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Abstract 
The bystander effect (BE) occurs when cells that have not been directly traversed by ionizing 

radiation exhibit DNA damage effects as though they had been. It is established that signalling 

molecules such as cytokines and reactive oxygen species (ROS) signal to surrounding cells to 

mediate BE, however more recently it has been demonstrated that extracellular vesicles (EVs) 

might be involved. In addition, following RNase treatment, the EVs are no longer able to cause 

DNA damage in unirradiated recipient cells, suggesting that an RNA molecule in association with 

the EVs is involved with BE.  

As the literature documenting differential regulation of RNA in EVs released from irradiated cells 

is scarce, the work described in this thesis has aimed to better understand the role of RNA in the 

radiation response. Firstly the miRStress database was developed and used to identify novel 

miRNA candidates involved in response to radiation by meta-analysis of the published literature. 

Characterisation of the EVs released was also performed using transmission electron microscopy 

(TEM), sucrose gradient centrifugation, sizing and the determination of EV concentration released 

from cells. Next-generation sequencing was performed to identify the mRNA, non-coding RNA 

and microRNA candidates involved. General characterisation of EVs derived from unirradiated and 

2 Gy irradiated MCF7 cells was also performed to gain a better understanding of the populations of 

vesicles released following irradiation.  

The results herein suggest that EVs from irradiated cells have specific characteristics when 

compared to those from unirradiated cells. An increase in the number and a decrease in the size of 

EVs released from 2 Gy irradiated cells were observed compared to unirradiated cell EVs. In 

addition to the changes in size and release of EVs from 2 Gy cells, EVs released from irradiated 

MCF7 cells contained specific mRNAs, non-coding RNAs and miRNAs. Furthermore the 

miRStress database identified microRNA candidates predicted to be involved in the radiation 

response. Following RNA Seq analysis a functional study of the genes ANP32B, MALAT1, NET1, 

HSP90AA1 and NCL was performed based upon their upregulation in 2 Gy EVs. Knockdown of 

some of these genes resulted in changes in the DNA damage response observed in directly 

irradiated and bystander cells, suggesting that the RNAs carried in irradiated cell EVs do indeed 

have a functional role in transmission of BE.  

In summary, this study has identified diverse RNA species in EVs released from irradiated cells 

that appear to play functional roles in the mediation of the bystander effect. Further investigation 

would help to elucidate the mechanisms by which these RNAs function in recipient cells in order to 

better understand the BE mechanism. 
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Chapter 1 Introduction 
 

1.1.  The importance of ionizing radiation 

The biological effects of radiation are an area of great research interest owing to their implications 

in worldwide health. Exposure to radiation can arise from a variety of sources, both natural and 

man-made, including environmental exposure (Shahbazi-Gahrouei et al., 2013), occupational 

exposure (Buitenhuis et al., 2013) and accidental exposure (Sakly et al., 2012). Patients are also 

exposed to ionizing radiation during diagnostic procedures and during radiotherapy treatments 

where the balance between radiation exposure and effective cancer treatment - the therapeutic 

window - is of great importance (Jen & Cheung, 2003). Adverse radiation effects can be observed 

in patients receiving radiotherapy to treat breast cancers, for example whereby secondary tumours 

can occur in the lungs following irradiation in tissues such as the breast (Darby et al., 2005; 

Deutsch et al., 2003). Consequently understanding the causative factors of such secondary 

malignancies following irradiation or non-targeted effects of radiation such as the bystander effect 

could help to eliminate such risks in patients undergoing radiotherapy.  

1.1.1. Direct and indirect effects of ionizing radiation 

Following ionizing irradiation of a population of cells or whole tissue, both direct and indirect 

effects can be observed. Direct damage generally occurs when the DNA of a cell is directly 

traversed by radiation, causing DNA damage in the form of double strand breaks (DSBs) 

considered to be one of the most consequential effects of radiation (Lliakis, 1991) and has been 

demonstrated by α-particles directed at specific parts of the cell (Hall & Giaccia, 2012). Indirect 

effects occur where radiation causes the catalytic cleavage of molecules within cells, in particular 

water, to produce free radical species that cause DNA damage within the cell (Rao et al., 2008). It 

is postulated that around two-thirds of the damage caused by X-rays occur due to the indirect 

effects of radiation (Hall & Giaccia, 2012). 

1.1.2. The targeted effects of ionizing radiation 

The target theory assumes that one particular part of the cell must be directly hit by a track of 

radiation to cause damage or kill the cell (Marshall et al., 1970). Single-stands breaks may ensue 

but are rapidly repaired using the template strand (Bryant, 2004; Bailey & Bedford, 2006). DSBs 

can occur (Mozdarani & Bryant, 1987; Bryant & Iliakis, 1984) and, as these can lead to 

chromosomal and chromatid aberration, are regarded as the ‘critical lesion’ caused by ionizing 

radiation.  Other effects include DNA base damage and DNA-DNA or DNA-protein crosslinks 

(Ward, 1988). In the case of ionizing radiation, a combination of the aforementioned damages 

described as oxidative clustered DNA lesions (OCDLs) are usually observed due to the track-like 
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deposition of energy (Goodhead, 1994). Up to 3000 base damages and around 30-40 DSBs are 

postulated to be induced by a 1 Gy radiation dose (Goodhead, 1994). 

These OCDLs and DSBs are usually repaired by DNA repair mechanisms, primarily non-

homologous end joining (NHEJ) where no template is required (Hamada et al., 2007). Homologous 

recombination (HR) may also be employed to repair the damage in the S and G2 phases (Burdak-

Rothkamm & Prise, 2009) and the aforementioned ODCLs can be converted into DSBs if they are 

encountered by a replication fork in the S phase (Aziz et al., 2012; Dickey et al., 2009; Hei et al., 

2008; Prise & Sullivan, 2010). DSBs are the most severe form of DNA damage as they can 

ultimately lead to genomic instability (GI) (Halazonetis et al., 2008; Khanna & Jackson, 2001). 

1.1.3. The non-targeted effects of radiation – the paradigm shift  

The shift from the classic DNA paradigm of radiation biology followed a number of key studies 

demonstrating the possibility that a cell did not need to be directly traversed by radiation in order to 

exhibit radiation-related damage. Such effects included radiation-induced genomic instability seen 

in the progeny of irradiated cells and the radiation-induced bystander effect (RIBE) as the induction 

of DNA damage effects in neighbouring cells not hit by radiation (Kadhim et al., 2013). In 1986 

the appearance of de novo mutations in the progeny of irradiated cells, later proving lethal to the 

daughter cells, was reported (Seymour et al., 1986). It was furthermore demonstrated that bone 

marrow cells grown from irradiated stem cells developed de novo chromosomal aberrations at a 

later date (Kadhim et al., 1992). Further to these findings and reflecting the key role of targeted α-

particle irradiation in bystander effect studies, it was shown that following α-particle irradiation a 

higher level of sister chromatid exchanges occurred in cells than α-particles could possibly have 

traversed, suggesting that communication between irradiated and unirradiated cells was taking 

place (Nagasawa & Little, 1992). Finally, media transfer from irradiated to non-irradiated cells 

resulted in DNA damage levels comparable to those in irradiated cells (Seymour & Mothersill, 

1997). The culmination of the aforementioned studies, amongst others, led to the hypothesis that 

bystander effect (BE) might be due to the release of an unknown signalling molecule from 

irradiated cells conferring GI upon cells in surrounding tissues (Figure 1.1) (Kadhim et al, 1992; 

Lorimore et al, 1998). The term bystander effect is currently used to describe all biological 

manifestations in bystander cells receiving extracellular components from directly irradiated cells 

or via gap junctions (Mothersill & Seymour, 2001; Azzam et al., 2004). 
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1.2.  Signalling molecules involved in the bystander effect 

1.2.1. Reactive oxygen species and nitric oxide 

Evidence suggests that in bystander cells DNA damage may be accompanied by rapid influxes of 

calcium accompanied by widespread reactive oxygen species (ROS) production (Shao et al., 2006; 

Azzam et al., 2002). ROS already associated with DNA damage and cancer (Lehnert & Goodwin, 

1997) have been widely studied in the context of BE and may be transported between cells via gap 

junctions (Azzam et al., 2003). Most ROS have a short half-life only acting locally, however H2O2 

produced in irradiated cells has been shown to actively diffuse across membranes with the ability to 

cause DNA damage at more distant sites potentially mediating BE (Sokolov et al., 2007). The 

tumour suppressor p53 has also been shown to upregulate the transcription factor NF-Kß that can 

play roles in attracting macrophages and steadily increasing an inflammatory milieu (Gorgoulis et 

al., 2003). 

A sustained production of ROS via lipid peroxidation can also be observed in directly irradiated 

and bystander cells and is primarily due to the presence of NADPH oxidase in the membrane of 

cells (Morel et al., 1991; Narayanan et al., 1997). In addition the actions of the COX-2 gene can 

lead to ROS production in bystander cells that are then released into the extracellular environment 

(Hei et al., 2008). Nitric oxide (NO) is also known to be a mediator of media transmitted bystander 

effects, with the ability to freely diffuse through membranes and affect mitochondrial function 

(Matsumoto et al., 2001). 

1.2.2. Cytokines 

In addition to the above effects of oxidative stress caused by direct irradiation, inflammatory 

cytokines have been shown to play an extensive role in BE by causing additional cellular effects 

and propagation of these signals. Irradiated cells release such cytokines as TNF-α, Il-1β and Il-33 

that bind receptors on bystander cells and cause NO and ROS production by activating the 

transcription factor NF-κB (Zhou et al., 2008). NO and ROS cause leakage of the mitochondrial 

membranes, releasing superoxide anions and causing more damage (Hei et al., 2008). As NF-κB 

also regulates expression of iNOS in the nucleus (Hei et al., 2008), it may be argued that a cyclical 

production of ROS in the cell is prompted as iNOS controls NO synthesis. Moreover TNF-α 

released by directly irradiated cells has the ability to bind membrane receptors on bystander cells, 

causing the release of NF-κB and therefore ROS production via COX-2 modulation (Zhou et al., 

2008). TNF-α has also been shown to activate the MAPK super family of kinases, ERK, JNK and 

p38 protein that also up regulate iNOS and COX-2 (Zhou et al., 2008). Therefore, many of these 

radiation response signals act to amplify the inflammatory response of the cell. 
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1.2.3. Involvement of mitochondria in the oxidative stress response of irradiated 

and bystander cells 

Mitochondria also appear to play a role in the manifestation of BE, with mitochondrial DNA 

depletion of cells, mitochondrial calcium uptake and NOS inhibition resulting in lower BE levels 

(Chen et al., 2008; Tartier et al., 2007). Damaged, leaky mitochondrial membranes increase the 

ROS level of cells further (Hei et al., 2008; Zhou et al., 2005) leading to an accumulating stress 

status. To this end they have been shown to play a role in exacerbating BE by propagating the 

stress response in the cell. 

1.3.  The transcriptional response to cellular irradiation and the bystander 

effect 

1.3.1. Deregulation of mRNAs in the radiation response and bystander effect 

In a study of 10,000 genes analysed via microarray, 24% of genes assayed were differentially 

regulated in response to ionizing radiation (Rieger & Chu, 2004). The replication and 

transcriptional status of cells may also play a role in the response of a cell to radiation assault, due 

to the highly proliferative nature of cancer cells (Dickey et al., 2012). Core sets of genes have been 

shown to be in involved in the p53 response to DNA damage in directly irradiated cells and were 

shown to be conserved between the cell lines studied (Rashi-Elkeles et al., 2011). Upregulated 

genes included the cell cycle gene CDKN1A, the apoptotic genes FAS and DRAM and the DNA 

damage genes DDB2 and REV3L. Downregulated core genes included AURKA and PLK1 involved 

in the G2/M transition (Rashi-Elkeles et al., 2011). Studies have characterised some of the gene 

changes in bystander cells and have demonstrated some differences in their transcriptional 

response. Using a genome-wide microarray approach, bystander fibroblasts displayed enrichment 

of genes involved in ribosomal pathways and oxidative metabolism, whereas directly irradiated 

cells demonstrated apoptotic gene deregulation and development of immune response (Kalanxhi & 

Dahle, 2011).  

1.3.2. Non-coding RNAs 

It is approximated that 98% of the human genome is non-protein coding (Harrow et al., 2012). 

Consequently the discovery, annotation and acknowledgement of the importance of non-coding 

RNAs in gene regulation is increasing and are currently split into two broad categories - small non-

coding RNAs such as microRNA, piRNAs and small nucleolar RNAs (snoRNAs) that have a limit 

of 200 nucleotides in length and the long non-coding RNAs that exceed 200 nucleotides (Ma et al., 

2013). 

Long non-coding RNAs have been shown to play roles in a variety of important biological 

functions including apoptosis (Reeves et al., 2007), splicing (Rintala-Maki & Sutherland, 2009) 

and cell cycle regulation (Ginger et al., 2006). The mode of action of long non-coding RNAs 
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includes recruitment of complexes, for example in the case of chromatin remodelling whereby the 

HOTAIR long non-coding RNA recruits the polycomb repressive complex 2, causing 

heterochromatin formation leading to reduced gene expression (Rinn et al., 2007). The long non-

coding RNA MALAT1 is upregulated in a variety of cancers (Zheng et al., 2014) and has been 

shown to increase proliferation of cells (Wang et al., 2014). Other functions of lncRNAs include 

post-transcriptional processing (Beltran et al., 2008) and transcriptional control (Wang et al., 2010; 

Feng et al., 2006).  SnoRNAs are small nucleolar RNAs of around 60-300 nucleotides that have 

been shown to pay roles in rRNA processing and RNA splicing (Kawaji et al., 2008).  

1.3.3. Non-coding RNAs in radiation response and bystander effect 

Some studies have demonstrated that non-coding RNAs, including snoRNAs may be deregulated in 

radiation response. Direct exposure of cell lines to X-rays resulted in upregulation of the snoRNAs 

SNHG1, SNHG6, SNHG11, MALAT1 and SOX2OT (Chaudhry, 2013). In a second study it was 

confirmed that SNHG1 and SNHG4 were upregulated in directly irradiated TK6 wild type cells, but 

were however repressed in bystander cells (Chaudhry, 2014). In addition the long non-coding 

RNAs MALAT1, SOX2OT, MATR3 and SRA1 were induced in directly irradiated cells and 

repressed in bystander cells. Taken together these data suggest that directly irradiated and 

bystander cells may display different deregulation profiles of snoRNA and non-coding RNAs. 

1.3.4. MicroRNAs 

MicroRNAs are short non-coding RNAs involved in gene regulation, of which approximately 1000 

have been identified to date and are anticipated to regulate around 60% of all human genes 

(Bentwich et al., 2005). MicroRNAs work to regulate the expression of genes either by 

translational repression or degradation of target mRNAs and the upregulation of a single 

microRNA is able to repress hundreds of target genes post-transcriptionally (reviewed in Yates et 

al., 2013). MicroRNAs were first documented in C.elegans larval development (Lee et al., 1993) 

and have since been widely studied and identified as key players in tumorigenesis. Many 

microRNAs, known as oncomiRs or oncogenic microRNAs, are associated with cancer progression 

(Calin et al., 2004) and their deregulation has been demonstrated in a variety of cancers including 

colorectal cancer (Yang et al., 2013) and breast cancer (Song et al., 2013). 

1.3.5. MicroRNA biogenesis 

The biogenesis of microRNAs is a tightly regulated process in the cell (Figure 1.2). Firstly 

transcription of the microRNA from a microRNA gene or an intron to a long primary microRNA 

(pri-microRNA) is performed. The pri-microRNA is then processed into a hairpin precursor 

microRNA (pre-microRNA) by the RNase family enzyme Drosha and the RNA binding protein 

DGCR8 (Bartel, 2009). Exportin-5 then transports the ~70 nucleotide pre-microRNA hairpins from 

the nucleus to the cytoplasm where they are cleaved by the enzyme Dicer into microRNA duplexes. 

These microRNA duplexes then separate into their 5’ and 3’ strand. More commonly the 5’ strand 
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is taken into the RISC complex and if complementary to its mRNA target will degrade it. 

Conversely, if the sequences are not sufficiently complementary, transcriptional repression of the 

target mRNA occurs via binding of the microRNA to its 3’UTR (Bartel, 2004). 

 

 
Figure 1.2. MicroRNA biogenesis schematic. MicroRNAs are transcribed in the nucleus from a microRNA 

gene or intron and then proceed through a number of steps that cleaves them and moves them from the 

nucleus of the cell into the cytoplasm. The pre-miRNAs are then cleaved into their mature form and loaded 

into the RISC complex to then act upon their mRNA target as shown. 
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1.3.6. MicroRNAs in the radiation response and bystander effect 

MicroRNAs have previously been shown to be differentially modulated following oxidative stress 

including radiation (Simone et al., 2009) and microRNAs are believed to be both directly and 

indirectly involved in the radiation response (Dickey et al., 2011). Evidence has however suggested 

that microRNAs are not likely to be the primary signalling molecule in bystander effect as 

bystander recipient Dicer knockdown cells, created by disrupting Dicer at exon 5, still exhibited 

bystander effect damage in response to media transfer from irradiated cells (Dickey et al., 2011). 

Some microRNAs have however been shown not to require Dicer for maturation, with some 

microRNAs cleaved within the Ago2 catalytic complex (Cheloufi et al., 2010). Next-generation 

sequencing of directly irradiated cells has identified the differential regulation of microRNAs in a 

time-dependent manner in response to radiation, indicating a specific and tailored microRNA 

response in irradiated cells (Chaudhry et al., 2013).  

The microRNA profile of cells can change in cells distant to those at the site of irradiation  and 

cranially irradiated mice showed local microRNA changes in their spleens that had been shielded 

from irradiation (Koturbash et al., 2007). It has also been shown that ionizing radiation induced BE 

damage is expressed differently in specific tissues and is reflected by differences in the microRNA 

profile of those cells and tissues (Ilnytskyy et al., 2009). MicroRNAs are also believed to be 

involved in late bystander effects causing apoptosis by changing the expression of BCL-2 and 

causing DNA hypomethylation by affecting DNMT3A/B (Kovalchuk et al., 2010; Fabbri et al., 

2007). Some microRNAs have been shown to affect pathways known to be involved in radiation 

response, for example the action of miR-21 via the ROS pathway may also play a role in BE (Jiang 

et al., 2014). 

In vivo considerations are also important in the study of the bystander effect. Bystander microRNA 

responses may be sex-specific in mice, accompanied by changes in Dicer and RISC complex 

expression (Koturbash et al., 2008). Three dimensional tissue studies have also been undertaken to 

better represent in vivo irradiation (Kovalchuk et al., 2010). In the study miR-17 upregulation led to 

increased proliferation of bystander cells and miR-16 upregulation affected apoptosis via altered 

BCL-2 expression levels. It has also been demonstrated that total radiation dosimetry can be 

estimated in mice by measuring microRNA expression levels in the plasma (Cui et al., 2011) 

further supporting that a better understanding of the bystander effect will be of value to the clinical 

setting.  

One approach to better understanding gene deregulation events is to perform bioinformatical 

analyses to collate data from diverse datasets and to use this to predict novel pathways and identify 

key players in a given biological response. A large number of studies document microRNA 

deregulation following radiation at a variety of doses and under different conditions in different cell 
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lines and models. To this end, bioinformatical analyses have been performed that have identified 

novel microRNA candidates and analysed the pathways that they are implicated in (Lhakhang & 

Chaudhry, 2012). For example some specific microRNAs including miR-34a are well characterised 

in the radiation response (He et al., 2007) but such changes may indeed be cell line specific (Mert 

et al., 2012) and different modes and doses of radiation may be responsible for the different 

observations in the literature. MicroRNA profiles have however been shown to be different in 

directly irradiated compared to bystander cells (Chaudhry et al., 2013). Consequently 

bioinformatical analyses are required to bring to together data to be able to study it effectively and 

guide functional experiments in a rational way. 

1.4.  Extracellular vesicles 

1.4.1. Extracellular vesicle nomenclature and classification 

Extracellular vesicles (EVs) are lipid vesicles released by a variety of cell types (Raposo & 

Stoorvogel, 2013). A subset of these EVs, termed exosomes, are small vesicles of around 30-120 

nm in size that carry proteins and small RNA molecules that are believed to play  roles in 

intercellular communication (Vlassov et al., 2012). These EVs have been observed as exfoliating 

vesicles with ectoenzymal activity (Trams et al., 1981) and were later observed in the recycling of 

transferrin receptors in rat reticulocytes (Harding et al., 1983). Later they were identified as derived 

from endosomes (Johnstone et al., 1987). Larger EVs, also known as microvesicles, have been 

shown to bud directly off of the plasma membrane (Deregibus et al., 2008). Both EVs have been 

shown to carry functional molecules, including mRNAs and microRNAs and have become an area 

of intense research particularly in intercellular communication (Valadi et al., 2007; Ratajczak et al., 

2006). The nomenclature regarding EVs is currently an area of debate as the field grows and 

establishes a better understanding of the function of vesicles released from cells (Gould and 

Raposo, 2013). It has been more recently accepted that cells release heterogeneous populations of 

EVs and that further study is required to fully characterise such vesicles released from different 

cells types under different conditions (Gardiner et al., 2014). 

