrated  m iR N .\- 

m ediated regulation o f PTEN . T his study identified miR- 
214 as a potential regulator o f P I'E N  in ovarian cancer. T he 
3’-lIT R  o f  PTF^N contains a binding site for m iR -2 14, 
w hich is also conser\'ed in mouse and  rat, indicating P I’EN 
as a potentially im portant target o f m iR -2 14. Ectopic ex
pression o f  m iR -2 14 reduced endogenous PT EN protein 
levels in tlie ovarian cancer cells H K )SE -80, w hich have low 
endogenous m iR -2 14 expression, bihibition of endogenous 
m iR -2 14 in A 2780C P cells, w hich have high endogenous 
m iR-214 expression, produced the opposite effect, decreas
ing PT E N  protein  expression. T his regulation o f  PIT^N was 
not observed at the niRN A  level, which is in line with 
m iR N A  regulation at the translational level. Sim ilar to other 
studies the authors dem onstrated that the regulation of 
P T E N  by m iR -214 was specifically m ediated through the 
seed region, by the use o f a m utated  reporter construct. This 
regulation was also dem onstrated in vivo, 11 o f 17 ovarian 
tum ours overexpressing m iR -214 had  reduced PT E N  levels. 
N egative regulation o f P'FEN by m iR-214 resulted in 
increased levels o f Akt in vitro. Akt is a m ajor cell survival 
pathw ay and  an im portant target o f PTEN . I ’he Akt 
pathw ay has been show n to play a key role in resistance to 
apoptosis (A ltom are et a i, 2004) and  multiple d rug resistance 
(W’endel et a i, 2004). T he  authors inv'estigated the possible 
role o f m iR -2 14 in resistance to the chem otherapeutic agent 
cisplatin in  ovarian  cancer cells. m iR -214 was introduced 
into cells having low endogenous lev'els o f m iR -214 and 
sensitive to  cisplatin-induced apoptosis. Ov'erexpression of 
m iR-214 conferred  resistance to cisplatin-induced apoptosis. 
Inhibition o f m iR -214 in cells expressing high endogenous 
m iR-214 levels, and  which are resistant to cisplatin-induced 
death, resulted in reduced cell survival and  also sensitised 
cells to cisplatin-induced apoptosis. Introduction  of PT EN  
lacking a 3’-U T R  decreased m iR -214-induced Akt lev'els, 
and  conferred a cisplatin-sensitive phenotype.

These data  indicate tha t m iR -2 14 plays an im portan t 
regulatory role in the P l'E N /A k t pathway. T hey  suggest 
that m iR -2 14 induces survival in ovarian cancer cells, and 
exerts its effect through regulation o f PT EN , w hich results 
in activation o f the Akt survival pathway. T he  dysregulation 
of m iR -214 seen in ovarian cancer (Yang et al., 2008) may 
provide a m echanism  for resistance to apoptosis, which 
potentially has a role in cancer initiation, progression and 
resistance to d rug  therapy.

(4) m iR N A  a n d  th e  p53  n e tw o r k

Several recent studies have identified the highly conserv'ed 
m iR -34 family o f m iRNAs as an  im portan t com ponent o f 
the p53 tum our suppressor pathw ay (Bomm er et a i, 2007; 
C hang  et a i, 2007; H e et a i, 2007a; R aver-Shapira et a i, 
2007; Tarasov et al., 2007). p53 functions to m aintain tissue 
homeostasis by prom oting  cell cycle arrest and  apoptosis in 
response to stress signals, m any o f w hich are associated with 
the developm ent and  progression o f  cancer (Fridm an & 
Lowe, 2003; O ren , 2003). Indeed, abrogation of the p53 
pathw ay is a com m on characteristic o f most cancers 
(Janicke, Sohn & Schulze-Osthoff, 2008). T hese five studies 
have dem onstrated  the direct induction of the m iR -34 
family by p53, in response to DNA dam age and oncogenic 
stress. Ectopic expres.sion o f m iR -34 was dem onstrated  to 
mimic p53 ellects, inducing grow th arrest and apoptosis 
(Bomm er et al., 2007; C hang  et al., 2007; H e et a i, 2007a; 
R aver-Shapira et a i, 2007; Tarasov et a i, 2007). This 
suggests that the m iR -34 family are dow nstream  effectors o f 
p53, regulating anti-apoptotic and  pro-apoptotic genes (for 
reviews see H e et a i, 2007b; H erm eking, 2007).