For the purposes of this thesis the term EV will be used to describe the aforementioned vesicles 

released from cells and for the vesicles extracted and characterised in the experiments herein. 

1.4.2. Composition and biogenesis of EVs 

The unique protein and lipid composition of EVs aids in their distinction from other vesicles. As 

some EVs are derived from multivesicular bodies (MVBs), their membranes can contain transport 

proteins and fusion proteins. These include for example GTPases and annexins, also tetraspannins 

including CD9, CD81 and CD63 and other proteins involved in the biogenesis of these EVs 

including TSG101 (Conde-vancells et al., 2009; Subra et al., 2010). Around 4400 different proteins 

have been associated with EVs (Mathivanan & Simpson, 2009); indeed databases exist compiling 
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all known extracellular vesicle composition data, including Exocarta (Simpson et al., 2012), 

EVpedia (Kim et al., 2013) and Vesiclepedia (Kalra et al., 2012). As well as distinctive protein 

profiles, EVs also harbour characteristic lipids and sterols in their membranes including ceramide 

and cholesterol (Wubbolts et al., 2003; Staubach et al., 2009). 

EVs can be derived from the endocytic pathway that comprises membrane compartments and 

internalizes extracellular ligands then recycled into the plasma membrane or degraded in lysosomes 

(Figure 1.3) (Gould & Lippincott-Schwartz, 2013; Raposo et al., 1996). Some vesicles are derived 

from MVBs within the cell that contain numerous intra-luminal vesicles (ILVs) that are created 

during the maturation of the endosomes (Stoorvogel et al., 1991). These MVBs can be directed to 

the lysosome for degradation; however, if the MVB fuses with the cell membrane it releases the 

vesicles contained inside as EVs into the extracellular space (Stoorvogel et al., 2002; Raposo et al., 

1996). 

Recent work has shown that tetraspannins may play an important role in the loading of proteins 

into the EV membrane (Perez-Hernandez et al., 2013). Using mass spectrometry it was shown that 

insertion of proteins into the tetraspannins-enriched microdomain may be important for protein 

incorporation into the EVs. ESCRT proteins have also been suggested to be important in EV 

biogenesis (Théry et al., 2001) and EVs released from cells in which HRS, STAM1 or TSG101 had 

been silenced using RNAi resulted in changes in the size and protein content of EVs released from 

those cells (Bobrie et al., 2012).  Consequently, EV biogenesis is a complex and versatile process 

that may be altered under different biological conditions. 

1.4.3. Isolation of EVs and characterisation 

Smaller EVs are currently distinguished from other vesicles based upon density, morphology and 

size and have been reported to have a buoyant density of between 1.1-1.21 g/ml (Mathivanan et al., 

2012), differentiating them from Golgi bodies and vesicles from the endoplasmic reticulum 

(Raposo et al., 1996; van Niel et al., 2006). EVs can be visualised using negative staining 

techniques and imaged using transmission electron microscopy where they can appear as round 

dark spheres of below 200 nm, also sometimes appearing cup-shaped due to the fixing process used 

prior to staining (Raposo et al., 1996). Based on the assumption that the width of the lumen of the 

extracellular vesicle is 20-90 nm across, the volume of an extracellular vesicle is calculated to be 

4.2-380 yl, consequently the potential load of an extracellular vesicle may be up to 100 proteins or 

10,000 nucleotides in total (Vlassov et al., 2012). EV surface markers may also be used as 

identifiers in western blotting. As previously mentioned, EVs carry tetraspannins found in the 

endosomal pathway such as CD63 and CD81 (Escola et al., 1998) and also some EVs have been 

demonstrated as enriched in particular proteins following, for example, heat stress (Clayton et al., 

2005; Lancaster & Febbraio, 2005). 
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Isolation of pure vesicle samples is key in avoiding contamination with soluble components that 

cannot be identified using transmission electron microscopy (TEM) and western blotting alone 

(Webber & Clayton, 2013). A variety of methods exist for extracellular vesicle extraction including 

ultracentrifugation approaches (Théry et al., 2006), ultrafiltration (Cheruvanky et al., 2008), 

reagents such as ExoQuick (Systems Biosciences) and affinity purification of EVs (Valadi et al., 

2007). Clearing of foetal calf serum (FCS) used to supplement cell media is also an important 

consideration in the extraction of EVs (Webber & Clayton, 2013) to remove contaminating bovine 

EVs. The concentration and size of vesicles can be measured using NanoSight technology and this 

has become a common way of quantifying vesicles in preparations where the heterogeneity of 

vesicles can be confirmed by measurement of their refractive index (Gardiner et al., 2013; Gardiner 

et al., 2014). 

 

 

 

 Figure 1.3. Extracellular vesicle biogenesis and uptake mechanisms. EVs are released from the cell by a 

variety of mechanisms. ´Éxosomes´are created via the endocytic pathway and are formed when MVBs bud 



13 
 

inwards to form ILVs. The MVBs may be degraded or fuse with the plasma membrane releasing the vesicles 

into the extracellular space. Exosomes may be taken up into a recipient cell by one of the uptake mechanisms 

shown above. Microvesicles (MVs) are released as a result of direct budding from the plasma membrane and 

exosome-like vesicles also bud directly from the plasma membrane but are smaller in size than MVS. 

 

1.4.4. Biological functions of EVs and intercellular communication 

Intercellular communication has traditionally been described as endocrine, exocrine, juxtacrine, 

paracrine or synaptic (Janowska-Wieczorek et al., 2005) and numerous cell types have been shown 

to release EVs in a constitutive fashion in vitro (Raposo & Stoorvogel, 2013). Due to their presence 

in cell media and release in a wide variety of biological fluids including blood, urine, saliva and 

pleural effusions (Bobrie et al., 2011), EVs are a new candidate for mediators of intercellular 

communication. 

EVs were initially believed to remove unwanted components, membrane proteins and receptors 

from cells (Johnstone et al., 1987) but have been extensively studied in the area of the immune 

system (Théry et al., 2009), transfer of oncogenic genes (Al-Nedawi et al., 2008) and also in 

angiogenesis and coagulation (Janowska-Wieczorek et al., 2005) amongst numerous other 

functions. Specific expression profiles of EV microRNAs in breast milk have been shown to have 

the potential to modulate immune development in infants during the first six months of lactation 

with levels then falling, suggesting selective loading of microRNAs into EVs (Kosaka et al., 2010). 

EVs have also been implicated in the transfer of viruses and prions (Pegtel et al., 2011) and 

microRNAs being carried by vesicles have also been shown to play a role in the accumulation of 

age-associated diseases and the accumulation of senescent cells in ageing organisms (Weilner et 

al., 2012). EVs also have the advantage of being able to robustly deliver their contents to multiple 

specific locations (Klibi et al., 2015; Keller et al., 2011). It is also believed that EVs act 

independently of, but also in association with, soluble molecules such as interleukin-1, TNF-α or  

TGF-ß  that play key roles in intercellular communication (Clayton et al., 2007; Qu et al., 2007; 

Zhang et al., 2006).  

1.4.5. Extracellular vesicle uptake 

A variety of direct and indirect evidence supports the theory that EVs are internalised by recipient 

cells and uptake is postulated to occur through a variety of mechanisms (Figure 1.3). Evidence for 

the uptake of EVs directly into cells includes internalisation of biologically functional microRNA 

and messenger RNAs (Valadi et al., 2007) and effective siRNA delivery (Alvarez-Erviti et al., 

2011). Protein interactions are key for EV uptake and proteinase K has been shown to abrogate 

internalisation of EVs (Escrevente et al., 2011) as have a number of other chemical treatments 

(Mulcahy et al., 2014). Key EV uptake mechanisms have been shown to include endocytosis 

(Montecalvo et al., 2013), phagocytosis (Rudt & Müller, 1993) and membrane fusion (Parolini et 
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al., 2009). Cell receptor binding of EVs without internalization may be sufficient to cause changes 

in the phenotype of immune cells (Segura et al., 2007). 

It is also possible however that EVs could fuse directly with the plasma membrane as their 

membranes are abundant with the fusogenic protein CD9 (Théry et al., 1999). Uptake has been 

more recently documented as lipid-raft dependent in the case of glioblastoma cells and also to be 

negatively regulated by caveolin-1 (Svensson et al., 2013). EVs have also been shown to move 

differently depending upon their stage of uptake, for example slowly during the attachment phase 

and more rapidly along the cytoskeleton once taken up into the cell (Tian et al., 2010) and their 

contents are also believed to be protected from the host immune system as they are recognised as 

‘self’ molecules (Vlassov et al., 2012). Further work is therefore required to better understand the 

uptake of EVs under different conditions. 

1.4.6. EVs and RNA 

The first studies documenting the presence of functional microRNA and mRNA in EVs attracted 

attention owing to their potential as mediators of intercellular communication (Valadi et al., 2007; 

Ratajczak et al., 2006). It was demonstrated that human and mouse cell lines released EVs carrying 

functional RNAs and, furthermore, that mouse proteins were translated in human mast cells upon 

receipt of mouse EVs (Valadi et al., 2007). Studies subsequently demonstrated the transport of 

functional RNA between other cell lines including glioblastoma cells and in blood (Skog et al., 

2008; Hunter et al., 2008). The transport and selective loading of microRNAs into EVs targeted to 

recipient cells has also been reported (Mittelbrunn et al., 2011; Montecalvo et al., 2013).  

As a consequence of the aforementioned studies, the term ‘exosome shuttle RNA’ was introduced 

to describe RNA that is transported between cells in EVs specifically (Lotvall & Valadi, 2007). 

Next-generation sequencing of EV RNA is revealing the RNA content of EVs as it becomes a more 

readily available and affordable technology. The first studies published using this technology 

revealed the presence of mRNAs, microRNAs and various other non-coding RNAs (Bellingham et 

al., 2012; Jenjaroenpun et al., 2013; Nolte-’t Hoen et al., 2012). The selective loading, or 

enrichment, of RNAs into EVs is supported by many studies (Nolte-’t Hoen et al., 2012; Valadi et 

al., 2007; Bellingham et al., 2012; Skog et al., 2008; Zhou et al., 2012) indicating a functional role 

for them in the recipient cell. Bioinformatical analysis has suggested RNA export sequences that 

might play a role in the destination of selected cellular mRNAs into EVs (Batagov et al., 2011) and 

specific sorting of microRNAs into EVs has been reported experimentally (Villarroya-Beltri et al., 

2013). Enrichment of particular microRNA sequences have also been identified as flags for export 

(Montecalvo et al., 2012) and different RNA loading mechanisms may exist, supported by the fact 

that different microRNA sequences are transported by vesicles with different characteristics and in 

different centrifugation fractions (Palma et al., 2012; Wang et al., 2010).  
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1.4.7. EVs, radiation and the bystander effect 

Limited research to date exists documenting effects of ionizing radiation on the molecular contents 

and function of EVs released from irradiated cells. The importance of EVs has emerged, with most 

cancer phenotypes resulting in increased rates of extracellular vesicle release (Kharaziha et al., 

2012) and also specific molecular profiles leading to their use as potential biomarkers (Rak, 2013).  

The release of EVs from cells has previously been shown to be stimulated by ionizing radiation 

(Lehmann et al., 2008) suggesting their release in a stress responsive manner. The first study to 

implicate EVs in the bystander effect demonstrated a role for EVs and RNAs and propagation of GI 

to progeny of bystander cells (Al-Mayah et al., 2012). DNA damage induced by irradiation has also 

been shown to induce extracellular vesicle release via a p53 response through the TSAP6 protein 

(Yu et al., 2006; Lespagnol et al., 2008) supporting that EVs may play a role in the radiation 

response. Despite the aforementioned evidence for the role of EVs in bystander effect the exact 

molecular profile and mechanisms of uptake and internalisation of the apparent damaging cargo 

have yet to be elucidated. 

1.4.8. Radiation, EVs and RNA 

Evidence further suggests that RNA in association with EVs is involved in BE. When media from 

irradiated cells was treated with RNase a significant reduction in damage in bystander cells was 

observed compared to controls (Al-Mayah et al., 2012). Furthermore, it was shown that the 

extracellular vesicle fraction of the cell media induced a statistically significant increase in DNA 

damage in recipient cells compared to controls, however when treated with RNase the DNA 

damage induction was abrogated (Al-Mayah et al., 2012). These preliminary data suggests that BE 

may be mediated by EVs in association with RNA; however the exact RNAs involved are not 

known. Moreover, how the RNA acts to mediate BE in recipient cells needs to be addressed. The 

work in this thesis aims to answer these questions and better characterise EVs for irradiated cells. 
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1.5.  Aims and objectives of the thesis 

The key aims of this thesis are to better characterise EVs released from irradiated MCF7 cells and 

to profile their RNA contents in comparison to unirradiated cells in an attempt to identify novel 

candidates responsible for RIBE. BE can be observed both in vitro and in vivo and patients 

receiving radiotherapy may sustain damage to their surrounding tissues following irradiation of a 

tumour. This may in turn lead to mutation and malignancy in other parts of the body, therefore 

further work is required to identify candidate BE molecules. Consequently functional studies of the 

genes identified will test the plausibility of their role in the bystander effect. 

The following aims are addressed in this thesis; 

1. To identify novel microRNA candidates involved in the radiation response by miRNA 

sequencing and construction of the miRStress database to perform meta-analysis of the 

literature.  

 

2. To characterise EVs released from irradiated MCF7 cells, including their size, density and 

release from cells. 

 

3. To establish differences in the RNA content between parent cells and the EVs derived from 

them following exposure to X-rays. 

 

4. To identify and quantify mRNA and non-coding RNAs deregulated in response to radiation 

using RNA Seq and miRNAs using miRNA Seq. 

 

5. To perform knockdown of the selected candidate RNAs to test their role in mediation of 

DNA damage and apoptosis in cells. 
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Chapter 2 Materials and methods 
 

2.1. Cell culture 

2.1.1. Cell culture of MCF7 breast cancer cells 

MCF7 cells were kindly donated by Dr Joestin Dahle (University of Oslo, Norway). MCF7 cells 

were cultured in DMEM F-12 basal media (Gibco, 21331) supplemented with 10% (v/v) FCS 

(Sigma, F7524), 5% (v/v) L-glutamine (Fisher, VX15140122) and 5% (v/v) penicillin streptomycin 

solution (Fisher, VX15140122). Media was changed every three days for growing cells.  

2.1.2. Subculture of MCF7 cells 

Cells were trypsinised at 70–80% confluence. Cells were washed once with PBS (Fisher, 

10214733) and 5 ml 0.005% trypsin (v/v) (Fisher, VX15400054) in PBS added to the flask and 

placed back into the incubator. Once cells had detached, 5 ml of whole cell media was added to the 

trypsin-cell PBS solution and centrifuged at 400 x g for 5 minutes to pellet cells. Cells were 

resuspended in whole warm media and seeded into flasks at the required density. Cells were 

cultured at 37°C and 5% CO2 in a humidified environment. 

2.2.  Clearing Foetal Calf Serum (FCS) for use in cleared media 

Media depleted of bovine EVs was used to supplement cell culture media during experiments as 

indicated in individual chapters to avoid extracellular vesicle sample contamination with bovine 

EVs. ‘Normal’ FCS refers to standard, unprocessed FCS (Sigma, F7524). ‘Cleared’ FCS was FCS 

that had been cleared once as below. ‘Double cleared’ FCS underwent the clearing process twice. 

‘SBI FCS’ refers to Exo-FBS EV-depleted FCS (SBI, EXO-FBS-50A-1) that is advertised as free 

from contaminating bovine EVs. For clearing FCS was carefully injected into heat sealable tubes 

(Beckman, 342414) and the tubes sealed. FCS was ultracentrifuged at 120,000 x g (Beckman 

Coulter Optima LE-80K) for 18 hours overnight at 4˚C. The supernatant was then carefully 

removed, filter sterilised using 0.22 µm filters and aliquotted into sterile falcon tubes and frozen at 

-20˚C for future use at a concentration of 5% (v/v) in media. 

2.3.  Extracellular vesicle extraction from MCF7 cell media 

Extracellular vesicle extraction via ultracentrifugation was used as previously described (Al-Mayah 

et al., 2012). Media was harvested from irradiated or unirradiated cells at the time point indicated. 

Following removal of cellular debris at 400 x g and 0.22 µM filtration, the supernatant was 

centrifuged at 20,000 x g for 20 minutes at 4˚C to remove further debris and to exclude larger 

vesicles. The supernatant was then centrifuged at 120,000 x g in a 70 Ti fixed angle rotor 

(Beckman, 337922) in a Beckman Coulter Optima LE-80K ultracentrifuge for 90 minutes at 4˚C. 

https://www.beckmancoulter.com/wsrportal/page/itemDetails?itemNumber=337922
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The soft deceleration setting was used to reduce pellet resuspension. Supernatants were carefully 

removed and in some cases retained at 4˚C for further analysis in the bystander experiments. The 

remaining extracellular vesicle pellets were resuspended thoroughly in sterile PBS and the 120,000 

x g spin repeated to wash the extracellular vesicle pellet of contaminants. The supernatant was then 

carefully removed and the pellet placed onto ice for five minutes to ease pellet resuspension. Pellets 

were resuspended in sterile PBS (typically 50 µl) and immediately stored at -80˚C until further 

analysis. 

2.4.  Alkaline comet assay 

The alkaline comet assay is a method used to quantify DNA damage in individual cells (Tice et al., 

2000). The 1% normal melting point agarose (NMPA) (Sigma, A9539) coated slides were prepared 

by dipping clean microscope slides in molten 1% NMPA, wiping one side clean and allowing them 

to dry at room temperature overnight. Prepared slides were stored in a slide box with desiccant. 

In brief, two aliquots of 20,000 cells from each experimental group were taken and placed on ice, 

with an additional two aliquots taken from one of the control groups as a positive control (treated 

with 1% (v/v) H2O2, (Sigma, H1009), five minutes). Cell aliquots were resuspended in 200 µl 

molten 1% (w/v) low melting point agarose (LMPA) (Sigma, A9414) and spread using coverslips 

onto 1% (w/v) NMPA coated microscope slides laid flat on a chilled tray. After 10 minutes the 

coverslips were carefully removed and the slides placed into Coplin jars containing 4˚C alkaline 

lysis buffer (2.5 M NaCl, 100 mM Na2EDTA, pH 8.0, 1% Triton X-100, 1% DMSO, pH 10). 

Slides were lysed overnight and then placed in a horizontal gel tank in a cold room and left for 40 

minutes. Slides were then electrophoresed at 19 V, 300 mA for 30 minutes. Slides were carefully 

removed taking care not to lose gels and neutralised using comet neutralising buffer (0.5 M Tris-

HCl, pH 7.5) for five minutes. Slides were then washed for a further 10 minutes with the 

neutralising buffer and a further 10 minutes with ultrapure water. The slides were immediately 

stained using 200 µl 1:10,000 Sybr Gold (Invitrogen, S11494) in TE buffer (10 mM Tris HCL, 1 

mM Na2EDTA, pH 8.0). Coverslips were removed after 10 minutes and the slides left to dry at 

room temperature then stored in a slide box in a cool, dark place for analysis. Analysis was 

performed by recording percentage tail DNA measurements using Komet v5.5 (Kinetic Imaging) 

software with 200 comets assayed per slide. Statistics were performed using SPSS Statistics v19 

(IBM) and the Mann-Whitney test to establish significance.  

2.5.  Quantitative PCR 

Quantitative PCR of RNA samples was used to validate RNA Seq candidates and siRNA 

knockdown levels. Prior to qPCR, cDNA was prepared from cell and extracellular vesicle RNA 

samples that had been quantified using the Nanodrop or Agilent 2100 Bioanalyzer. For each 

cellular RNA sample 2 µg of RNA was DNaseI treated (Sigma, AMPD1) as per manufacturer’s 
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instructions with 2 units of DNase in a total reaction volume of 10 µl. Following DNaseI treatment 

the RNA was re-quantified using the Nanodrop. For each individual sample 1 µg RNA was 

converted into cDNA using the high-capacity cDNA reverse transcription kit (Applied Biosystems, 

4368814) in a total reaction volume of 20 µl, cDNA was also developed for controls. Samples were 

stored at -20°C for future use. 

For extracellular vesicle samples DNaseI treatments were performed on the whole EV RNA 

sample. Upon confirmation of the absence of genomic DNA contamination by qPCR, cDNA was 

then produced as above, but for smaller quantities of RNA (~200 ng per sample) alongside the 

relevant controls. 

For qPCR SYBR green mastermix (Biorad, 172-5124) was used 1:1 with a mastermix comprised of 

cDNA and primers. Results were analysed using the ∆∆Ct method and plotted as fold change 

relative to one of the two housekeeping genes. 

2.6.  RNA methods 

2.6.1. RNA extraction from EVs 

For RNA extractions, cells were harvested from flasks by scraping, spun down and snap frozen in 

liquid nitrogen and stored at -80°C for future RNA extraction. For EV RNA extractions freshly 

washed EV pellets were always used. 

All RNA extractions were carried out using the miRcury RNA isolation kit - cell and plant 

(Exiqon, 300110). Care was taken at all steps to avoid RNase contamination and to use RNase free 

reagents and plasticware. EVs were extracted as per the extracellular vesicle extraction protocol, 

cell pellets were resuspended directly in lysis buffer and the RNA extracted as per the 

manufacturer’s instructions. Extracellular vesicle pellets were resuspended in 350 µl lysis solution 

and vortex mixed for 15 seconds. Then 200 µl 95% ethanol was then added and the sample vortex 

mixed for 10 seconds. A new column was placed into a new collection tube and the lysed 

extracellular vesicle solution added to the column, then centrifuged at 14,000 x g for one minute. 

The flow-through was retained for protein analysis and the column washed three times with 400 µl 

wash solution for one minute at 14,000 x g and the flow through discarded. The column containing 

the washed RNA was centrifuged for two minutes at 14,000 x g to ensure that the column was dry 

and was then placed into a 1 ml RNase free Eppendorf tube. For elution from the column 50 µl 

nuclease-free water (Ambion, AM9937) was added directly to the column and centrifuged at 200 x 

g for two minutes followed by a spin for one minute at 14,000 x g. The RNA was then split into 5 

µl aliquots for quality checks on the Agilent 2100 bioanalyzer (Agilent, Santa Clara, CA)  using the 

RNA 6000 pico kit (Agilent, 5067-1513), a 45 µl aliquot was stored at -80˚C for future use. For 

cellular RNA extractions the same protocol was used, however DNase I (Sigma, AMPD1) 

treatments were performed on the RNA whilst on the column as per manufacturer’s instructions. 
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2.6.2. RNase A treatment of EVs 

RNase A (Promega, A7973) was used at a concentration of 30 µg/ml on extracellular vesicle 

pellets resuspended in PBS. Samples were incubated at 37°C for one hour. For RNase treatment of 

EVs that had not been lysed, five volumes of RNAlater solution was added (Ambion, AM7020). 

For extracted EV RNA samples no inhibitor was added post RNase treatment and cell controls 

were always performed to confirm non-RNase treatment RNA integrity (RIN value). 
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Chapter 3 Identification of novel radiation microRNA candidates using the   
miRStress database 

3.1. Introduction 

The cellular stress response is key in protecting cells from cytotoxic changes in the environment 

caused by a variety of stressors such as heat, chemical, hypoxia or radiation. Upon employing one 

of a number of specialised biological responses, the cell will either adapt, repair the DNA damage, 

or undergo apoptosis to protect the organism in which it resides (Fulda et al., 2010). Radiation is 

considered a potent stressor of cells with the ability to cause deleterious DNA damage such as 

mutation and carcinogenesis that are attributed to damage to a cellular target, usually nuclear DNA 

via direct absorption of radiation energy (Kadhim et al., 2013). Non-targeted mechanisms including 

the BE have been more recently reported (Lorimore et al., 1998; Kadhim et al., 1992) but the exact 

candidate signalling molecule or combination of molecules responsible for non-targeted effects 

have yet to be fully elucidated, however one viable group of candidate molecules are microRNAs 

(Chaudhry & Omaruddin, 2012). 

As described in section 1.3.4, microRNAs are small non-coding RNAs of around 20-24 nucleotides 

that are potent regulators of gene expression and have been shown to be involved in a variety of 

biological functions (Yates et al., 2013). MicroRNA levels have been shown to be deregulated in 

cells in response to stressful stimuli (Figure 3.1), for example heat shock, hypoxia and radiation 

assault (Saleh et al., 2011; Wang & Cui, 2012; Leung & Sharp, 2010). The data detailing 

microRNA deregulation following stress to cells are, however, spread across a large number of 

disparate publications documenting different conditions. The literature published to date 

demonstrates that microRNAs play an important role in radiation response (Chaudhry et al., 2010; 

Kovalchuk et al., 2010; Dickey et al., 2011). Additionally it was recently demonstrated that EVs 

released from MCF7 cells exposed to X-rays were able to cause bystander effect in unirradiated 

recipient cells and that this mechanism was RNA dependent (Al-Mayah et al., 2012).  
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Bioinformatical studies have also previously been performed on the microRNAs shown to be 

involved in radiation response and also the mRNA targets of those microRNAs using the 

bioinformatics tool Cytoscape to identify novel pathways involved in radiation response (Lhakhang 

& Chaudhry, 2012). The results were complex, with single microRNAs targeting several target 

genes, in addition to mRNAs that are targeted by a multitude of microRNAs. Well established 

radiation-induced pathways such as the MAPK signalling pathway, focal adhesion and the TGF-ß 

signalling pathway featured. All of these have been previously reported in response to ionizing 

radiation (Dent et al., 2003; Ishikawa et al., 2006; Sandfort et al., 2007), however previously 

unidentified pathways including proliferation related pathways were also presented by the study, 

demonstrating the value of such meta-analyses. 

The aforementioned analysis (Lhakhang & Chaudhry, 2012) was however limited to those 

microRNAs that were deregulated in 5 or more cell lines following IR, limiting the scope of the 

study. Furthermore it was demonstrated in a meta-analysis that the let-7 family may play an 

important role in the radiation response (Dickey, Zemp, Martin, et al., 2011), This study however 

only focused on a small number of specific studies and so was not an exhaustive comparison. In 

order to study in-depth the role of microRNAs in the stress response the miRStress database was 

 

Figure 3.1. Modulation and transport of microRNAs following stress to the cell. Stress to the cell can 

lead to changes in microRNA modulation and in turn to the microRNA levels in EVs released from those 

cells. Target cells subject to bystander microRNA modulation release further EVs that continue to influence 

the cell population. 
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manually curated to bring together the published data to produce lists of deregulated microRNAs 

under different conditions of stress (Jacobs et al., 2013). 

In this chapter investigation of the general stress response, as well as the general radiation response 

and more specifically the X-ray response have been reported and reflect the role of the miRStress 

tool in providing valuable insights into stress responses of the cell. This is the first time that all of 

the published data have been brought together on microRNA stress responses and will aim to 

elucidate novel microRNA candidates in response to stress, in particular radiation. 
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3.2.  Materials and methods 

3.2.1. Study selection 

The search term ‘microRNA’ was entered into PubMed (http://www.ncbi.nlm.nih.gov/pubmed/) to 

obtain a list of all microRNA publications to date. The entire history of microRNA publication 

abstracts (> 20,000 publications) were manually inspected to identify abstracts mentioning 

differential regulation of microRNAs following any stress to cells, for example radiation, hypoxia 

or heat stress. If the abstract did not specifically mention the use of a stressor followed by 

microRNA measurement then it was not included. Reports of treatments related to biological 

stresses, such as disease, infection with viruses or bacteria, or treatment with biological 

macromolecules such as hormones and peptides were not included in the database. Combination 

treatments were also excluded. Only values reported as statistically significant were included. The 

database contains a total of 7,663 microRNA entries from 315 papers. Details from each paper 

were manually curated into the database spreadsheet including the cell type, stressor conditions, 

quantification methods and microRNA species that were deregulated. 

3.2.2. Database construction 

The miRStress database is available for interrogation via a downloadable standalone module from 

the SourceForge website (https://sourceforge.net/projects/mirstress/). The miRStress download 

utilises a Python module for interrogation (written by Dr. Mark Poolman and Findlay Copley). A 

Tkinter python module was used to produce the graphical user interface that forms the standalone 

module that can be interrogated by the user (written by Findlay Copley). The database is also 

searchable offline.  

Data can be accessed by selecting a field to search (PMID, Authors, Title, Year etc.) and then 

typing a search term into the module (Figure 3.3). The search term must be typed exactly as it 

appears in the database. It is possible to right click the search term box to obtain a list of available 

search terms. Results in the window can then be printed to a .txt file or have further filters applied 

to refine the microRNA list. The term ‘total’ reports the total number of entries of that microRNA 

in different papers in the database, ‘up/down’ indicates the direction of deregulation of the selected 

microRNA and ‘NR’ indicates that the direction of deregulation was not reported in the paper.  

3.2.3. Radiation microRNA validation 

For radiation stress the top twenty microRNAs deregulated in response to all modes of radiation 

were selected and named ‘radiation microRNAs’. A list of twenty ‘control microRNAs’ was also 

produced by randomly selecting twenty microRNAs that only appeared once in the radiation list, to 

represent microRNAs that were unlikely to play a true role in radiation response (Figure 3.2). For 

X-ray only analysis the same procedure was applied, only for X-ray entries. 

 

https://sourceforge.net/projects/mirstress/
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For each of the individual radiation and control microRNAs a list of high confidence targets were 

identified using the online microRNA binding-site prediction tool miRwalk (http://www.umm.uni-

heidelberg.de/apps/zmf/mirwalk). miRwalk compares the results of various microRNA-target 

prediction algorithms. Genes that were predicted to be targeted by at least six of the algorithms 

were selected for further analysis. The lists of mRNA targets for each microRNA were then 

converted into Entrez IDs and entered into the DAVID functional annotation tool 

(http://david.abcc.ncifcrf. gov/home.jsp). This produced a list of KEGG pathways for each 

microRNA. KEGG pathways with a value of p < 0.05 for that microRNA were made into a list and 

termed ‘predicted pathways’. All of the predicted pathways for all of the microRNAs in the 

radiation group were pooled together, and all of the predicted pathways for all of the control 

microRNAs were also pooled. Unique counts for each pathway were then established for the 

radiation microRNAs and the control microRNAs. Cancer pathways and disease pathways were 

removed from the lists. If a given KEGG pathway was then ‘predicted’ to be targeted by at least 

three radiation microRNAs and at least 50% fewer control microRNAs then it was used in the 

analysis.  
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Figure 3.2. Flow diagram demonstrating allocation of ‘radiation’ and ‘control’ microRNA and 

pathway lists. Lists of microRNAs from the miRStress database proceed through the analysis pipeline to 

produce lists of predicted pathways linked to those microRNAs. 
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3.2.4. miRStress database validation 

In order to further validate the database, eighteen expression microarray datasets documenting 

mRNA changes following ionizing radiation treatment were obtained from Gene Expression 

Omnibus (http://www.ncbi.nlm.nih.gov/geo/) by Dr. Ryan Pink. Datasets were individually 

imported into Genespring 12.5 (Agilent Technologies) and normalised using ‘Robust Multi-array 

Average’. Each dataset was then normalised to the median value for that dataset. Genes whose 

expression was altered by at least 2-fold in irradiated compared to control samples were imported 

into DAVID Bioinformatics Resource 6.7. This allowed identification of KEGG pathways that 

were significantly enriched in each of the eighteen radiation datasets. 

In addition, SF5 (surviving fraction of cells following a 5 Gray dose of γ-rays) data were obtained 

for each cell line in the NCI-60 panel from previously published results (Patnaik et al., 2012). 

Levels of microRNA expression for each cell line were obtained from the E-MTAB-327 dataset. 

Pearson correlations were obtained between each microRNA and the SF5 data across the panel of 

cell lines. For comparison of different microRNAs the magnitude of Pearson correlation values was 

obtained by converting any negative values into positives.  

3.2.5. Receiver operating characteristic (ROC) analysis 

The ROC analysis was performed using SPSS (v19, IBM). In each test the list of high-confidence 

microRNAs for radiation stress was compared to an equivalent number of control microRNAs (that 

only appeared once in miRStress for that given stress). The number of appearances in the 

miRStress database was used as the test variable. A dichotomous output of whether the microRNA 

was a ‘true positive’ or not was used as the state variable. A microRNA was defined as a true 

positive if that microRNA had previously been shown to be functionally involved in the stress 

response, either by being involved in a defined stress response pathway or by affecting resistance 

(to the given stress) when manipulated as per the literature. 
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3.3.   Results 

3.3.1. The miRStress database 

The miRStress database is a database of microRNA changes in response to many different forms of 

stress. The database can be manipulated to produce lists of deregulated microRNAs, and the 

frequency and direction in which they are deregulated. A comprehensive meta-analysis of the 

literature has not previously been performed on all microRNA responses of cells to stress. The data 

were taken from a wide variety of studies that documented changes using different models and cell 

lines, also using a variety of different techniques; therefore a tool collating all of this information 

makes the study of the cellular response to stress more manageable. By studying cell-wide stress-

induced changes it is then possible to make inferences about new microRNA candidates and 

pathways involved in stress responses on a general or more specific treatment level, especially 

where the literature is not detailed in a particular area. 

The database contains entries from over 300 papers, and contains more than 7500 individual entries 

across a variety of stress-types from chemical, to radiation, to heat stress, but excluding disease 

states and naturally occurring biological molecules. 

The database is interrogated via the miRStress standalone module downloadable from 

(https://sourceforge.net/projects/mirstress) (Figure 3.3). The data can be browsed by selecting one 

of a number of variables and then entering a search term into the search box. Lists of deregulated 

microRNAs for the variable will be returned and document the total number of cases of 

deregulation, the number of times the microRNA was up or down-regulated, and also any cases in 

which the direction was not recorded (denoted by NR).  
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Figure 3.3. The miRStress standalone module. The downloadable module can be used to filter and extract 

microRNA data from the miRStress database. 

 

3.3.2. Characterising the general stress response using the miRStress database 

To characterise the microRNA response to general cellular stress – that is the microRNA response 

to all of the stresses recorded in the database – the standalone module was used to return a list of 

the ten most deregulated microRNAs across the database (Table 3.1). The top results included miR-

21 and miR-34a that are well reported in the literature as playing a role in genotoxic and cardiac 

stress response (Mendell & Loson, 2013). This demonstrates that these results can be used to help 

establish common microRNAs in the general stress response and general stress pathways may then 

be determined.  
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Table 3.1. MiRStress-generated list of the most frequently deregulated microRNAs across all stress 

types. NR = Not recorded – direction of deregulation was unknown for the deregulation event. 

microRNA Up Down NR Sum % Upregulated % Downregulated 

21 68 25 1 94 72.3 26.6 

210 72 10 1 83 86.7 12 

34a 49 14 0 63 77.8 22.2 

17 24 37 1 62 38.7 59.7 

16 35 23 1 59 59.3 39 

125b 30 25 1 56 53.6 44.6 

26a 25 27 1 53 47.2 50.9 

20a 19 27 1 47 40.4 57.4 

155 33 14 0 47 70.2 29.8 

29a 25 20 1 46 54.3 43.5 

 

3.3.3. Characterising the general radiation stress response using the miRStress 

database 

Alongside hypoxia, radiation stress entries represented a significant proportion of the literature 

base for the database. In order to better understand the radiation induced bystander effect, radiation 

stress has been further analysed for this chapter. The miRStress database documents data for many 

different types of radiation stress. For the purposes of the database the term ‘radiation treatment’ 

was used, referring to all forms of intentional experimental radiation exposure. The overall 

radiation treatment group can be divided into ‘specific treatments’ including X-rays, γ-rays and α-

particle radiation. As of the date of publication in June 2013, the first release of the database 

contained entries for radiation from 56 different papers, with 304 individual microRNA species 

deregulated following radiation stress. 

3.3.4. MicroRNAs deregulated during the general radiation stress response 

To characterise the ‘general’ radiation response of cells – that is the response of cells or tissues to 

all types of radiation at all doses - the miRStress database was interrogated using the search term 

‘radiation’. The top twenty microRNA results returned were selected for analysis (Table 3.2). The 

top results for deregulation included miR-21, miR-34a and several members of the let family.  As 

for many of the other microRNAs in the top twenty list, these have previously been shown to play a 

functional role in response to radiation (Chaudhry et al., 2013; Mert et al., 2012).  Several 

microRNAs not previously associated with radiation response were also identified in the list, for 

example, miR-106a, miR-15b and miR-19b.  
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In order to test that the results from the database reflected actual changes in microRNA expression 

and were not purely coincidental, twenty ‘control’ microRNAs were also selected that only 

appeared once in the radiation microRNA list. These were not likely to play a significant role in 

radiation response. Overall the data demonstrates that miRStress can help in identifying novel 

candidates involved in the general radiation response by identifying consistently deregulated 

microRNAs across all of the published data and amongst overrepresented microRNAs.  

Table 3.2. MiRStress-generated list of the top twenty deregulated microRNAs following radiation 

treatment. NR = Not recorded – the direction of deregulation was unknown for the deregulation event. 

microRNA Up Down NR Sum % Upregulated % Downregulated 

21 11 6 1 18 61.1 33.3 

34a 11 6 0 17 64.7 35.3 

16 10 5 1 16 62.5 31.3 

17 8 6 1 15 53.3 40.0 

let-7b 5 9 1 15 33.3 60.0 

let-7g 9 5 0 14 64.3 35.7 

let-7a 5 8 1 14 35.7 57.1 

let-7f 6 7 0 13 46.2 53.8 

19b 6 5 1 12 50.0 41.7 

let-7d 4 6 2 12 33.3 50.0 

let-7c 7 5 0 12 58.3 41.7 

125b 5 6 1 12 41.7 50.0 

143 4 5 2 11 36.4 45.5 

24 8 3 0 11 72.7 27.3 

20a 4 6 1 11 36.4 54.5 

15b 4 5 2 11 36.4 45.5 

106a 3 6 1 10 30.0 60.0 

106b 4 5 1 10 40.0 50.0 

let-7e 4 6 0 10 40.0 60.0 

221 8 2 0 10 80.0 20.0 

 

3.3.5. Predicted radiation pathways in the general radiation response 

To assess whether the microRNA lists corresponded to actual radiation response events in the cell, 

KEGG pathway analysis was performed to search for pathways associated with the lists of 

miRNAs. In order to obtain the list of predicted KEGG pathways each of the twenty ‘radiation’ and 

‘control’ microRNAs previously established was entered into miRwalk and the high confidence 
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targets entered to DAVID. The criteria for radiation-related pathways was that the pathway 

appeared at least three times in the radiation microRNA list and at an incidence of 50% or below in 

the corresponding control microRNA list.  

As seen in (Table 3.3) the MAPK signalling pathway was the top pathway reported, targeted by 

sixteen microRNAs followed by pathways such as focal adhesion and TGF-ß signalling. These 

predicted pathways appear consistent with what might be expected for the radiation response. 

Table 3.3. Top six pathways predicted with high confidence to play a role in radiation response. Using 

KEGG pathway analysis the top twenty deregulated radiation/control microRNAs were used to create lists of 

high confidence targets to identify pathways involved in the radiation response. 

Name of KEGG pathway 
Number of radiation 

microRNAs predicted to 
target the pathway 

Number of control microRNAs 
that are predicted to target the 

pathway 
MAPK signalling pathway 16 4 

Focal adhesion 12 6 

Endocytosis 11 4 

Axon guidance 9 5 

TGF-β signalling pathway 8 3 

ECM-receptor interaction 7 0 

3.3.6. Validation of the miRStress database results 

In order to ensure that the predicted microRNA lists and pathway results obtained were 

representative of the microRNAs deregulated following stress responses, steps were taken to 

validate the database. To confirm that the predicted pathways do indeed reflect changes in mRNA 

expression following irradiation, eighteen microarray datasets were downloaded and the genes for 

real mRNA changes analysed using DAVID as in the radiation analysis. The results for this were 

then compared to the predicated pathways from the previous analysis. Results showed that the 

radiation predicted pathways appeared on average 4.2 times in the list of actual mRNA radiation 

pathways, compared to 1.5 times for the control predicted pathway (Figure 3.4a). This is a 

significant difference (p = 0.002), confirming that the predicted radiation pathways reflect the 

radiation pathways that have been shown experimentally reported as affected following irradiation.  

 

Further validation of the biological relevance of the radiation microRNA data was performed using 

NCI-60 datasets, from a panel of 60 tumour cell lines used in anticancer drug screening 

(Shoemaker, 2006), and then testing using Pearson correlations (Figure 3.4b). The SF5 (surviving 

fraction of cells after a 5 Gy dose of radiation) value for each cell line and levels of microRNA 

expression in the E-MTAB-327 dataset (Patnaik et al., 2012) were used and Pearson correlations 

used to establish relationships within the data. The results showed that the Pearson correlation for 

the radiation microRNAs was significantly higher than the average for the control microRNAs (t 
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test, p = 0.017). A coefficient of determination (R2) test was also performed and showed that the 

average R2 value was three times higher than for the control microRNAs, demonstrating that the 

radiation microRNAs were more likely to correlate with sensitivity than the control microRNAs. 