(5) m iR N A  r e g u la t i o n  o f  H M G A 2

Several studies have identiiied m iRNA  regulation o f the high 
mobility group A2 (HMGA2) protein, who.se overexpre.ssion 
is seen in a num ber o f cancers, such as gastric, ovarian and 
lung (M otoyama et a i, 2008; Sarhadi et a i, 2006; Shell et ai, 
2007). H M G A 2 is often subject to a chrom osom al rearrange
m ent that results in loss o f the C -term inal region, which 
was thought to be the cause o f cellular transform ation 
(Schoenmakers et al., 1995). R earrangem ent also causes 
separation o f  the open reading frame and the 3’-U T R  of the 
gene transcript, which suggests that neoplastic evolution may 
be due to loss o f  repressive elem ents at the 3’-U T R  
(B oirm ann, W ilkening & Bullerdiek, 2001). T here are seven 
let-7 target sites within the 3’-U T R  o f H M G A 2, indicating 
that let-7 m ay play a role in its regulation (Shell et a i, 2007).

Four recent studies (Lee & D utta, 2007; Mayr, H em ann 
& Bartel, 2007; Peng et a i, 2008; Shell et al., 2007) 
dem onstrated  the direct regulation o f H M G A 2 by let-7, 
w hich was m ediated by interaction at the 3’-U T R  in various 
cell types such as lung carcinom a (H 1299), retinoblastom a 
(Y79) (Lee & D utta, 2007), cervical cancer (HeLa) (M ayr 
et al., 2007), liver cancer (HepG2), ovarian cancer (Shell 
et a i, 2007), u terine leiom yom a and  prostate  cancer (PC3 
an d  LN CaP) (Peng et a i, 2008). An inverse relationship  
betw een let-7 and  H M G A 2 expression was illustrated 
in vivo in u terine leiom yom as, w ith overexpression of
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H M G A 2 and  low let-7 expression com m on to large 
leiomyom as. F urtherm ore , regulation  o f  H M G A 2 by let- 
7 reduced cell p roliferation  in prostate cancer cells (Peng 
et a i, 2008), while d isrup tion  o f  this regulation increased 
anchorage-independen t g row th and  caused tum our for
m ation  in m ice (M ayr ei a t,  2007). T h is suggests tha t let-7 
inhibits cellular proliferation  by negatively regulating 
H M G A 2, d isruption  o f this regulation  m ay be an 
im portan t event in p rom o tion  o f tum our grow th.

The data p roduced from these studies strongly indicates 
an  im portant role for m iRN A s in apoptosis and tum our 
suppressor/oncogenic networks. T hey  dem onstrate that 
m iRNAs target im portant regulatory- proteins involved in 
apoptosis and  sui~v’ival pathw ays, and  in some cases are able 
to induce apoptosis o r survival themselves. T he  dysregula- 
tion o f  the m iRNA s involved in these vital processes may 
provide a m echanism  for the initiation, progression and 
pathogenesis o f  m any im portan t him ian cancers. T hey may 
also provicle an  insight into m echanism s o f resistance to 
therapy and could be poten tia l targets o f intervention.

VII. miRNAS AND RESPONSE TO CANCER 
THERAPY

M ost cancer therapies aim  to induce tum our-selective cell 
deatii. T he  evasion o f apoptosis is a characteristic o f m any 
cancers (I lan ah an  & W einberg, 2000), and  underlies botli 
tum origenesis and resistance to  treatm ent (Fennell, 2005). 
The global genetic response neces.saiy to su n iv e  death- 
inducing signals is still largely luiknown. W hat is clear, 
however, is th a t evasion presents a m ajor obstacle to suc
cessful treatm ent and ultim ately patient su n  ival (Cumm ings 
et a i, 2004). G iven m ounting  evidence that points to a role 
for m iRNAs as regulators o f m alignancy and  apoptosis, it is 
feasible that m iRNA s play significant roles in m odulating 
sensitivity/resistance to com m on cancer treatm ents. 
Recently, several studies have investigated this possibility 
and have dem onstrated  m iRNA s as potential agents 
involved in a ltered  sensitivity to  cytotoxic therapy.