This suggests that the microRNAs identified by miRStress are indeed biologically relevant and not 

random sampling artefacts. 

A receiver operating characteristic (ROC) curve analysis was also performed to check that 

miRStress was identifying microRNAs genuinely associated with the radiation response. By coding 

the number of times that a microRNA appeared in the radiation or control microRNA list with a 

binary input referencing whether the microRNA has been shown to cause a functional change in 

the literature, it was possible to determine whether the tool was a true test. The area under the curve 

(AUC) value was 0.857, indicating a test of good sensitivity and specificity. In conclusion the 

results support that the miRStress database is both a sensitive and specific tool, able to produce lists 

of biologically functional microRNAs and their corresponding mRNA targets. 

 

 

 

 

 

Figure 3.4. Radiation-responsive microRNAs predicted by miRStress are biologically relevant. A: The 

average frequency with which the miRStress predicted control or radiation pathways appears in the observed 

pathways from the microarray dataset analysis is shown. Error bars = SEM. B: MiRStress predicted 

radiation and control microRNAs used in part A were used to test for correlations between SF5 and 

microRNA levels across the NCI-60 panel. The radiation microRNAs have a significantly higher correlation 

with radiosensitivity compared to the control microRNAs (t test, p < 0.02). Magnitude of Pearson 

correlations values were created by converting negative values into positive values. Error bars = SEM. 
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3.3.7. MicroRNAs deregulated following X-ray irradiation 

In order to establish whether the response to ionizing radiation in the form of X-rays was similar to 

that of the general radiation response, analysis was performed to obtain a list of microRNAs 

deregulated following X-ray irradiation and their associated predicted pathways. A total of 22 

papers were found documenting the deregulation of microRNAs following exposure to X-rays at 

varying doses and varying time points out of the 56 radiation papers in the database (Table 3.4). 

The most deregulated microRNAs included let-7g (Chaudhry, 2014), miR-221 (Rao et al., 2011) 

and miR-24 (Meng et al., 2015). Many of the microRNAs in the list had been shown to play a 

functional role in radiation response; however novel candidates such as miR-191, miR-29b, miR-

156 and miR-206 had not been documented at the time of publication. The top five deregulated X-

ray microRNAs were also more frequently upregulated than downregulated, with only miR-148b 

upregulated in 100% of cases. Consequently, the list contains both established and novel RNA 

candidates involved in the X-ray response. 

Table 3.4. MiRStress-generated list of the top twenty deregulated microRNAs deregulated following X-

rays. NR = The direction of deregulation was not recorded in the paper.  

microRNA Up Down NR Sum % Upregulated % Downregulated 

17 6 2 0 8 75 25 

221 6 1 0 7 85 14 

24 5 2 0 7 71 29 

34a 5 2 0 7 71 29 

Let-7g 5 2 0 7 71 29 

106b 4 2 0 6 66 34 

191 3 3 0 6 50 50 

20b 4 2 0 6 66 34 

21 4 2 0 6 66 34 

222 3 3 0 6 50 50 

29b 3 3 0 6 50 50 

Let-7a 2 4 0 6 33 67 

Let-7b 2 4 0 6 33 67 

106a 3 2 0 5 60 40 

148b 5 0 0 5 100 0 

15a 4 1 0 5 80 20 

15b 2 3 0 5 40 60 

16 4 1 0 5 80 20 

194 4 1 0 5 80 20 

206 3 2 0 5 60 40 
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3.3.8. Predicted pathways in the X-ray response 

The top twenty X-ray induced microRNAs and twenty randomly selected control microRNAs were 

used to produce a list of KEGG pathways as previously described for the general radiation response 

(Table 3.3), this time for X-ray response only. The results showed that a number of pathways were 

deregulated following X-ray exposure, including endocytosis, the TGF-β signalling pathway and 

the MAPK signalling pathway as found in the general radiation response (Table 3.5). Other 

pathways not found in the general radiation response included SNARE interactions and the 

adherens junction was at the top of the list, suggesting pathways potentially unique to the X-ray 

response. 

Consequently the top predicted pathways following X-irradiation differed from those pathways 

found for the general radiation response. A comparison of the top six pathways for each group 

demonstrated notable differences as only two of the top six pathways for the radiation response 

were found in the X-ray predicted pathway list. The remaining pathways in the general radiation 

response list were found in the X-ray predicted pathway list, but lower down in the results, 

suggesting that the X-ray radiation response is distinct from the general radiation response, or that 

more study is required to elucidate the pathways involved in the X-ray response. An increased 

number of publications would also diversify the dataset leading to discovery of new microRNAs 

and their associated pathways. 
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Table 3.5 Top KEGG pathways predicted with high confidence to be deregulated in the X-ray 

response. Using KEGG pathway analysis the top twenty deregulated X-ray/control microRNAs were used to 

create lists of high confidence targets to identify pathways involved in the X-ray response. 

KEGG pathway 
X-ray 

microRNAs 

Control 

microRNAs 

Endocytosis 14 3 

Axon guidance 14 4 

SNARE interactions in vesicular transport 14 0 

Vascular smooth muscle contraction 14 1 

Adherens junction 14 0 

Lysine degradation 14 0 

Oocyte meiosis 14 0 

Adipocytokine signalling pathway 14 1 

Alanine, aspartate and glutamate metabolism 14 0 

Fc epsilon RI signalling pathway 14 1 

MAPK signalling pathway 10 3 

Focal adhesion 10 3 

Wnt signalling pathway 7 3 

TGF-beta signalling pathway 5 1 

p53 signalling pathway 5 0 

Melanogenesis 4 2 

Acute myeloid leukaemia 4 0 

ECM-receptor interaction 4 2 

Cell cycle 4 0 

ErbB signalling pathway 3 0 

Progesterone-mediated oocyte maturation 3 1 

Limonene and pinene degradation 3 0 

T cell receptor signalling pathway 3 0 
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3.3.9. Comparison of the general radiation response and the X-ray response to 

radiation 

A comparison of the general radiation and the X-ray specific microRNA response was carried out 

to establish common and unique microRNAs deregulated following the two groups of radiation 

stress and to offer clues as to novel candidates involved in response to the different modes of 

radiation. Overall the general radiation and X-ray response results contained similarities as 

expected as they are derived from the same dataset, but also notable differences. The top twenty 

microRNAs deregulated following X-ray exposure contained twelve of the top twenty microRNAs 

in the list for the general radiation response, including miR-21, miR-34a, miR-17 and let-7g. 

Consequently, eight of the top twenty deregulated microRNAs following general radiation 

exposure were not present in this list suggesting distinct responses of X-ray irradiated cells (Figure 

3.5). Eight microRNAs were unique to X-ray stress. These included miR-222, miR-15a and miR-

206 that have not previously been reported as functionally involved in radiation response. 

Consequently, in this chapter novel microRNA candidates have potentially been identified and 

suggest that the cellular response is different for different modes of radiation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Overlap of microRNAs involved in the general radiation response and the X-ray response. 

The general radiation response and X-ray response microRNAs predicted using the miRStress database 

All radiation 
entries 
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shared twelve common microRNA candidates and had eight unique candidates each. 

3.4.  Discussion 

Many studies have been published documenting deregulated microRNA expression in cells and 

tissues following various conditions of stress. The studies are however disparate and contain data 

from a wide variety of experimental conditions and models. There is also a certain levels of bias in 

these studies towards more ‘popularised’ microRNAs. Consequently, the miRStress database was 

created so that the data could be studied as a whole. Compiling all of the significant published data 

into one searchable resource enables a cell and organism-wide approach to the study of the 

eukaryotic stress response so that new inferences may be more effectively made. 

One key aim of the database construction was to establish novel candidate RNAs and pathways 

involved in the radiation response. The miRStress database made it possible to address this aim 

effectively, and, as shown, productively. Due to the different effects of different radiation types 

upon cells, each microRNA response is likely to be individual to an extent; however it is possible 

that a characteristic radiation response of cells may exist. Consequently a ‘general’ radiation 

response analysis was performed to construct a list of the top deregulated microRNAs across all 

radiation modes. Some attempts have been previously made to draw together some of the published 

information on radiation (Dickey et al., 2011; Lhakhang & Chaudhry, 2012), however these were 

not inclusive of all the published radiation data and therefore only offer partial insights into the data 

as a whole.  

3.4.1. Stress and the general radiation response 

The microRNA lists generated for the general radiation response reported a number of microRNAs 

that have been well documented in the literature as anticipated, as well as a number of microRNAs 

that may be considered as novel candidates. The top twenty deregulated microRNAs included miR-

21, miR-34a and miR-16. These microRNAs have not only been extensively reported in the 

literature, but also documented as functional following radiation exposure. It has been 

demonstrated in vivo that miR-21 increases significantly in the serum of women receiving ionizing 

radiotherapy for breast cancer and that it could be used as a biomarker for those having received 

ionizing radiation (Halimi et al., 2014). Furthermore, the role of the tumour suppressor p53 in 

genotoxic stress response is well documented and has been shown to form a feedback loop with 

miR-34a and SIRT1, an NAD-dependent lysine deacetylase, to modulate p53 responses that may in 

turn play a role in microRNA maturation and expression (Herbert et al., 2014). This study 

demonstrated that in p53-mutant keratinocyte cells, mature miR-34a levels were reduced and that 

SIRT removal resulted in lower pri-miR-34a levels. In combination, this led to failed microRNA 

maturation of miR-34a, and also miR-16, another p53 regulated microRNA. This demonstrates that 



42 
 

not only do these RNAs become deregulated following stress, but they may also be linked in a 

complex signalling network via other pathways in response to radiation stress on a functional level. 

Many of the microRNAs reported for the general radiation response have been shown to play roles 

in the radiation response of cells. Members of the let-7 family were also found in the general 

radiation response list and are well documented in the radiation response. It was shown in TK1 and 

WTK1 cells that following ionizing radiation exposure of 0.5 Gy and 2 Gy, eight of the let family 

were deregulated, being up regulated in TK6 cells but down regulated in WTK1 cells (Chaudhry et 

al., 2010). Furthermore, let-7a and let-7b were shown to be down regulated following ionizing 

radiation (Saleh et al., 2011) via a p53 dependent mechanism with p53 or ATM null colon cancer 

cells and knockdown mice not exhibiting down regulation of these microRNAs and the same effect 

was observed in knockdown mice. Despite being reported as deregulated in cells following ionizing 

radiation, let-7 family members remained at normal levels in bystander cells (Chaudhry & 

Omaruddin, 2012).  Interestingly, the top microRNAs deregulated following radiation response 

were similar to those found in an overall list of the top ten deregulated microRNAs found in 

response to all stresses in the database (Table 3.1). This is consistent with the fact that the radiation 

response is likely to be linked in to the overall stress response of the cell and that is reflected in the 

miRStress database. 

The potential novel candidate microRNAs for the general radiation response in the list not reported 

at the time of publication in any of the radiation literature included miR-15b, miR-19b and miR-

106a. Recently, however, miR-19b has been identified as playing a role in radiation response 

(Leung et al., 2014). Whilst being over-expressed in breast cancer, it was significantly down-

regulated following a single dose of ionizing radiation. Leung et al. also reported that the miR-17-

92 cluster plays a role in radiation signalling pathways in cancer cells, with several of the miR-17-

92 cluster appearing in the general radiation top twenty list (miR-17,-19b and 20a). This 

demonstrates the utility of the miRStress database in identifying novel radiation microRNA 

candidates and that miR-15b and miR-106a remain as novel candidates in the radiation response 

that could be specifically tested functionally. 

Pathway analysis was also performed on the microRNA lists to produce pathways known to be 

involved in the general radiation response. The MAPK pathway was the top-deregulated pathway 

in the general radiation response. As reported in the literature, the MAPK complex superfamily of 

pathways is extensively involved in radiation response (Dent et al., 2003). Cellular responses to 

radiation may also lead to self-stimulation of cells via their own signalling mechanism through 

members of the MAPK family, causing cytosolic events to reoccur in the affected cells (Valerie et 

al., 2007). These events may play a role in conditioning the cell in preparation for future radiation 

exposures. Other top pathways included the TGF-ß signalling pathway, extensively linked to both 

the direct (Lhakhang & Chaudhry, 2012) and indirect (Chai et al., 2013) effects of radiation. In 

terms of indirect radiation effects, including phenomena such as the bystander effect, TGF-ß and 
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TGFBR1expression was shown to be upregulated in non-targeted lung tissue following lower 

abdominal radiation to mice (Chai et al., 2013). Specifically, up regulation of the TGFBR1 receptor 

was significantly increased. This is known to be linked to COX-2 expression – a key component in 

the non-targeted response of radiation such as the bystander effect (Zhou et al., 2005). This reflects 

the fact that the radiation response pathways revealed by the database may also offer clues to 

pathways involved in the non-targeted effects of radiation also.  Understanding new pathways may 

also help to identify other candidate microRNAs within those pathways. 

3.4.2. Stress and the X-ray response 

A separate analysis of the X-ray radiation entries exclusively was performed to compliment the 

experiments in this thesis. The X-ray papers made up twenty two of the fifty six papers on radiation 

in the database, therefore it is likely that the microRNAs deregulated in these papers reflect at least 

in part the general radiation response but also give a flavour of the X-ray response specifically. 

Many of the microRNAs in the top twenty were similar to that of the general radiation response, 

however there were differences. The top microRNAs were miR-17, miR-221 and miR-24, with 

miR-21 and miR-34a appearing notably further down the rankings than for the general radiation 

response, suggesting that other microRNAs play a more prominent role in X-ray response. MiR-17 

has been shown to negatively regulate the ATG7 pathway involved in cellular survival and death 

(Comincini et al., 2013). Furthermore, sensitization of cells to radiation is anticipated to be an 

adaptation of cells to survive future assaults, miR-221 binding with antagomirs has been shown to 

sensitize cells by up-regulating PTEN expression (Xue et al., 2013) and also via the p27 pathway in 

glioblastoma cells (Gillies & Lorimer, 2007). Overall this suggests a role of microRNAs in cell 

survival following X-ray assault. Several novel candidates for the X-ray response different to those 

found for the general radiation response were also identified, including miR-191, miR-29b, miR-

156 and miR-206. The fact that all of these novel candidates are different to those found for the 

general radiation response suggests that the X-ray response is indeed characteristic.  

For the X-ray analysis, the predicted pathways profile was also somewhat different to the general 

radiation response (Table 3.3). The top six deregulated pathways were very different to those of the 

general response, only including two from the general radiation response list. Interestingly, 

‘SNARE interactions in vesicular transport’ was one of the top pathways reported for X-ray 

response. It is known that SNARE processes play a role in the release of EVs from cells (Südhof & 

Rothman, 2009). EVs have been shown to be released in response to radiation (Arscott et al., 2013) 

and to play a role in the radiation induced bystander effect (Al-Mayah et al., 2012; Jella et al., 

2014). It is possible, therefore, that the release of EVs or vesicles from cells may play a role in 

cellular response to X-rays.  
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3.4.3. Important considerations in the identification of novel microRNAs 

A potential reason for some of the novel microRNA candidates suggested in this work not having 

yet been tested functionally may be due to the fact that they are not amongst the traditionally well-

studied microRNAs. Such bias in the microRNAs reported might also be explained by the use of 

specific primers in qPCR studies or the type of chip used for microarrays that hold different 

microRNA combinations and species. Older microarray systems may have also contained fewer 

genes. The more open platforms including RNA Seq and high-throughput PCR have likely more 

recently given undiscovered candidates the opportunity to appear in the lists produced by the 

database. Indeed it is also important to note that microarray platform results have been shown to 

differ from RNA sequencing results, for example, and that the comparison of results from the two 

platforms must be carefully monitored (Marioni et al., 2008; Mortazavi et al., 2008).  

There are advantages and disadvantages of using different technologies to study gene expression. 

In qPCR studies single primers are often used as they can sensitively detect their target of interest. 

Alternatively, microarray has the ability to probe a large number of genes simultaneously, but at a 

lower level of sensitivity and often at greater cost. Consequently the miRStress database aims to 

combine the data from such different platforms. It is also important to note however, that even 

though the database is unlikely to provide ‘false positives’ it cannot be said that because a 

microRNA is not returned by the database that it is definitely not involved in the radiation 

response. Only data from further study of the microRNAs deregulated following radiation response 

can produce this information to identify ‘false negatives’.  

Compiling all of the published data into the miRStress database has enabled a wider, cellular-level 

approach for investigation of both well-established and novel microRNAs involved in the stress 

response. From the lists of deregulated microRNAs for each stress, mRNA targets for individual 

microRNAs were used to identify pathways related to stress responses. Studying the published data 

as a whole carries importance as at face value the literature is dominated by common microRNAs. 

These microRNAs are well characterised and have been shown to play lead roles in the stress 

response based upon previous publications. This bias can cause less obvious, but still important, 

functional microRNAs to be missed or discounted as they have not been prominently reported. 

Such lesser-known microRNAs might be consistently deregulated in the microRNA lists across the 

literature but have not been further characterised. The ROC analysis and Pearson correlations used 

to validate the miRstress database support that it produces lists of biologically relevant radiation 

microRNAs and consequently to the other stresses in the database. 

Regarding specific phenomenon such as the bystander effect a cell-wide view of microRNAs 

deregulated in response to radiation is valuable, as the amount of data related to radiation assault, 

microRNAs and bystander effect is still relatively small. Facilitating a meta-analysis of the data can 

therefore offer clues as to which microRNAs might be viable candidate molecules for the bystander 



45 
 

effect. Experimental analysis may then be performed on these candidates as opposed to blind 

testing for novel microRNA candidates. 

 

 

 

3.5.  Conclusion 

In conclusion, the responses of the two different radiation analyses suggest that the general 

response and the X-ray response share similarities, but however also exhibit notable differences.  

Each group reported eight unique microRNAs that were not present in the other group’s list. For 

the general radiation response, pathways such as the MAPK pathway and TGF-ß signalling 

pathway were amongst the top pathways changed. Indeed, both pathways have been shown to play 

roles in general radiation response in the literature. The role of the MAPK and TGF-ß signalling 

pathways in radiation response of breast cancer cells has recently been reported alongside the 

presentation that members of the miR-19b family were deregulated in response to radiation (Leung 

et al., 2014). As miR-19b was one of the novel radiation candidates presented by the miRStress 

database it can be postulated that the other radiation microRNA candidates may come to light as 

functional in the radiation response of cells and supports that care should be taken to screen lesser-

known microRNAs in future studies.  

Taken together, the analysis and validation of the miRStress database suggests that the database 

produces lists of microRNAs that are both sensitive and specific, and also that the lists produced 

are of biological relevance. The microRNAs deregulated and pathways involved may also be 

different between different modes of radiation and future work will aim to establish common and 

unique changes following radiation exposure that will improve our understanding of the radiation 

response. 
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Chapter 4 Extracellular vesicles, RNase and the Bystander Effect 

4.1. Introduction 

The bystander effect is a well-established phenomenon; however the exact mechanism or 

combination of molecules responsible for the observed DNA damage have yet to be identified. In 

initial studies of BE, the induction of chromosomal damage was observed in mouse bone marrow 

stem cells following α-particle irradiation (Kadhim et al., 1992; Lorimore et al., 1998; Bowler et 

al., 2006). Media transfer between irradiated and unirradiated cells has been shown to mediate 

DNA damage in recipient cells (Mothersill & Seymour, 1997). The candidate mediators of 

bystander effect were consequently believed to be the types of molecules released into the 

extracellular environment by cells, for example cytokines or ROS (Havaki et al., 2014). However, 

recently EVs have been suggested to play a role in bystander effect (Al-Mayah et al., 2012). EVs 

are a component of cell media that are of interest in intracellular communication but had not 

previously been documented as potential bystander effect candidate messengers in irradiated cell 

media. Owing to their small size, EVs easily evade filtration steps normally incorporated into 

media transfer protocols.  

Characterisation of populations of EVs from different sources under different biological conditions 

is important for better understanding their mechanism of action in health and disease. EVs are 

characterised by a variety of methods, including sizing, surface protein marker determination and 

electron microscopy (Vlassov et al., 2012). A number of technologies and protocols have been 

gradually developed as the study of EVs presents individual challenges owing, in particular, to their 

small size and lengthy extraction procedures. In addition to their various biological functions, 

various mRNA and microRNA species have been demonstrated in EVs from human and mouse cell 

lines shown to contain biologically functional forms of mRNA and microRNA via in vitro 

translation experiments (Valadi et al., 2007). RNAs in irradiated cells, in particular microRNAs, 

have been shown to be differentially modulated in directly irradiated and bystander cells, therefore 

it is postulated that they may play a role in radiation response (Chaudhry & Omaruddin, 2012). The 

radiation-induced microRNA transcriptional landscape in directly irradiated cells has also been 

characterised by RNA deep sequencing (Chaudhry et al., 2013) and, furthermore, a distinctive 

interactome exists between the gene targets of these deregulated microRNAs (Lhakhang & 

Chaudhry, 2012).  

The first study to implicate EVs in radiation response demonstrated that EVs derived from breast 

cancer cells irradiated with X-rays mediated the bystander effect (Al-Mayah et al., 2012). 

Interestingly, RNase treatment of the EVs abrogated the observed bystander effect, suggesting that 

an RNA molecule in association with EVs may play a role in the radiation response of cells and 

their subsequent bystander signalling to surrounding cells. The uptake of EVs has also been shown 

to be increased following radiation whereby EVs released from irradiated cells bind to CD29/CD81 
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complexes that have co-localised on the recipient cell surface (Hazawa et al., 2014). This in turn 

results in increased cellular uptake of EVs following radiation stress and may play a key role in 

influencing populations of cells in the radiation response and during bystander effect.  

In this chapter, to better understand the role of EVs and their cargo in radiation response and 

bystander effect, MCF7 cell EVs released from both unirradiated and irradiated cells have been 

studied with the aim of better understanding their release, morphology and ability to induce 

bystander effect in recipient cells.  
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4.2.  Materials and methods  

MCF7 cell culture was performed as previously described in section 2.1 and assay methods  

performed as previously published (Al-Mayah et al., 2012). 

4.2.1. Media collection from irradiated and unirradiated cells 

For radiation experiments MCF7 cells were seeded at approximately 2.1 x106 for a T75 flask and 

4.5 x106 for a T175 flask. Directly prior to irradiation, cleared media was placed onto cells that 

were ~ 70% confluent. Cells were irradiated at the Gray Institute for Radiation, Oncology and 

Biology (University of Oxford), using a Siemens Stabiliplan X-ray machine (Siemens, Munich, 

Germany) delivering a total dose of 2 Gy. Sham-irradiated flasks were taken to the radiation 

facility but the flasks were not exposed to X-rays. Conditioned media was then removed at either 

four or eight hours post irradiation, centrifuged at 200 x g  for five minutes to remove cellular 

debris and the supernatant  filtered through 0.22 µm filters blocked with 0.1% BSA/PBS solution 

(Sigma, A4919; Sigma, D8662) and applied to fresh cells at ~70% confluency or stored at 4°C for 

further processing. Directly irradiated cells were fed with fresh complete media and both directly 

irradiated and bystander cells assayed at 24 hours post treatment by alkaline comet assay or an 

alternative end-point.  

4.2.2. Sucrose density gradient centrifugation of EVs 

The buoyant density of EVs was tested using sucrose gradient ultracentrifugation. EV pellets were 

resuspended in 1.8 mL 2.5 M sucrose (S0389, Sigma) in 20 mM HEPES (H3537, Sigma). A 

stepwise sucrose gradient was produced by overlaying eight individual fractions of 0.25–2 M 

sucrose solutions in individual steps carefully on top of the EV sample in ultracentrifuge tubes 

(Beckman, 344061). The samples were ultracentrifuged at 120,000 x g at 4˚C for 17 hours 

overnight. The fractions were then removed in 1.8 mL fractions and then resuspended in 20 mM 

HEPES. These fractions were centrifuged again at 120,000 x g for one hour and the extracellular 

vesicle pellets resuspended in 50 µl PBS and further analysed using electron microscopy.  

4.2.3. Transmission Electron Microscopy (TEM) of extracellular vesicle samples 

For TEM grid preparation an aliquot of extracellular vesicle sample was combined 1:1 with freshly 

made 4% PFA (Sigma, 158127) and chilled for 15 minutes on ice. The samples were then placed as 

a single drop onto a strip of Parafilm (VWR, 52858). Carbon-formvar coated copper grids, 200 

mesh (F077, TAAB), were placed dull-side down onto the extracellular vesicle/PFA drop and left 

to incubate for 30-45 minutes at room temperature. Grids were then sequentially placed sample-

side down onto three 30 µl drops of 0.22 µm filtered ultrapure water for one minute each and the 

side of the grids carefully touched to a filter paper between each drop to remove excess solution. 

Grids were then placed sample-side down onto a 30 µl drop of 2% (w/v) aqueous uranyl acetate for 

two minutes. The grids were touched to the filter paper once more and left to air dry sample-side up 
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for one hour. Grids were stored in a grid box for analysis using a Hitachi H7650 transmission 

electron microscope (TEM) at 120 kV. For the sizing experiments, EVs were sized using the count 

function in the AMT software (Advanced Microscopy Techniques, Massachusetts, USA) and the 

lists of sizes compared (n = 100 per replicate). 

4.2.4. Nanoparticle Tracking Analysis (NTA) using the NanoSight NS500 

In order to quantify and size EVs, use of the NanoSight NS500 (NanoSight, Malvern Instruments) 

was kindly facilitated by Dr Chris Gardiner at the Nuffield Department of Obstetrics and 

Gynaecology, John Radcliffe Hospital (University of Oxford). The NanoSight was calibrated using 

5% (v/v) silica microspheres, 0.10 μm (colloidal) (Polysciences, Warrington, PA), diluted 1 in 

100,000 to give a concentration of 5.29 x 108/ml prior to each day of use. Extracellular vesicle 

samples resuspended in PBS were loaded onto the machine and typically diluted 1:20 to 1:50 to 

ensure that the extracellular vesicle concentration was within the recommended range (1 × 108-8 × 

108 particles/ml) of the instrument for accurate results (Dragovic et al., 2011). The exported results 

were adjusted to take into account the dilution of the sample. Background PBS readings were also 

performed prior to analysis to identify any contaminating particulate matter that might be mistaken 

as vesicles. Five technical replicates in the form of five 30 second videos were recorded for each 

biological replicate and the analysis performed with the NanoSight v2.3 software (NanoSight, 

Malvern Instruments). Excel spreadsheets of combined results and all other files produced were 

stored on an external hard drive and Student’s t-tests performed on the data. 
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4.3.  Results 

4.3.1. Bystander response in non-irradiated cells following media transfer from directly 

irradiated cells 

In order to establish the effects of 2 Gy X-ray irradiation on MCF7 cells, directly irradiated cells 

were assayed for DNA damage using the alkaline comet assay. Results showed that direct 

irradiation with 2 Gy X-rays had the ability to induce statistically significant DNA damage (Figure 

4.1A). BE is traditionally studied using a media transfer model, with direct transfer of media using 

flasks, or via trans-well systems (Butterworth et al., 2013). As previously described, media transfer 

from directly irradiated MCF7 cells causes bystander response in recipient cells (Al-Mayah et al., 

2015; Al-Mayah et al., 2012). Media from irradiated cells induced statistically significantly higher 

levels of DNA damage than media transferred from unirradiated control cells (Figure 4.1A). These 

results demonstrate that the bystander effect is mediated by conditioned media taken from 2 Gy 

irradiated cells at four hours post-irradiation.  

4.3.2. Extracellular vesicle transfer and the bystander effect  

It has been demonstrated that it is the EV fraction of the media from irradiated cells that has the 

ability to mediate bystander effect (Al-Mayah et al., 2012; Jella et al., 2014). In order to discern the 

fraction of the media responsible for mediating the bystander effect, MCF7 cells were irradiated 

with 2 Gy X-rays, the media was harvested and separated into an extracellular vesicle fraction and 

a supernatant fraction by ultracentrifugation. The EV fraction of the media taken from the 

irradiated media was able to significantly induce DNA damage in recipient cells compared to 

unirradiated control cells, however the supernatant fraction was not (Figure 4.1B). Overall, this 

confirmed that the factor responsible for mediating bystander effect can be found in the 

extracellular vesicle fraction of the cell media.  
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Figure 4.1. Irradiated cell media and EVs mediate bystander effect.  A: DNA damage is induced in 2 Gy 

directly irradiated cells and media transfer from irradiated cells causes a significant induction in DNA 

damage in bystander recipients compared to control media. Two biological replicates, n = 400. B: EVs taken 

from 2 Gy irradiated cells significantly increase DNA damage in MCF7 cells compared to EVs from 0 Gy 

cells. Supernatant from irradiated cells does not induce DNA damage in bystander cells (p = 0.44). 

Supernatant from 2 Gy irradiated cells induced significantly less DNA damage than 2 Gy EVs. Three 

biological replicates, n = 400. Dir Irr = directly irradiated. BE = Bystander Effect. Exo = exosome/EV. Sup 

= supernatant. Mann-Whitney test, *p < 0.05, **p<0.01. Circles represent ‘outliers’ more than 1.5 box 

lengths from a hinge of the plot and diamonds represent ‘extreme values’ that are more than three box 

lengths out. 
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4.3.3. Effects of RNase on levels of MCF7 EV RNA 

To establish how RNase A treatment affects the RNA content of EVs, RNase treatment of MCF7 

EVs was performed and the RNA contents measured using the Agilent 2100 Bioanalyzer. Results 

showed that when non-lysed EVs were treated with RNase there was a drop in EV RNA 

concentration of 27% compared to complete RNA isolation from MCF7 EVs with no RNase 

treatment (Figure 4.2). When the RNA was extracted from EVs and then RNase treated, there was 

a drop in the EV RNA concentration of 41% compared to the control. Taken together, these results 

suggest that some RNA is found associated on the outside of the extracellular vesicle, but also that 

a portion of RNA is protected internally.  

4.3.4. RNase treatment of irradiated cell EVs abrogates the bystander effect 

In order to confirm that an RNA molecule is involved in the bystander effect, control and irradiated 

cell EVs were treated with RNase prior to transfer to recipient cells. Results showed that RNase 

treatment of 2 Gy EVs abrogated their ability to mediate bystander effect as previously observed 

(Al-Mayah et al., 2012) (Figure 4.3).  

 

Figure 4.2. RNase treatment of EVs affects EV RNA contents. A: RNase treatment of intact EVs (EVs + 

RNase) or RNA extracted from EVs (EV RNA + RNase) causes degradation of the RNA compared to the 

control (EVs – RNase). B: RNase treatment of EVs and EV RNA results in a drop in the concentration of 

RNA compared to control EV RNA. C: The concentrations of EV RNA samples treated with RNase. Two 

biological replicates. All RNA quantified using the Agilent 2100 Bioanalyzer Pico kit. Normal FCS used to 

supplement media. Error bars = SEM. 
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Figure 4.3. RNase treatment abrogates EV mediated DNA damage. RNase treatment of 2 Gy EVs 

resulted in a significant decrease in their ability to cause DNA damage in MCF7 bystander cells. Four 

biological replicates, n = 400. Mann-Whitney test, ** p < 0.01. Circles represent ‘outliers’ that are more 

than 1.5 box lengths from a hinge of the plot and diamonds represent ‘extreme values’ that are more than 

three box lengths out. 
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4.4.  Characterisation of EVs 

4.4.1. Cleared media and extracellular vesicle extractions 

Cell media contains bovine EVs from the FCS that is used to supplement it, therefore in order to 

establish their levels in the media used in these experiments nanoparticle tracking analysis (NTA) 

was used to quantify the number of particles in the media supplemented with various types of FCS. 

These included normal FCS used to supplement cell media, in-house single- or double- cleared 

FCS and cleared FCS purchased from Systems Biosciences. Results showed that both the single 

and double cleared FCS types contained reduced numbers of particles compared to normal, 

unprocessed FCS. The SBI FCS contained the fewest particles (Figure 4.4). As the results only 

demonstrated a small decrease in particle content in double cleared FCS or SBI FCS compared to 

single cleared FCS, the single cleared FCS was used in future experiments as it required the least 

resources to produce and most closely reflected protocols suggested in the literature (Shelke et al., 

2014). 

4.5.  Characterisation of radiation-induced EVs 

4.5.1. Transmission electron microscopy (TEM) of radiation EVs 

Owing to the small size of EVs, electron microscopy in combination with negative staining is used 

to visualise EVs in a sample. With the aim of confirming EV presence and size following 2 Gy X-

ray exposure of cells, electron microscopy of radiation EVs and control EVs was performed 

(Figure 4.5). The results showed that the EVs from both 0 Gy and 2 Gy treated cells were within 

the expected size range of approximately 20-120 nm in diameter and appeared visually similar. 

Some cup-shaped vesicles were also present, likely to be artefacts from the fixation process. 

Overall the EVs in the images were as expected as per the literature (Raposo et al., 1996). 
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Figure 4.4. The concentration of particles differs between different types of FCS. Concentrations 

reported as though supplemented in media (percentage used to supplement media); nFCS = normal FCS 

(10%), clFCS = cleared FCS (5%), DclFCS = double-cleared FCS (5%), SBI FCS = cleared FCS from SBI 

(5%), media only = basal DMEM Hams-F12 media not supplemented with FCS. Error bars = SD. Two to 

three biological replicates for each sample.  

 

 

 

Figure 4.5. EVs from 0 Gy and 2 Gy irradiated MCF7 cells. Both 0 Gy and 2 Gy irradiated MCF7 cells 

release EVs that appear as described in the literature (Raposo et al., 1996). A: 0 Gy EVs. B: 2 Gy EVs. 

Magnification 15000 x, 100 kV. 
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4.5.2. Sucrose density gradient centrifugation of radiation EVs 

To establish the buoyant density of the EVs released from MCF7 cells and thus that the 

ultracentrifugation extraction method used in this study was suitable for extracting EVs sucrose 

density gradient centrifugation was performed. After spinning overnight through a step-wise 

sucrose gradient individual fractions were manually taken from the tube, corresponding to the 

volume of the original fractions layered on top of each other. Consequently the densities reported in 

figure 4.6 are estimated, not accurately measured. Results demonstrated that the density of the most 

heavily populated fraction of sucrose (fraction 3) recovered following centrifugation was 

approximately 1.11-1.13 g/ml (Figure 4.6A). Furthermore, the extracellular vesicle size per sucrose 

gradient fraction and number of EVs found in each fraction were counted. The number of particles 

per frame also suggested a peak in fraction three (~1.1 g/ml). Overall these results suggest that as 

the size of the EVs increased the density of the EVs also increased as expected (Figure 4.6B) and 

furthermore that the preparations contain vesicles with the characteristics of EVs and not larger 

vesicles or apoptotic bodies.  
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Figure 4.6. Sucrose gradient centrifugation of normal MCF7 EVs. A: As the sucrose fraction density 

increased, the size of the EVs increased. Two biological replicates, n = 100. B: Upon manually counting the 

number of particles per frame using the electron microscope, fraction three contained the most EVs. Single 

replicate. Example TEM images of each fraction included in right hand panel. Magnification 15000 x, 100 

kV.  
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4.6.  Novel characteristics of radiation EVs 

4.6.1. Irradiated cells release higher levels of EVs than unirradiated cells 

To better understand the release of EVs from irradiated MCF7 cells, cells were irradiated with 2 Gy 

X-rays and the EVs extracted from the cell media at eight hours post irradiation. Samples were 

analysed using the NanoSight NS500 to quantify the EVs in each preparation (Figure 4.7). Results 

demonstrated that the 2 Gy extracellular vesicle samples showed a marked, but not significant, 

increase in extracellular vesicle release. EVs from 0 Gy irradiated cells released on average 0.037 x 

108 particles/ml MCF7 conditioned media, with EVs from 2 Gy irradiated cells released over two-

fold the concentrations of the 2 Gy EVs, averaging at 0.082 x 108 particles/ml MCF7 conditioned 

media. Overall, this demonstrates an increase in extracellular vesicle release from irradiated cells, 

as seen in the literature (Jella et al., 2014; Al-Mayah et al., 2012).  
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4.6.2. Irradiated MCF7 cells may release smaller EVs than unirradiated MCF7 cells 

In order to establish the size of typical MCF7 derived radiation EVs, NTA sizing was performed 

and electron microscopy images of 0 Gy and 2 Gy cell EVs were analysed. According to the NTA 

analysis there was no significant difference in EV size between 0 Gy and 2 Gy samples (Figure 

4.8A). Contrarily, according to the TEM analysis the size profiles of the EVs released from 0 Gy 

cells versus 2 Gy irradiated cells were different. Across three biological replicates it became 

apparent that the EVs released from cells treated with 2 Gy X-rays were significantly smaller than 

0 Gy cell EVs (Figure 4.8B) (t test, p < 0.01). The EVs released from 2 Gy irradiated cells were on 

average 22.5% smaller than the EVs taken from 0 Gy irradiated cells. Both types of EVs showed a 

peak at around 30-40 nm but 2 Gy EVs were more than twice as abundant at the 40 nm size (Figure 

4.9). It is possible that the smaller size of the 2 Gy EVs reported by TEM may be due to changes in 

the adherent properties of the two different EV samples to the TEM grids, resulting in more of the 

smaller vesicles adhering to the grids and not being lost during washing steps. Overall the increase 

in extracellular vesicle concentration and potential decrease in extracellular vesicle size following 2 

Gy X-irradiation of MCF7 cells reflect novel characteristics of EVs released from irradiated cells, 

however further work will aim to characterise EVs released from different cell lines and under 

different conditions of irradiation. 
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Figure 4.8. EV sizes from 0 Gy versus 2 Gy irradiated cells. A: EV size (nm) as reported by NTA. No 

significant change in size was reported. B: Normalised EV size was measured by measuring individual EV 

size (nm) on TEM images. The size of 2 Gy EVs was 22.5% lower (t test, p < 0.01) than EVs from 0 Gy cells. 

Three biological replicates, n = 100. Error bars SD.  
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Figure 4.9. Irradiated cell EVs show a different size distribution to unirradiated cell EVs. A: Bar chart 

showing 0 Gy vs 2 Gy EV size distribution. Three biological replicates, n = 75-100. Error bars SEM. B: Line 

graph representation of data in (A) reveals a peak for 2 Gy EVs and a shallower distribution for 0 Gy EVs.  
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4.6.3. An increased dose of unirradiated MCF7 EVs does not increase DNA 

damage in recipient cells 

It is possible that BE is observed due to an increase in EV release to surrounding cells. To discount 

this idea, an increasing amount of EVs from unirradiated MCF7 cells were applied to fresh 

recipients. Results demonstrated that up to a four-fold increase in the amount of EVs applied did 

not induce DNA damage in recipient cells (Figure 4.10), therefore suggesting that DNA damage 

response following exposure to EVs is not purely quantitative and that a qualitative change is also 

required. 

 
 

Figure 4.10. Increasing EV dose does not induce DNA damage in recipient cells. Addition of increasing 

proportions of EVs from normal MCF7 cells does not induce significant DNA damage in recipient MCF7 

cells. Two biological replicates, n = 100. Circles represent outliers, diamonds represent extreme outliers. 
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4.7.  Discussion 

Characterisation of EVs released from cells under different conditions is important in developing a 

better understanding of their biological effects. The results in this chapter suggest that radiation 

EVs released from MCF7 breast cancer cells in response to 2 Gy X-rays are able to mediate 

bystander effect and have some different properties to those released from unirradiated cells.  

4.7.1. The Bystander Effect and EVs 

Since the beginning of this project, other studies have emerged documenting the role of EVs and 

RNA in radiation response. It has been established that EVs are released in higher concentrations in 

response to radiation (Jella et al., 2014; Al-Mayah et al., 2015) and also that EVs derived from 

irradiated cells harbour specific mRNA contents (Arscott et al., 2013). The timing of extracellular 

vesicle extraction from the media of irradiated cells may also play an important role in the RNA 

content of these EVs. It is known that following irradiation, the DNA damage response is able to 

start rapidly repairing some single strand DNA lesions and EVs have been shown to be released as 

soon as 20 minutes post stress (Koumangoye et al., 2011). Consequently EVs may play a role in the 

response to radiation assault in cells and their contents may reflect this response at particular 

timings post irradiation.  

The extracellular vesicle fraction of the cell media has been shown in this chapter to carry the 

signal responsible for the bystander effect. It is therefore possible that some of the more classic 

bystander effect mediator candidates such as cytokines and ROS are released from cells in 

association with EVs, as has been demonstrated in HIV-1 infection where cytokines are shuttled 

between cells within vesicles (Konadu et al., 2014). In turn, RNase treatments as a method of 

depleting RNA found in EV preparations have been demonstrated in this chapter to abrogate 

bystander effect. RNase treatments were previously shown to have the same effect (Al-Mayah et 

al., 2012; Al-Mayah et al., 2015), however in what manner RNase affects EV RNA has yet to be 

fully determined. It would be expected that RNase treatment of an extracellular vesicle without any 

other direct lysis of the microvesicles would only act to remove RNA from the outside of the 

vesicle, as found in previous studies (Cheng et al., 2014). In this chapter it has been shown that 

RNase treatment of EVs does not completely deplete RNA, whether RNase treatment of whole 

EVs or extracted EV RNA is assayed. This may be due to the fact that proteinase treatment has not 

been used in association with the RNase treatment (Hill et al., 2013; Al-Mayah et al., 2015). 