A recent study (W eidhaas et a i, 2007) dem onstrated 
a possible role for let-7 in resistance to radiation  therapy in 
lung cancer, let-7 has been show n to regulate the oncogene 
Ras, w hich is com m only overexpressed in cancer and  has 
been show n to be critical for protection from radiation- 
induced cell death  (W eidhaas et a i, 2006). T he  authors 
identified a  com m on p a tte rn  o f m iR N A  expression in 
response to radiation  in both  norm al and tum our lung cells, 
with seven m em bers o f the let-7 family significantly 
dow nregulated in response to radiation . T his w'as observed 
in th ree lung cancer cell lines (A549, A427 and  M444I) and 
one norm al lung cell line (CRL2741), indicating a com m on 
global m iR N A  response to radiation . Interestingly, let-7g 
was the only m em ber significantly upregulated in all three 
cancer cell lines, an  efTect w hich was not seen in norm al 
lung cells. Significant radioresistance was seen in cells upon 
ectopic expression o f  let-7c, whil.st inhibition sensitised 
A549 cells to the efiects o f radiation , suggesting a  possible 
role for let-7c in re.sponse to radiation  in lung cancer.

Similarly, m odulation o f m iR N A  expression by radiation 
has also been dem onstrated  in prostate cancer. miR-521 
was significantly dow nregulated in response to radiation in 
two prostate cancer cell lines suggesting a role in the 
radiation response. Expression o f m iR -521 was shown to 
determ ine response to radiation in prostate cancer cells 
through regulation o f the DNA repair proteins CSA and 
M nS O D  (Josson et a i, 2008).

A nother study (Blower et a i, 2008) investigated the 
correlation betw een m iR N A  expression and  the potencies 
o f various anti-cancer com pounds. Expression o f  three 
m iRNAs, let-7i, m iR -16 and  miR-21 was m odulated  by 
ectopic expression o f specific anti-m iR N A  and  pre-m iR N A  
molecules in three cell lines A549, SNB-19 and O VCAR-3. 
miR-21 was dem onstrated  to have a significant effect on 
potency for the largest num ber o f com pounds, affecting the 
potencies o f  60% o f 10 com pounds tested in A549 cells. A 
twofold or greater difference in potency betw een inhibition 
and  overexpression of miR-21 was seen in 36% of 28 
com pounds tested, suggesting a role for miR-21 in the 
chem otherapeutic re.sponse. All three miRNAs w ere shown 
to significantly affect the potency o f one anti-cancer 
com pound N SC  670550 in A549 cells, suggesting that 
m R N A  targets are involved in a com m on biological 
network that m ediates sensitivity to this com pound. T he 
elfect o f m iR -2 1 on potency seen in A549 cells was similar 
in the SNB-19 and  O V C A R -3 cell lines, with the exception 
of doxorubicin, whose potency was increased upon over
expression of miR-21 in SNB-19 cells, but was reduced in 
A549 and O V C A R -3 cells, perliaps due to tissue-specific 
miRNA  functions. T his study also com pared drug potencies 
and m iR N A  expression profiles across the entire N CI-60 
cell panel. T hirty-one m iRNA s were shown to have large 
num bers o f significant correlations with drug potencies, 
indicating a  role for these m iRNA s in response to drug 
treatm ent.

Inhibition o f miR-21 was dem onstrated  to  sensitise 
gliomas to cytotoxic therapy, both in vitro and  in vivo 
(Corsten et a i, 2007). T his study com bined miR-21 
knockdow'n with neural precursor cells secreting a recom bi
nant T R A IL  (S-TRAIL). Both m ono-treatm ents increased 
caspase 3 /7  activity, and  reduced cell viability in two glioma 
cell lines, A172 and U87. However, a  m arked increase in 
caspase-associated cell killing was dem onstrated  w hen miR- 
21 was inhibited prior to S-TR _\IL  delivery, suggesting that 
inhibition o f miR-21 sensitises cells to the cytotoxic effects 
o f S-T R A IL  in gliom a cells. U sing biolum inescence 
imaging, the synergistic effect o f com bined miR-21 
knockdow n and  S-T R A IL  on gliom a growth was dem on
strated in vivo. C om bination  treatm ent significantly 
decreased gliom a grow th in m urine brain , resulting in 
com plete eradication o f tum ours.