Consequently, bystander effect could be mediated by both an RNA molecule and any combination 

of the more classic bystander candidates, or alternatively the bystander effector may be different 

under different conditions of radiation or when released from different cell types. 

The concept that bystander effect may be mediated by RNA is supported by the fact that evidence 

exists demonstrating RNA deregulation in cells in response to irradiation (Chaudhry et al., 2013) 

and also in bystander cells (Chaudhry & Omaruddin, 2012). Furthermore, long non-coding RNAs 
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and snoRNAs are believed to be changed in cells in response to radiation (Chaudhry, 2013), 

suggesting a complex biological response involving various levels of regulation by RNAs and also 

other levels of genetic regulation for example epigenetic regulation (Ilnytskyy et al., 2009). 

4.7.2. Bovine EVs and extracellular vesicle extractions  

It is important to ensure that the purity of a given population of vesicles is measurable in any given 

experiment to establish, for example, contaminating protein content (Webber & Clayton, 2013). 

This is particularly key in the case of profiling EVs as there is often already limited biological 

material available to study, hence contaminants need to be avoided. One such contaminant in EV 

preparations can be bovine EVs from the growth serum that supplements the media and from which 

EVs are extracted. Bovine serum may contaminate extracellular vesicle samples by introducing 

bovine proteins or RNAs that might interfere with proteomics studies or sequencing experiments. 

Furthermore, when quantifying EVs by BCA assay or NTA, bovine EVs may constitute a portion 

of the extracellular vesicle sample, therefore leading to an overestimation of actual desired EV 

protein or concentration of a sample. Fluorescent labels may also be used in conjunction with the 

NanoSight to ensure that only EVs of interest are studied, however the production of fluorescent 

EVs adds to an extraction and quantification process already hindered by the small size and often 

limited concentration of EVs. It is possible to omit bovine EVs completely by growing cells with 

media not supplemented with serum for 48 hours prior to extraction; however this may lead to 

some serum starvation effects and therefore results in unwanted biological changes during the 

course of an experiment (Fader et al., 2008). This is shown to not be the case for some particular 

cell lines, however a less disruptive option is to supplement the media that the cells are grown in 

with a bovine-extracellular vesicle depleted FCS directly prior to experimentation (Eitan et al., 

2015) that has been shown to contain reduced bovine EVs with some decrease in cell growth but 

not additional DNA damage.  

4.7.3. Extracellular vesicles released in response to radiation are characteristic 

Extracellular vesicle release has previously been shown to increase following ionizing radiation 

treatment to cancer cells (Jella et al., 2014), where increasing doses of γ-rays resulted in increases 

in extracellular vesicle concentration. Indeed, extracellular vesicle release has also been shown to 

be increased following other stressors including heat stress (Clayton et al., 2005) and exposure to 

anticancer drugs (Lv et al., 2012), consistent with an active role of EVs in intercellular 

communication following stress. Hypoxia has also been shown to increase extracellular vesicle 

release (Salomon et al., 2013; King et al., 2012) and EVs released from cells subjected to hypoxia 

have displayed distinct RNA and protein content (de Jong et al., 2012) with a slight reduction in the 

size of the vesicles, albeit not a significant reduction. This again supports that the stress response 

may be qualitative and not necessarily quantitative.  
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In this chapter it has also been shown for the first time that EVs released from 2 Gy cells were 

significantly smaller than EVs released from unirradiated cells. Other qualities characteristic of 

EVs were also reported, including TEM analysis and sucrose gradient centrifugation. It is possible 

that this might be due to a rapid de novo formation of the extracellular vesicle in response to stress, 

or that specific stress EVs are sequestered in the cell ready to be released in response to stressful 

stimuli. Methods of extracellular vesicle characterisation are constantly developing, with the 

development of nanoscale technologies, in particular, being the driving force of extracellular 

vesicle quantification and sizing. The original method of EV quantification, measurements of ‘µg 

protein’, may not reflect actual EV protein in the ultracentrifugation approach to extracellular 

vesicle extraction (Sverdlov, 2012). It is postulated that some small molecules and lipoproteins of a 

similar density to EVs are spun down along with the EVs in a sample during centrifugation. The 

question of EV quantification is complicated by the nanoscale nature of EVs. The two traditional 

methods of EV quantification include measurements of ‘total µg protein’ as measured by the BCA 

assay or by nanoparticle tracking analysis. Use of the NanoSight to perform this method 

simultaneously allows quantification and vesicle sizing using principles of light scatter and 

Brownian motion (Gercel-Taylor et al., 2012).  

In this chapter nanoparticle tracking analysis of EVs released from irradiated cells demonstrated an 

increase in extracellular vesicle release following irradiation, potentially reflecting an increase in 

signalling to surrounding cells and propagation of the bystander effect. It would be interesting to 

study the origin of such EVs and to test if they are synthesised de novo or are alternatively stored in 

the cell ready to be released in response to stress. Alternatively a study has suggested that 

measuring extracellular vesicle release following irradiation using the qNano instrument from Izon 

supported the data in this chapter that extracellular vesicle release is increased in MCF7 cells 

following irradiation (Al-Mayah et al., 2015). However the study also suggested that the size of 

EVs was not significantly changed in response to 2 Gy irradiation, with 0 Gy EVs reported at 82.6 

nm and 2 Gy EVs at 86.5 nm. This is potentially due to the different methods of size measurement 

employed, however when measured using the NanoSight there was also no change in extracellular 

vesicle size reported for the samples used in this chapter (data not shown). Use of the NanoSight in 

itself does have its own limitations, for example particulate matter may be refractive particles that 

are not EVs but are misinterpreted as such. This may reflect limitations in the instruments as 

individual EVs here were sized from electron microscopy images which could be argued to be 

more accurate, conversely it could be argued that the fixation process of the EVs may contribute to 

the sizing differences. Despite this fact all samples were treated in the same way and the 

observation was documented across three biological replicates, therefore advances in sizing 

technology may help to elucidate sizing better in the future.  
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4.7.4. Dose-dependent increase in EVs does not induce DNA damage 

In order to address the point that the effect of EVs upon recipient cells might be quantitative and 

simply due to the increase in EVs released, not their contents, an experiment was conducted 

whereby increasing proportions of EVs were placed onto normal MCF7 cells. Results demonstrated 

that there was no dose-dependent increase in DNA damage when more EVs were placed onto cells 

and therefore that the EVs released by cells do not mediate effects quantitatively, but qualitatively. 
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4.8.  Conclusions 

The results in this chapter demonstrate that EVs released from unirradiated MCF7 and X-ray 

irradiated MCF7 cells have some different characteristics. An increase in extracellular vesicle 

release in combination with a smaller size following irradiation suggests differential modulation 

and therefore potentially a functional role of them in radiation response. Furthermore the 

morphology and density of the EVs suggests that a smaller vesicle type is present in the ultra-

centrifuged preparations. Here it was also confirmed that it is the extracellular vesicle fraction of 

the supernatant that conveys the bystander effect. 

The exact content and mechanism of EVs involved radiation response and bystander effect have yet 

to be fully elucidated and the controversy regarding EV nomenclature will also shape how the 

exact populations of vesicles are termed and classified. The work in this chapter has helped to 

better understand the release of EVs from breast cancer cells treated with ionizing radiation. 

Further characterisation and molecular profiling of these EVs will also help to establish their role in 

radiation response and the bystander effect, ultimately leading to increased understanding of the 

general mechanisms and levels of regulation involved in the radiation response. The results in the 

next chapter aim to enrich this knowledge and provide an insight into the RNA content of the 

extracellular vesicle potentially responsible, at least in part, for the bystander effect. 
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Chapter 5 The RNA composition of MCF7 cells and their EVs following 

X-ray exposure 

5.1. Introduction 

Extracellular vesicle biology has become an area of intense research interest in part due to the 

realisation that they carry functional RNAs, including mRNAs and microRNAs, able to exert 

phenotypic effects upon recipient cells (Ratajczak et al., 2006; Valadi et al., 2007). Furthermore, 

these small vesicles were shown to shuttle functional RNAs between a variety of cell types 

including glioblastoma cells and also in the blood (Skog et al., 2008; Hunter et al., 2008). The term 

exosomal shuttle RNA (esRNA) has consequently been employed to refer to functional RNA that is 

specifically transferred between cells via EVs (Lotvall & Valadi, 2007).  

EVs are considered an ideal vehicle for RNA signalling between cells as they have the ability to 

protect their contents from the extracellular milieu (Keller et al., 2011; Klibi et al., 2015) and have 

been shown to contain a variety of RNA species including mRNAs and microRNAs (Valadi et al., 

2007; Ratajczak et al., 2006). Following stress, the mRNA contents of EVs has been shown to 

change, with radiation leading to upregulation of mRNAs such as Il-6 and Il-11, shown to be 

involved in radiation response and also mRNAs involved in cell migration such as IGFBP2 

(Arscott et al., 2013). Other stress types including hypoxia and TNF-α stress have been shown to 

differentially modulate the mRNA levels of EVs (de Jong et al., 2012). Under conditions of 

hypoxia, three mRNAs were significantly deregulated as reported by microarray NDRG1, CIRBP 

and BNIP3. TNF-α stress led to more changes including the mRNAs for IL-8 and NFKB1 (de Jong 

et al., 2012), both of which are known to be implicated in radiation response of directly irradiated 

and bystander cells (Hei et al., 2008; Zhou et al., 2008). Furthermore another study demonstrated 

the mRNA contents of EVs was altered in response to oxidative stress (Eldh et al., 2010) where it 

was shown that pre-treating cells with these EVs led to a resistance to stress in recipient cells. 

However this function was diminished following UV exposure of the EVs that is known to prevent 

RNA function. Therefore the RNA contents appeared to be responsible for mediating the protective 

effect. This highlights the potentially important role of EVs in association with RNAs in the 

cellular stress response.  

EVs have been shown to contain microRNA contents that partially reflect the cell of origin 

(Ekstrom et al., 2012) but it is also postulated that RNAs might be selectively loaded into EVs 

(Guduric-Fuchs et al., 2012; Crescitelli et al., 2013). The method by which microRNAs are 

selectively loaded has been suggested as via short microRNA motifs (Villarroya-Beltri et al., 

2013). It has also been confirmed that the microRNAs reported in EVs are not simply loaded into 

the vesicles along with their target mRNA transcripts (Gibbings et al., 2009). MicroRNA 

processing machinery such as the RISC complex involved in the processing of EVs has not only 

been shown to be associated with the endosomal pathway and MVBs (Lee et al., 2009), but also 
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Dicer has been identified as contained in EVs and was able to process precursor microRNAs into 

functional mature RNAs en route to recipient cells (Melo et al., 2015).  

As well as mRNAs and microRNAs, other non-coding RNA species have been shown to be present 

in EVs (Nolte-’t Hoen et al., 2012). Long non-coding RNAs found in EVs include HOTAIR (Gezer 

et al., 2014) and the non-coding RNAs TUC339, involved in tumour growth and adhesion, and 

linc-ROR, a non-coding RNA expressed in response to stress (Takahashi et al., 2014; Kogure et al., 

2013). Studies have aimed to demonstrate that the RNA contents of EVs are functional, including 

approaches that use fluorescent reporters in cells to demonstrate that RNAs do indeed reach their 

targets and induce translation (Mittelbrunn et al., 2011; Montecalvo et al., 2012). It is also known 

that RNAs exist in circulation complexed with other biological molecules such as Ago2 and HDLs 

(Arroyo et al., 2011; Vickers et al., 2011; Turchinovich et al., 2011) and, as such, the mode of 

action of RNA associated with EVs is a pertinent question. 

The emergence of next-generation sequencing as a more readily available and affordable technique 

has led to an increase in the number of EV RNA studies published in recent years (Bellingham et 

al., 2012; Miranda et al., 2014; Ogawa et al., 2013). Owing to relatively low RNA levels in EVs 

reported to date, RNA sequencing can offer a deeper insight into the different RNA species 

contained within them in comparison to traditional DNA methods such as microarray (’t Hoen et 

al., 2008). To this end guidelines have been produced by the International Society for Extracellular 

Vesicles (ISEV) suggesting best practice for EV RNA sample collection and analysis as more 

studies are published in this area (Hill et al., 2013; Witwer et al., 2013). This will allow for easier 

comparison and facilitate more reliable meta-analysis of such data. 

Several studies have reported differential RNA modulation in cells in response to irradiation. In 

early irradiation studies, gene changes suggesting a role of the cytoskeleton in radiation response 

(Woloschak et al., 1990). Furthermore, mRNA changes have been observed in 3D tissue models 

(Mezentsev & Amundson, 2011), demonstrating that certain genes were present at higher levels 

following particular doses of radiation. The link between mRNA and microRNA deregulation has 

also been discussed, with a negative correlation between mRNA and microRNA expression 

following irradiation of the rat lung (Xie et al., 2014). MicroRNAs have been shown to be 

deregulated using both microarray and next generation sequencing approaches (Chaudhry & 

Omaruddin, 2012; Chaudhry et al., 2013; Dickey et al., 2011). As well as traditional RNA species, 

small non-coding RNA species were also found to be differentially regulated in both directly 

irradiated and bystander cells (Chaudhry, 2014).  

Limited literature exists to date to document the roles of RNA in EVs released from irradiated 

cells. Since the beginning of this project, it has been demonstrated that EVs released from 

irradiated U87MG cells contain different RNA contents to those released from unirradiated cells 

(Arscott et al., 2013). To this end, the aim of this chapter is to characterise the RNA contents of 
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EVs released from irradiated MCF7 breast cancer cells in an effort to better understand the role of 

EV RNA in radiation-induced bystander effect.  
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5.2.  Materials and methods 

5.2.1. Sample processing and library preparation of RNA Seq and miRNA Seq 

samples 

RNA samples were extracted as per section 2.6.1 and libraries prepared and multiplexed as per 

Figure 5.1 by Liverpool Centre for Genomic Research. 

 

 

Figure 5.1.  Workflow detailing RNA extraction, individual sample library preparation and platforms 

used to perform RNA sequencing. RNA samples were extracted from MCF7 cells or EVs and separate 

libraries prepared for either RNA Seq or miRNA Seq. Libraries were then sequenced as detailed. 

Libraries were sequenced using; 
 

RNA Sequencing One lane of the Illumina 
HiSeq 2000 platform was used to perform 
paired-end sequencing (2x100bp) of ten 

indexed and multiplexed libraries. 

miRNA Sequencing One lane of the Illumina 
HiSeq2500 platform was used to perform 

single end reads (1x50bp) of ten indexed and 
multiplexed libraries 

Samples sent to Liverpool Centre for Genomic Research for library construction using; 
  

RNA Sequencing ScriptSeq v2 was used to 
create strand specific libraries for RNA Seq. 
Cell RNA was DNase I treated, EV samples 

were not DNase or Ribozero treated to reduce 
sample loss 

miRNA Sequencing The NEB small RNA 
preparation kit was used to prepare ten 

microRNA Seq libraries  

Total RNA extracted from MCF7 cell or EV pellets using the miRcury  RNA isolation kit. All 
RNA samples analysed using the Agilent 2100 bioanalyzer pico kit 
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5.2.2. RNA Sequencing analysis 

5.2.3. Galaxy Project 

RNA Sequencing analysis was performed using the online usegalaxy.org instance of the Galaxy 

Project that contains a suite of tools used for RNA Seq analysis in a user friendly web interface 

(Giardine et al., 2005; Blankenberg et al., 2010; Goecks et al., 2010). A protocol was adapted for 

use with the Tuxedo suite of tools (Trapnell et al., 2012) in Galaxy to establish differentially 

expressed (DE) genes. Raw FASTQ files from Liverpool Genomic Centre were uploaded via FTP 

server to the usegalaxy.org instance and workflows performed as documented in this chapter. The 

names of the programs used within the Galaxy interface and the R environment are highlighted in 

bold for clarity. 

5.2.4. Alignment to the genome 

Forward and reverse FASTQ files for each sample library were aligned to the hg19 version of the 

human genome using Tophat for Illumina and the FR-SECONDSTRAND option due to the 

library preparation method used. The resultant BAM files for each sample were checked for 

percentage alignment to the genome using flagstat in Galaxy. 

The Cufflinks program was then used to assemble transcripts in the individual BAM files and 

annotated them using the hg19 iGenome downloaded from Data Library in Galaxy. Cuffmerge 

was then run for all ‘assembled transcript’ files from Cufflinks to create a single merged 

annotation file for all samples. 

5.2.5. Differential gene expression analysis using Cuffdiff 

The Cuffdiff program, part of the Tuxedo package (Trapnell et al., 2012), was used to generate 

differential gene analysis directly from the files produced in the Galaxy environment by taking the 

Cuffmerge dataset created above and all of the individual Tophat for Illumina ‘accepted_hit’ 

files for each sample and entering them into the program as per the groups of samples and 

replicates (Figure 5.2). The outputs for the differential gene expression analysis and also isoform 

analysis were exported into Excel for further processing. 
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5.2.6. Differential gene expression using the R environment  

R v3.0.1 was used to perform DE analysis using the BAM files from the Tophat for Illumina 

alignment in Galaxy. 

5.2.7. CummerBund in R 

The CummerBund package for R was used to take the resultant files from the Cuffdiff output in 

Galaxy to visualise the data in scatterplots and was downloaded from the Bioconductor website 

(http://bioconductor.org/packages/release/bioc/html/cummeRbund). 

5.2.8. Count matrix construction using HTSeq-count 

Count matrices were constructed for the datasets to be used for differential expression analysis in 

the R environment. The HTSeq Python Package was installed from (http://www-

huber.embl.de/HTSeq/doc/install.html#install) via the Python Package Index (PyPI) onto a Linux 

machine running Biomint Debian 64-bit.  

BAM files were saved onto the Linux machine via FTP client and SAMtools (Li et al., 2009) was 

used to sort the BAM files by gene name using the command (samtools sort –n (file name)). The 

HTseq-count feature was then run on the command line and the resultant .txt files saved to a new 

directory using the command (htseq-count –f bam –r pos –s yes RR10E_SORTED.bam  hg19.gtf > 

/SORTED/RR10E.txt). The hg19 file was held in the same directory as the sorted BAM files. 

Individual .txt files were then arranged into a count table in Excel with the first column as the gene 

ID and the following columns for each of the samples. The count table was then saved as a .csv file 

for reading into the R environment and used for differential expression using the DESeq or a .txt 

file for the EdgeR Bioconductor packages. 

5.2.9. DeSeq 

The DESeq R package, v1.12.1  (Anders & Huber, 2010), was downloaded from the Bioconductor 

website (http://bioconductor.org/packages). The DESeq library was opened at the beginning of 

each programming session and the relevant count matrix was read into the R environment and 

genes with low cumulative read count of 10 were filtered out. Factors were assigned to each sample 

condition and a CountDataSet produced for the samples as the key data structure for the differential 

analysis to be calculated from. The effective library size and dispersion were then calculated for 

each library and differential expression then calculated and the files exported to Excel for further 

filtering and observation. 
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5.2.10. EdgeR 

The EdgeR Bioconductor package (Robinson et al., 2009), v3.2.4 was downloaded from the 

Bioconductor website (http://bioconductor.org/packages/release/bioc/html/edgeR.html). The 

EdgeR library was loaded into the R environment at the beginning of each R session and the 

relevant count matrix was read into the R environment to create the edgeR object. Low read counts 

were then filtered out at the cutoff level of 1 read per million. Common and tagwise dispersions 

were then calculated and the differential expressions between the desired samples calculated and 

datasheets exported to Excel for further analysis. 

5.2.11. miRNA Sequencing analysis  

Galaxy was used to align the miRNA FASTQ files to all known human rRNA Sequences from the 

UCSC file browser (http://genome.ucsc.edu/cgi-bin/hgTables) to establish the level of rRNA 

contamination. Unaligned rRNA reads were then carried forward into the next analysis.  The 

original FASTQ files were then converted to FASTA format using the FASTQ to FASTA tool in 

Galaxy and imported into the UEA sRNA workbench (Stocks et al., 2012). Samples were filtered 

and rRNA/tRNA sequences removed. The filtered files were entered into the miRProf tool within 

the workbench, with default parameters. Samples were then aligned to miRbase release 21 

(www.mirbase.org) and normalized to the number of genome matching reads. Excel was then used 

to construct a count matrix from the ´normalized count´ output .csv files and the matrix interrogated 

in DESeq and EdgeR (Figure 5.3). 

 

 

 

http://bioconductor.org/packages/release/bioc/html/edgeR.html
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Figure 5.3. miRNA Seq workflow using the UEA sRNA workbench. The FASTQ files supplied from the 

RNA sequencing were converted into FASTA files for analysis in the UEA sRNA workbench. Samples were 

aligned to miRbase release 21 and DE genes analysed using DeSeq and EdgeR. 

CSV file created for each sample merged into a count matrix and interrogated using DeSeq 
and EdgeR as for RNA Seq 

miRprof used to create count tables of microRNA transcripts when FASTA file aligned to 
miRbase release 21 

Samples filtered to remove rRNA and tRNA Sequences 

FASTA file imported into the miRprof function in the UEA sRNA workbench 

FASTQ files converted into FASTA files using Galaxy environment 
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5.2.12. Ribosomal RNA content analysis of all samples 

In order to establish the rRNA contents of the samples all FASTQ files were aligned to all known 

human rRNA Sequences in Galaxy using a FASTA file of rRNA Sequences obtained from the 

UCSC genome browser (http://genome.ucsc.edu/cgi-bin/hgTables) (Figure 5.4). Results were 

reported as percentage mapped reads or percentage of total reads. 

 

 

 

Figure 5.4. Ribosomal RNA Seq workflow to remove rRNA prior to RNA Seq analysis. To establish the 

proportion of rRNA reads all samples were aligned to a file containing all known rRNA sequences in Galaxy 

and flagstat used to measure their % mapping to the samples. 

 

  

Flagstat repeated - 100% mapped to the human genome 

All unaligned reads from rRNA alignment then aligned to the hg19 genome using Tophat 

Flagstat performed on rRNA aligned files to determine rRNA content of samples 

Sequences aligned to an rRNA FASTA sequence file containing all known human rRNAs 

FASTQ files converted to FASTQ sanger files in Galaxy 
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5.3.  Results 

In order to characterise the RNA contents of MCF7 cells and the RNA content of their EVs, RNA 

was harvested from unirradiated or 2 Gy X-ray irradiated MCF7 parent cells and EVs released 

from the cells (Figure 5.5). RNA was assigned a code to keep track of samples generated (Table 

5.1). Samples collected in radiation round 2 (data not shown) were discarded due to ribosomal 

RNA contamination in the extracellular vesicle RNA samples.  

 

 

 

Figure 5.5. Representation of the samples created and used for RNA Sequencing analysis. RNA 

extracted from samples in red boxes. 
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Table 5.1. RNA samples collected for radiation RNA Sequencing. Parental and EV RNAs were assigned 

a code based on the biological replicate (radiation round), X-ray dose and RNA source. 

Sample 

abbreviation 

Radiation round X-ray dose RNA source 

RR10P Radiation round 1  0 Gy Parent cell 

RR12P Radiation round 1  2 Gy Parent cell 

RR10E Radiation round 1  0 Gy Extracellular vesicle 

RR12E Radiation round 1  2 Gy Extracellular vesicle 

RR30P Radiation round 3 0 Gy Parent cell 

RR32P Radiation round 3  2 Gy Parent cell 

RR30E Radiation round 3  0 Gy Extracellular vesicle 

RR32E Radiation round 3  2 Gy Extracellular vesicle 

RR40P Radiation round 4  0 Gy Parent cell 

RR42P Radiation round 4  2 Gy Parent cell 

RR40E Radiation round 4  0 Gy Extracellular vesicle 

RR42E Radiation round 4  2 Gy Extracellular vesicle 

 

5.3.1. RNA profiles of irradiated MCF7 cells 

Differential modulation of several species of RNA has been demonstrated following ionizing 

radiation (Chaudhry & Omaruddin, 2012; Chaudhry, 2013). In order to establish the RNA profiles 

of unirradiated and irradiated MCF7 breast cancer cells, total RNA was extracted from MCF7 cells 

for RNA sequencing. Three biological replicates were performed and analysed on the Agilent 2100 

Bioanalyzer to check RNA quality (Figure 5.6). Results demonstrated that good quality cellular 

RNA was extracted from irradiated and unirradiated cell samples with and RNA integrity number 

(RIN - score of 10 indicates purest RNA) values of 8.2-9.2. There were no notable differences in 

size or composition of cellular RNA between irradiated and unirradiated cell RNAs. These results 

suggest that the cellular RNA samples are not degraded and were of a good RNA quality therefore 

suitable for use in the RNA-Sequencing experiments.  
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Figure 5.6. Bioanalyzer profiles of unirradiated and irradiated MCF7 cell total RNA. Profiles of the 

three biological replicates of cellular RNA used for RNA and miRNA Sequencing (RR1, RR3 and RR4).  

 

5.3.2. RNA profile of EVs released from MCF7 cells 

RNA molecules in association with EVs have been suggested to be responsible for bystander effect 

(Al-Mayah et al., 2012; Al-Mayah et al., 2015). Consequently, in order to assess the RNA profile 

of normal MCF7 and irradiated cell EVs media from unirradiated or irradiated cells was 

conditioned for eight hours post irradiation and the total RNA extracted (Figure 5.7). Results 

demonstrated a variety of RNA species of different sizes within the EV RNA samples. Both 

irradiated and unirradiated extracellular vesicle RNA samples demonstrated a peak at around 80-

100 nucleotides in all samples that then steadily decreased to a maximum size of approximately 

2000 nucleotides for samples RR1 and RR4 and around 4000 nucleotides for sample RR3. Overall 

the presence of 18S/28S appeared negligible in A and C, with low levels apparent in sample B. The 

plots demonstrate that there a variety of RNA species present in the RNA from irradiated and 

unirradiated MCF7 EVs. The typical yield of RNA also varied between the replicates and results 

can be seen in Table 5.2. 

RR1 

RR3 

RR4 

0 Gy  2 Gy 

0 Gy  2 Gy 

0 Gy  2 Gy 
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A ladder picture was used to determine approximate RNA sizes as the ladder had run incorrectly on 

the Bioanalyzer and no further original sample was available for re-analysis. Following analysis of 

the RNA samples extracted they were carried forward into RNA sequencing. 

 

 

Table 5.2. EV RNA yield from MCF7 cells. Three biological replicates. Bold = total RNA (ng). 

Sample 0 Gy EV RNA ng/µl (total) 2 Gy EV RNA ng/µl (total) 

RR1 12.7 (635) 11.9 (595) 

RR3 8.7 (435) 9.1 (455) 

RR4 14.4 (720) 21.9 (1095) 

 

Figure 5.7. Bioanalyzer profiles of total EV RNA. Bioanalyzer profiles of the three biological replicates of 

EV RNA used for RNA and miRNA Sequencing (RR1, RR3 and RR4). Each EV RNA sample was harvested 

from 11 x T175 flasks of MCF7 cell media conditioned for 8 hours each.  

0 Gy

0 Gy

0 Gy 2 Gy

2 Gy

2 Gy

RR4 

RR3 

RR1 
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5.3.3. miRNA Sequencing analysis 

5.3.4. Small RNA sample libraries for MCF7 cell and EVs samples 

In order to test the microRNA changes in cells and EVs following irradiation, miRNA Seq libraries 

were constructed for sequencing and subsequent DE analysis. For each of the samples the library 

depth was greater than 8 million reads per library (Figure 5.8). As depths greater than 5 million are 

not believed to improve microRNA coverage this depth is therefore considered as more than 

sufficient (Metpally et al., 2013).  Most of the reads were trimmed to between 20 and 30 bp as part 

of post-processing QC and for each library less than 500,000 reads were discarded due to poor 

quality. 

 

 

Figure 5.8. Number of reads obtained for miRNA Seq libraries. Single ended read counts are reported. 

Reads that were discarded due to poor quality scores or matching adaptor sequences are shown in grey. 

 

5.3.5. Ribosomal RNA content of miRNA Seq samples 

Prior to alignment of the miRNA Seq data to identify microRNA candidates in the radiation 

response the FASTQ files for each sample were aligned to all known human rRNA sequences so 

that only sequences that did not align to rRNA could be carried forward in the analysis (Figure 

5.9). Results demonstrated high levels of ribosomal RNA present in all of the EV samples, at up to 
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90% ribosomal RNA. This reflects the fact that for miRNA Seq none of the EV RNA samples were 

treated to remove ribosomal RNA prior library preparation. This was due to the fact that very low 

RNA yields were obtained for the EV RNA preparations, possibly due to the short media 

conditioning time used to capture the bystander effect signal. The cell RNA samples were however 

much lower in rRNA. For the purpose of the future analysis only the reads that had not aligned to 

ribosomal RNA were carried forward to analysis in miRprof to identify microRNA candidates 

differentially regulated between samples.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. The percentage of reads in each sample aligning to human rRNA sequences in the miRNA 

Seq samples. Parental cell samples showed levels of around 10-20% rRNA content, whereas EV RNA was 

higher at 70-90%. 

5.3.6. Correlations between MCF7 cell and extracellular vesicle microRNA content 

In order to identify differences or similarities in the microRNA content of sham or irradiated MCF7 

cells and their EVs, scatter plots were created using the normalised counts exported from DeSeq 

(Figure 5.10). Results demonstrated that between 0 Gy and 2 Gy EVs or between 0 Gy and 2 Gy 

cells, microRNA profiles were similar and positive with Spearman’s rank values of 0.88 and 0.86 

respectively. The correlation between 2 Gy parent cells and their EVs was also positive at a value 

of 0.71. Interestingly, the correlation between 0 Gy cells and their EVs was still positive, but to a 
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Table 5.4. The differential regulation of microRNAs between 0 Gy and 2 Gy irradiated cells. As 

reported by edgeR, cut-off value p < 0.05. 

miRNA Fold change P value 

mir148 3.314 0.009 

mir155 3.098 0.039 

mir489 0.386 0.046 

mir363 0.330 0.036 

mir19 0.319 0.025 

mir542 0.287 0.034 

mir4661 0.276 0.039 

mir3188 0.244 0.048 

mir6859 0.182 0.007 

mir188 0.135 0.006 

mir1237 0.129 0.021 

mir2276 0.119 0.003 

mir5010 0.115 0.012 

mir6716 0.100 0.005 

 

 

5.4.2. MicroRNA deregulation between parent cells and their EVs 

In order to test the hypothesis that selective loading occurs in EVs from their parent cells, 

comparisons were made between unirradiated and irradiated parent cells and the EVs derived from 

them. When initially tested using DeSeq and EdgeR, there were no significantly deregulated 

microRNAs between 0 Gy and 2 Gy EVs as for the parent cell/extracellular vesicle comparisons. In 

order to identify groups of microRNAs deregulated between 0 Gy and 2 Gy EVs a different 

approach was taken to establish differences between microRNAs in unirradiated or directly 

irradiated cells.  

The comparison for 0 Gy and 2 Gy cells and their EVs was used to find significantly deregulated 

genes between parent cells and EVs (Figure 5.11). These lists were then compared; the microRNAs 

unique to the list of differences between 2 Gy cells and EVs were marked as green and considered 

as microRNAs enriched in response to 2 Gy irradiation. Results demonstrated a number of 

microRNAs common to both 0 Gy and 2 Gy EVs (when compared to their parent cells), however 

there were microRNAs reported only as present in the 2 Gy EVs, including mir-100 and mir-223. 

This may point to a small population of microRNAs selectively incorporated into 2 Gy EVs. 
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Figure 5.11. Table of microRNAs significantly different between 0 Gy and 2 Gy cells and EVs. Clear 

rows indicate microRNAs reported by both the 0 Gy and 2 Gy analyses. Green rows indicate microRNAs 

unique to the 2 Gy analysis. NA signifies no deregulation event for that particular miRNA in the 0 Gy EVs. 

Deseq results used. 

 

5.4.3. RNA Sequencing of MCF7 cell RNA and EV RNA following X-rays 

5.4.4. RNA Sequencing analysis 

The RNA Sequencing workflow was carried out in the Galaxy interface environment on the 

samples mentioned previously in this chapter (Figure 5.2). This part of the sequencing was 

intended to analyse the mRNAs, their isoforms and some non-coding RNA species. 
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5.4.5. RNA Sequencing libraries for MCF7 cell and extracellular vesicle samples 

As for the miRNA Seq, libraries were constructed for the RNA-Seq samples to investigate mRNA 

and long non-coding RNA changes. For each of the libraries constructed by Liverpool Centre for 

Genomic Research reads were reported for each sample following a sample QC removing low 

quality reads (Figure 5.12). It has been reported by the ENCODE consortium that for differential 

expression analysis of paired-end reads 25-30 million reads is recommended for differential 

expression analysis (http://genome.ucsc.edu/ENCODE/protocols/dataStandards/ENCODE_RNA 

Seq_Standards_V1.0.pdf). The proportion of singlet reads and reads discarded due to poor quality 

was also small at less than a million reads discarded per sample. Consequently, the number of reads 

per sample library in the pool was of a similar read depth and sufficient depth for the purposes of 

differential expression.  

 

Figure 5.12 Number of reads obtained for RNA Seq libraries. Bars show reads that were successfully 

paired (paired reads), reads that did not pair (singlet reads) and poor quality reads or adapter sequences 

(reads discarded). 

 

5.4.6. Ribosomal RNA contents of RNA Sequencing samples 

Some EV preparations have been shown to contain differing amounts of ribosomal RNA 

(Jenjaroenpun et al., 2013). Therefore, the rRNA content of the libraries was established by 

aligning all reads to all known human rRNA sequences (Figure 5.12). Results showed that each of 

the samples contained small amounts of rRNA and also that the majority of the reads for each 

sample library aligned to the hg19 human gene file release. Ribosomal RNA pre-clearing was only 

performed on cell, not extracellular vesicle samples. Bioinformatic removal of rRNA sequences 

from the samples was not performed as the rRNA content was minimal. As a result of the 
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alignment of most reads to the genome and the minimal rRNA contamination, RNA sequencing 

analysis was then continued to identify differentially regulated RNAs. 

 

 

Figure 5.13. The percentage of reads mapped to the hg19 release of the human genome and the 

percentage of reads aligned to all known human rRNA sequences. For parental and EV samples the 

percentage alignment to the genome was performed as well as to rRNA sequences. 

 

5.4.7. Differential Gene Analysis of sequenced libraries 

Following library preparation and quality control the files were analysed for differential gene 

expression between cell and extracellular vesicle samples (Figure 5.2). Three different programs; 

Cuffdiff, EdgeR and DeSeq were used to analyse differential gene expression to establish a list of 

high confidence RNA targets involved in radiation response. 

5.4.8. Correlations of MCF7 cell and EV RNA contents  

In order to establish whether the RNA contents of sham or irradiated MCF7 cells and EVs reflected 

or differed from each other the Cummerbund suite in R was used to produce scatter plots and 

Spearman’s rank values calculated to report how closely the RNA profiles of cells and EVs 

compared (Figure 5.14). Results demonstrated that unirradiated and irradiated MCF7 cells had 

similar RNA profiles with a Spearman’s rank value of 0.97, as did EVs from both 0 Gy and 2 Gy 

irradiated cells with a correlation value of 0.96. Conversely the parent cell RNA profile of both 
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unirradiated and irradiated cells appeared different than that of their respective EVs, with 

unirradiated cells compared to their EVs at 0.58 and irradiated cells compared to their EVs at 0.63. 

These results suggest a potential loading of selective RNAs into EVs as opposed to EVs simply 

reflecting their cell of origin.  

 

Figure 5.14. Correlations between parent cells and EVs released from those cells. A: 0 Gy versus 2 

Gy cells. B: Unirradiated cells versus their EVs. C: Unirradiated cell EVs versus 2 Gy irradiated cell EVs. 

D: Irradiated cell RNA versus irradiated cell EVs. Scatter plots in log10 FPKM values for each of the 

samples produced in CummeRbund. Two biological replicates for cell samples and three biological 

A 
p < 0.01 
R2 = 0.97 

C 
p < 0.01 
R2 = 0.96 

B 
p < 0.01 
R2 = 0.58 

D 
p < 0.01 
R2 = 0.63 
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replicates for EV samples. Spearman’s rank correlations and t test. 

 

5.4.9. Differential gene analysis of 0 Gy vs 2 Gy parental cell RNA 

In order to test for RNA changes between 0 Gy and 2 Gy irradiated cells, differential expression 

analysis was performed firstly using the Cuffdiff program. Analysis of all significantly deregulated 

genes between 0 Gy and 2 Gy cells with a p value of less than p = 0.05 produced a list of 1581 

RNAs. The ten most significantly upregulated and ten most significantly downregulated RNAs 

were explored (Table 5.3). Results demonstrated for the upregulated RNAs, many small nucleolar 

RNAs including SNORA31 and SNORA74A. Furthermore genes including SOX14, GALNTL6 and 

miR-622 were present in the list. Down regulated genes including RAD51 and ANP32B were 

reported as well as miR-4426. Taken together, these results suggest that a variety of RNA species 

are significantly deregulated in response to cellular irradiation. 

 
Table 5.3. Differentially regulated genes between 0 Gy and 2 Gy irradiated cells. Cuffdiff analysis, p < 
0.05. 

 

gene p-value Fold change Direction 

ABHD11-AS1 0.00 Inf UP 

SNORA31 0.00 Inf UP 

LOC388946 0.00 Inf UP 

SNORA74A 0.01 Inf UP 

SNORA50 0.01 Inf UP 

C3orf38 0.02 Inf UP 

SOX14 0.03 Inf UP 

SNORA21 0.03 Inf UP 

MIR622 0.04 Inf UP 

GALNTL6 0.03 3.63 UP 

MIR4426,RPS27A 0.00 0.13 DOWN 

NUDC 0.00 0.14 DOWN 

RPS16 0.00 0.14 DOWN 

MYBL2 0.00 0.16 DOWN 

RAD51 0.00 0.17 DOWN 

ANP32B 0.00 0.18 DOWN 

FAM127C 0.00 0.19 DOWN 

DCTPP1 0.00 0.19 DOWN 

UTP3 0.00 0.21 DOWN 
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RAB13 0.00 0.21 DOWN 

 

 

5.4.10. KEGG pathway analysis of parental cell analysis 

Using the list of 1581 differentially regulated RNAs from the Cuffdiff analysis, KEGG pathway 

analysis was performed to identify pathways involved in the radiation response of directly 

irradiated cells. DNA replication and repair, cell cycle and the MAPK pathway featured. These 

pathways reflect some of the cellular processes implicated in irradiation and the bystander response 

(Dickey et al., 2012; Dent et al., 2003) and consequently show that the RNA Seq has produced 

RNA candidates relevant to the radiation response. Furthermore there were some similarities upon 

comparison with the data generated from miRStress in chapter 3. For the general radiation response 

only the MAPK pathway was present (Table 3.3). However, in the KEGG pathways for the specific 

X-ray response (Table 3.5), the adherens junction, cell cycle and MAPK signalling pathway were 

shared with this KEGG analysis. Overall, this shows that the miRStress search and the RNA Seq 

have identified some similar pathways involved in radiation response. It is possible that the 

differences between these lists are due to the fact that a comparison between the miRNA response 

and the RNA response have been compared. 

 
Table 5.4. KEGG pathway analysis of DE genes between 0 Gy and 2 Gy RNA Seq samples. Cut-off 

value p <0.05. 

 

KEGG Term P-Value 

Cell cycle 0.000011 

Spliceosome 0.00001 

DNA replication 0.000012 

Adherens junction 0.0025 

MAPK signalling pathway 0.015 

Circadian rhythm 0.019 

Base excision repair 0.024 

Notch signalling pathway 0.041 

 

5.4.11.  Differential gene analysis of 0 Gy vs 2 Gy EVs 

Amalgamation of results from DeSeq, EdgeR and Cuffdiff resulted in a list of high confidence 

targets of 0 Gy EVs vs 2 Gy EVs. Criteria for an RNA being considered a high confidence target 

included being significantly different between two of the three algorithms used (Table 5.5). The 

mir-17-92HG cluster was an exception but was also selected as it was so highly upregulated in the 
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Cuffdiff program. Results demonstrated that a number of mRNAs and some non-coding RNAs 

were significantly upregulated in 2 Gy EVs compared to 0 Gy EVs. Candidates consistently 

significantly deregulated between algorithms included NET1, ACTB, MALAT1, RPS4X, TMSB4X 

and EEF2. The genes ANP32B, NCL were all upregulated in at least two algorithms with the 

miR1792HG cluster showing the highest deregulation but only reported in the Cuffdiff list. 

Furthermore, the fold change values were generally similar between the EdgeR and DeSeq 

algorithms, reflecting that they both work using a similar algorithm in the R environment.  