A study by M eng et a i (2006) dem onstrated  a role for 
miRNAs in resistance to the chem otherapeutic agent 
gem citabine in cholangiocarcinom a. miR-21 and  mlR- 
200b, both o f which are overexpressed in cholangiocarci
nom a, were dem onstrated  to m odulate sensitivity to 
gem citabine in Mz-ChA-1 cholangiocytes, with inhibition 
sensitising cells to gem citabine-induced apoptosis. Interest
ingly, gem citabine treatm ent induced upregulation o f both
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miRNAs in vivo, suggesting an im portant functional role 
in prom oting survival and resistance to gemcitabine 
cytotoxicity.

m iR-15b and miR-16 were dem onstrated to modulate 
sensitivity to five out o f seven anti-cancer drugs tested in 
gastric cancer pCia et a l, 2008). This study identified miR- 
15b and m iR -16 as part o f a panel of 10 miRNAs which are 
downregulated in a multi-drug-resistant gastric cancer cell 
line SGG 7901/V C R . Overexpression of miR-15b and 
miR-16 conferred a multi-drug-sensitive phenotype, whilst 
inhibition enhanced resistance to vincristine, adriamycin, 
etoposide and cisplatin. Overexpression of both miRNAs 
was also dem onstrated to increase vincristine-induced 
apoptosis in gastric cells. T here is strong evidence that 
points to a role for m iR -15 and miR-16 in regulation of Bcl- 
2 (see section V  (1)), the authors also dem onstrated this 
regulation in S G C 7901/V C R  cells. Together these data 
suggest a role for m iR -15 and miR-16 in modulating 
sensitivity to chemotherapeutics in gastric cancer through 
the regulation of Bcl-2. T he frequent downregiilation of 
m iR -15 and miR-16 observed in cancers may provide 
a mechanism of resistance to treatm ent.

Recent evidence suggests that global repression of 
miRNAs enhances tumorigenesis (Kumar et al., 2007) (see 
section III), via increased tum our growth and metastatic 
activity. This highlights a potential therapeutic use for 
miRNA. Restoration of ‘norm al’ miRNA expression may 
inhibit cancer growth and progression, providing a novel 
strategy for treatm ent.

Taken together, these studies strongly suggest a role for 
miRNAs in m odulating sensitive/resistant phenotypes to 
cytotoxic therapy. This has strong implications for cancer 
therapy and highlights the im portance of further investiga
tion and validation of miRNA functions and targets. 
miRNAs may become im portant in the development of 
future therapeutic strategies, due to their multiple gene- 
regulatory roles, and involvement in global gene networks. 
This work also suggests that m anipulation of miRNAs 
could be used in conjunction with cytotoxic therapies to im
prove sensitivity to cancer treatments, ultimately improving 
prognosis and survival.

VIII. CONCLUSIONS

(1) Since their discovery 15 years ago, there has been 
a huge expansion in our understanding o f miRNA 
biosynthesis, mechanism o f action and function.

(2) miRNAs have been linked to the development and 
progression of m any hum an cancers, with dysregulation of 
miRNAs frequently observed.

(3) Gene expression profiling o f miRNAs has identified 
diagnostic and prognostic miRNA signatures.

(4) The evasion of apoptosis underlies tumorigenesis, and 
thus it is no surprise that m any of the miRNAs deregulated in 
hum an cancers appear to play a role in the apoptotic process. 
The evasion of apoptosis also presents a m ajor obstacle to 
successful therapy, and recent studies suggest a  role for 
miRNAs in altering sensitivity to cytotoxic treatment.

(5) The fact that miRNAs can regulate a num ber of target 
genes complicates the process o f elucidating function. 
However, it is clear that miRNAs play an important role in 
apoptosis, and ultimately in cancer development and response 
to treatment, thus highlighting the importance of further 
investigation and validation of miRNAs and their targets.
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