Table 5.5. Top deregulated genes for RNA sequencing results for 0 Gy vs 2 Gy EVs from three 

different DE algorithms. Irradiated cell EVs demonstrated upregulation of a number of genes. Some of 

these genes were highly upregulated, for example the miR17-92 HG cluster, whereas others were 

consistently deregulated between the three algorithms DeSeq, EdgeR and Cuffdiff. Inf = infinite, na = not 

available. 

 

 

5.4.12. Differential regulation of RNAs in EVs 

As it was observed that the genes in 2 Gy EVs were generally upregulated, their direction of 

deregulation in the parent cells was checked to test if the RNAs were being selectively upregulated 

in EVs. Of the top 40 deregulated genes in EVs as per the Cuffdiff analysis, 95% of those were 

 
Cuffdiff DeSeq EdgeR 

Gene Fold change P val Fold change P val Fold change P val 

NET1 6.7 0.000 3.6 0.006 3.6 0.000 

ANP32B 6.1 0.001 6.7 0.141 6.6 0.000 

NCL 3.8 0.004 2.2 0.104 2.2 0.001 

MIR17,MIR17HG, -18A, 

-19A, -19B1 -20A, -92A1 
122.2 0.005 na na na na 

RPL32,SNORA7A 18.4 0.021 1.4 0.516 1.4 0.262 

HSP90AA1 2.2 0.024 1.9 0.123 1.9 0.002 

ACTB 2.4 0.027 2.1 0.000 2.1 0.001 

RNU11 inf 0.037 inf 0.278 64.6 0.000 

MALAT1 2.1 0.039 2.0 0.051 2.0 0.000 

RPS4X 2.4 0.044 2.0 0.007 2.0 0.008 

TMSB4X 2.4 0.049 2.2 0.000 2.2 0.002 

EEF2 2.1 0.050 2.0 0.000 2.0 0.003 

KRT8 2.3 0.126 1.9 0.000 1.9 0.003 
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reduced in directly irradiated cells (Figure 5.15). This suggests a selective loading of the RNAs 

from 2 Gy irradiated cells into their EVs.  

 

As the miR-17-92 host gene cluster was upregulated greater than 100-fold in the CuffDiff analysis 

(Table 5.5), the percentage of up or downregulated entries for the individual members of the cluster 

were compared to two commonly deregulated microRNAs in the database, miR-21 and miR-34a. 

Results demonstrated that miR-21 and miR-34a were increased in response to stress, however the 

members of the miR-17-92 cluster were significantly downregulated in comparison (Figure 5.16). 
 

 
 

Figure 5.15. The top forty deregulated EV RNAs are upregulated in 2 Gy EVs but reduced in 2 Gy 

parent cells. The top EV RNAs were all upregulated with 95% downregulated in parent cells. **p < 0.01, 

t test. 
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Figure 5.16. MicroRNAs commonly deregulated in the stress response are typically upregulated in 

cells. As reported by the miRStress database, two of the most commonly deregulated miRNAs in the 

general stress response, miR-21 and miR-34a, were upregulated. Conversely members of the miR17-92 

host gene cluster reported as upregulated by >100-fold in EVs were downregulated. **p<0.05, 

***p<0.01, t test. 

 

5.4.13. Quantitative PCR analysis of cell and EV RNA samples 

Based upon the results for the RNA sequencing and some literature searching, a number of 

candidates were selected for further analysis. In order to validate the results obtained by RNA Seq 

qPCR was performed to test the direction of regulation (Table 5.6).  

Table 5.6. Candidate genes for further study following RNA Seq analysis. Based upon the RNA Seq 

results the following genes were selected for quantitative qPCR validation.  

Candidate Examples of functions reported by the literature 

ANP32B 

 

 

Anti-apoptosis/caspase-3 inhibitor (Shen et al., 2010) 

Chromatin regulation (Munemasa et al., 2008) 

RNA translocation (Chemnitz et al., 2009) 

EEF2 mRNA elongation (Kaul et al., 2011) 

Mir-17-92 cluster 
Ageing (Bates et al., 2009) 

Oncogenesis (Volinia et al., 2006) 

NET1 
Invasive tumor phenotype (Lahiff et al., 2013) 

Mitosis regulator/GI (Menon et al., 2013) 

MALAT1 Metastasis (Hu et al., 2015) 

HSP90AA1 Cell motility (McCready et al., 2010) 

RPS4X 40S ribosomal subunit (Watanabe et al., 1991) 

NCL 
Double strand break repair (Kobayashi et al., 2012) 

Protein trafficking during stress (Nalabothula et al., 2010) 

 

5.4.14. qPCR of direct irradiated cells 

In order to validate the RNA sequencing results and confirm the direction of gene deregulation in 

directly irradiated cells, qPCR was performed on the radiation RNA samples. When compared to 

the selected housekeeping genes, the levels of EEF2, miR-17-92, HSP90AA1, NET1 and NCL 

reflected a slight downregulation for most genes, whereas an upregulation was observed for 

MALAT1, ANP32B and RPS4X (Figure 5.17). These results demonstrate that some of the RNA-Seq 

changes were reflected in the cellular RNA content as per qPCR, however the changes were not 
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component is playing an important role in the stress response. It has been hypothesised that the 

mRNA load of EVs may be that of 3’UTR fragments acting in a more regulatory role in recipient 

cells rather than in a protein translation capacity (Batagov & Kurochkin, 2013). The Bioanalyzer 

plots in this chapter are consistent with the literature that suggests EVs contain a distinct profile of 

mainly mRNAs and microRNAs (Ekstrom et al., 2012), with no dominant 18S or 28S as normally 

found in total cell RNA.  

Several of the candidate genes have played roles in cellular communication that could plausibly be 

linked to radiation DNA damage response and BE. Although originally suggested as a diagnostic 

lung cancer marker (Ji et al., 2003) and identified as upregulated in a wide variety of cancers (Han 

et al., 2015; Zheng et al., 2014; Gutschner et al., 2013), MALAT1 levels have been shown to 

increase in the ionizing radiation response of cells (Chaudhry, 2014). As it has also been implicated 

in cell cycle arrest and DSB formation (Tripathi et al., 2013) it is interesting that MALAT1 levels 

were significantly increased in the 2 Gy EVs and further work will aim to elucidate the possible 

involvement of MALAT1 in the radiation response. Additionally ANP32B is believed to be cleaved 

by caspase-3 acting as a negative regulator of apoptosis (Shen et al., 2010), another potentially 

interesting interaction with the bystander effect as it has been postulated that caspase inhibitors 

may be used as part of targeting apoptosis pathways for using in radiation and cancer therapies 

(Ghobrial et al., 2005). Nucleolin has also been implicated in the response of cells to DSBs, 

facilitating their repair via the MDC1-realed pathway and also the ATM response known to be 

implicated ionizing radiation (Kobayashi et al., 2012). Finally, the microRNAs of the miR-17-92 

cluster have been implicated in the radiation response (Leung et al., 2014). Consequently the genes 

identified as differentially expressed following radiation have been implicated in radiation response 

and therefore reflect that the analysis has identified plausible radiation response candidates. 

5.5.2. MicroRNA contents of radiation EVs 

The current understanding of the extent of the role of microRNAs in radiation response is that they 

are directly modulated following radiation but may not be the primary signalling molecule involved 

in the transmission of the bystander effect. Evidence includes that the knockdown of Dicer in cells 

was not able to completely abrogate the bystander effect (Dickey et al., 2011). The impact of 

microRNAs should however not be underestimated as full Dicer knockdown cell-lines are non-

viable (Cummins & Velculescu, 2006), therefore a more complete depletion of microRNAs might 

indeed prevent the bystander effect from being observed. Furthermore, not all microRNAs are 

Dicer dependent (Cheloufi et al., 2010). 

Some deregulation of microRNAs in directly irradiated cells was observed. The microRNAs 

deregulated are not those typically associated with the radiation response and it is possible that the 

rRNA levels in the miRNA seq samples reduced the read depth and therefore subtle changes in 

microRNAs have been concealed. The fact that there were also no significantly deregulated 

microRNAs between 0 Gy and 2 Gy EVs in the analysis in this chapter is interesting, as is the fact 
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that there were relatively few deregulated between parent cells as previously mentioned. 

MicroRNA enrichment of the samples using ribosome depletion protocols might increase the detail 

of microRNA deregulation observed (O’Neil et al., 2001). In the future, generation of more EV 

RNA should be focused upon to permit ribosomal RNA depletions and still have enough RNA for 

sequencing. The subtractive version of analysis, however, demonstrated some differences in the 

relative microRNA cargo of EVs released from 2 Gy irradiated cells, suggesting that the data may 

require different manipulation to uncover groups of deregulated microRNAs. It is important to note 

also that microRNAs have also been identified in the circulation independent of vesicles, for 

example complexed with carriers such as Argonaute2 (Arroyo et al., 2011) and also in association 

with high density lipoproteins (Vickers et al., 2011). The contributions of such sources of 

microRNA are important during, for example, quantification of EVs samples. Further work will 

ascertain the exact proportions of the extracellular vesicle sample that these external microRNA 

components comprise. 

5.5.3. Ribosomal RNA in EV preparations 

Originally, ribosomal RNA was reported as absent from EV preparations, but as our understanding 

of EV RNA has increased it has been demonstrated more recently that some EV preparations do 

indeed contain notable levels of rRNA, despite using established extracellular vesicle isolation 

procedures (Jenjaroenpun et al., 2013; Miranda et al., 2014; Huang et al., 2013). As the first studies 

using next generation sequencing for EV RNA analysis have emerged it is possible that the RNA 

contents of these vesicles is more accurately reported. In the case of ribosomal RNA presence it 

may be argued that non-vesicular matter is present in the vesicle preparation, however until 

protocols are standardised and vesicle classification and nomenclature agreed by the international 

community it will be important to analyse the evidence presented by each study based upon its own 

merit.  

5.5.4. Technical aspects of EV RNA extraction and RNA sequencing technologies 

RNA Seq is considered as an advantageous method of RNA detection, not least because transcript 

number is not reported by microarray technologies (’t Hoen et al., 2008). However many analyses 

revealing important information on EV RNA contents have been performed on EV-like vesicles 

using microarray technology (Noerholm et al., 2012; Skog et al., 2008). Several comparisons of 

RNA Seq technology and microarray approaches have been performed (Marioni et al., 2008; 

Garber et al., 2011; Mortazavi et al., 2008). One of the main issues to overcome is the diversity 

between biological replicates that cannot fit a Poisson distribution as previously thought, resulting 

in the development of negative binomial models to reduce the elevated rate of false positives 

(Trapnell et al., 2012; Anders & Huber, 2010). The Benjamini-Hochberg correction has been 

developed as a statistical correction to address the issue of false rate discovery (Benjamini & 

Hochberg, 1995). 
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There are many programs available for differential expression analysis of RNA Seq data and 

comparison of many of the available programs has been made (Seyednasrollah et al., 2013), 

however conclusions suggest that no one pipeline will be suitable under all circumstances. In this 

chapter, three algorithms were adopted for differential expression analysis, two adopting the 

negative binomial model – EdgeR (Robinson et al., 2009) and DeSeq (Anders & Huber, 2010). 

Cuffdiff works at the transcript level to align individual transcripts to the genome and then perfom 

DE analysis (Trapnell et al., 2012). Cuffdiff itself has been suggested to be a superior DE 

algorithm (Trapnell et al., 2013). However three algorithms were used here in an attempt to identify 

high confidence targets across them. 

Importance has been placed upon the method of RNA extraction used for EV RNA studies (Eldh et 

al., 2012) and by comparing some of the commonly used EV RNA extraction methods as it is 

believed that the lipid composition of EVs may play a role in RNA extraction (Laulagnier et al., 

2004). Different RNA extraction methods may also produce different yields of RNA (Eldh et al., 

2012) and indeed the amount of microRNA found in preparations requires further investigation, 

with some studies reporting less than one microRNA per extracellular vesicle (Chevillet et al., 

2014). This work has attempted to characterise RNAs in EVs involved in the radiation response 

and although numerous mRNA changes were identified, few, if any, miRNA changes were 

discovered. This is consistent with previous work (Arscott et al., 2013) and future work will test the 

hypothesis that miRNA changes in EVs are minimal or below the limit of detection in some cases. 
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5.6.  Conclusion 

In conclusion, the results in this chapter have revealed RNAs involved in the radiation response in 

parent cells and EVs derived from unirradiated and irradiated cells, suggesting that these RNAs 

might play a functional role in the bystander effect.  

EV RNA has been traditionally studied using qPCR and microarray technology, however more 

recently next generation RNA sequencing studies have aimed to more sensitively explore the RNA 

contents of the EVs (Nolte-’t Hoen et al., 2012; Jenjaroenpun et al., 2013; Bellingham et al., 2012) 

and report, as previously mentioned, the presence of mRNAs and a variety of small RNAs and 

some long-coding RNAs. In this chapter, the RNA Seq results reporting not only mRNAs including 

the anti-apoptotic protein ANP32B and NET1 guanine nucleotide regulatory protein, but also the 

long non-coding RNA MALAT1 and the microRNA-17-92 host gene cluster. The work in the next 

chapter aims to functionally test these RNAs 
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Chapter 6 Functional study of candidate genes identified by RNA 

sequencing 
 

6.1.  Introduction 

The study of individual gene deregulation in response to stress such as ionizing radiation is 

important as it facilitates pathway modelling and other bioinformatic processes such as GO term 

analysis. The knockdown of genes using RNAi facilitates the study of gene knockdown in a variety 

of living systems (Agrawal et al., 2003) and is derived from study of the natural system that 

protects against retrotransposons and viral genetic threats harmful to the host organism (Hammond 

et al., 2001). Consequently, siRNAs or shRNAs can be developed to knock down desired genes to 

then observe changes in cell phenotype. 

Few studies document gene knockdown and the radiation induced bystander effect. Recently it was 

shown that overexpression of the SIRT1 gene had the ability to prevent ROS production following 

γ-irradiation, whereas its knockdown permitted accumulation of ROS (Xie et al., 2015). 

Upregulation of c-myc by SIRT1 appeared to mediate this process that was also amplified by 

hypoxia, suggesting that multiple stresses may act to amplify DNA damage effects. In another 

study, COX-2 knockdown in irradiated HeLa cells overexpressing connexin26 junctions reduced 

bystander effect but resulted in increased micronuclei formation in bystander cell progeny (Zhao et 

al., 2014). COX-2 knockdown also affected connexin-MAPKKK interaction at the plasma 

membrane, known to play a significant role in bystander signalling, demonstrating that a single 

gene knockdown has the ability affect several key pathways of the bystander response. TGF-ß 

knockdown has also been shown to cause changes in bystander signalling (Temme & Bauer, 2012) 

and EVs have also been shown to have the capacity to shuttle siRNA between cells following 

electroporation of the EVs (Alvarez-Erviti et al., 2011). Knockdown of key proteins involved in the 

DNA damage response, DNA-PKcs, has also been shown to induce mutation formation in directly 

irradiated p53 mutant cells, but not in wild-type or p53 null cells (Zhang et al., 2008). P53 status, 

however, did not change observed increased mutagenesis in the bystander cells. The differences in 

response between directly irradiated and bystander cells suggests different pathway modulation 

within directly irradiated and bystander cells (Zhang et al., 2008). 

Gene knockdown has also been shown to be able to change the biological functions or release of 

EVs from cells. Knockdown of nSMase1 and nSMase2 involved in the neutral sphingomyelinase 

pathway has been shown to reduce extracellular vesicle release and be necessary for packaging of 

prions into EVs (Guo et al., 2015). Furthermore knockdown of WNT-4 abrogated the ability of EVs 

derived from human umbilical cord mesenchymal cells to accelerate wound healing (Zhang et al., 

2014). These EVs were no longer able to cause skin cell proliferation or ß-catenin activation 
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following infliction of a burn wound demonstrating a potent role of extracellular vesicle cargoes in 

intercellular communication. 

In addition to the functional role of their cargo, the details of extracellular vesicle uptake have yet 

to be fully elucidated (Mulcahy et al., 2014), however, a variety of routes have been documented 

and heparin treatment, for example, has been shown to prevent phenotypic changes in cells 

(Franzen et al., 2014; Barrès et al., 2010). Cellular uptake of radiation EVs has been shown to 

increase due to localisation of CD29 and CD81 on the cell surface, with knockdown of CD29 

preventing radiation extracellular vesicle uptake (Hazawa et al., 2014), however there are no 

studies published demonstrating that knockdown of RNAs in EVs can affect modulation of the 

bystander effect. The work in this chapter therefore aims to test the functional significance of the 

RNA Seq candidates obtained in the previous chapter by performing knockdown of the candidates 

and will identify genes that play functional roles in the radiation response of MCF7 cells and the 

bystander effect. 
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6.2.  Materials and methods 

6.2.1. siRNA transfections 

For knockdown of MCF7 cells, cells were seeded into 6-well plates at 0.3 x 106 cells/well and 

incubated overnight. The following day cells were transfected with RNA Seq candidate siRNAs or 

negative control siRNA (Table 6.1) at 25 nM per well using 6.6 µl per well DharmaFECT 1 reagent 

(Fisher, 11846654) as per manufacturer’s recommendations for MCF7 cells. Cells were incubated 

for 48 hours and harvested for use in the alkaline comet or nuclear fragmentation assay, or for RNA 

extraction and qPCR to verify knockdown level. 

Table 6.1. siRNAs purchased for use in knockdown experiments. 

Gene Company Product number 

NET1 Qiagen SI02662086 

ANP32B Qiagen SI02655380 

NCL Qiagen SI02654925 

HSP90AA1 Qiagen SI02635024 

MALAT1 Sigma SASI_Hs02_00377093 

Universal Negative Control #1 Sigma SIC001 

 

6.2.2. MTT cell viability assay 

For the MTT cell viability assay, MCF7 cells were plated at 1 x 106 cells in 96-well plates per well 

24 hours prior to siRNA transfection using 25 nM siRNA. Cells were then allowed to recover for a 

further 48 or 72 hours before 40 mg/ml MTT reagent (Sigma, M5655) was added to the media and 

incubated at 37°C, 5% CO2, for 4 hours in the incubator. The media and MTT reagent were then 

removed carefully from wells to avoid crystal aspiration and 100 µl MTT solvent (4 nM HCl, 0.1% 

IPEGAL in isopropanol) added to each well. Plates were read on an absorbance plate reader at 595 

nm with a reference filter of 620 nm and statistics calculated using the Student’s t test. 

6.2.3. Nuclear fragmentation assay 

Cells were pelleted, washed with PBS and fixed with 3:1 methanol:acetic acid fixative dropwise to 

resuspend the pellet and incubated at room temperature for 15 minutes. Fixed cells were dropped 

onto microscope slides and air-dried for 30 minutes. Slides were mounted in the dark using 30 µl 

prolong gold antifade mountant with DAPI (Invitrogen, P36931) using a coverslip. Slides were left 

to cure for 24 hours and two hundred cells were counted per slide and analysed using a fluorescent 

filter at 365 nm. The Chi-squared test of independence was used for statistical analysis. 
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6.2.4. Alternative comet assay analysis 

Due to a technical problem with the Komet v5.5 software detailed in the Materials and methods 

chapter (section 2.4), an alternative analysis software was used for the comet assay in this chapter 

as follows. 

Individual pictures of the individual slides were taken and saved onto an external harddrive. 

Casplab software was downloaded (http://casplab.com/download) and the picture series for each 

sample loaded into the Casplab program. At least 100 comets were scored per slide and the Excel 

sheet recorded for each set of pictures saved. The percentage tail DNA damage for each sample 

was then processed as before using SPSS for the Mann-Whitney statistic (section 2.4). Due to the 

large amount of comet slides produced in this experiment, several electrophoresis runs were 

performed with controls and are indicated on graphs. 
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6.3. Results 

6.3.1. siRNA mediated knockdown of candidate genes in MCF7 cells 

In order to study the functional effects of siRNA mediated knockdown of the candidate genes 

upregulated in 2 Gy EVs (Table 5.6), single siRNAs were purchased and transfected into MCF7 

cells (Table 6.1). Unirradiated MCF7 cells were first transfected to test the level of knockdown 

prior to radiation experiments. Results demonstrated that all siRNAs caused knockdown of the 

desired gene as assayed using qPCR (Figure 6.1). Results demonstrated that all siRNAs induced > 

50% knockdown, signifying that the siRNAs selected were suitable for the knockdown of the 

candidate genes in MCF7 cells.  

 

 
Figure 6.1. Knockdown of genes using single siRNAs resulted in 50-90% knockdown efficiency. 25 nM 

siRNA transfected into MCF7 cells and assayed by qPCR at 48 hours post transfection. Two to three 

biological replicates. *p<0.05, error bars SD. 

 

 

6.3.2. Effect of siRNA transfection on cell viability 

In order to test cell viability following transfection, cells were transfected with the siRNAs and 

assayed at forty-eight to seventy-two hours post transfection. Results demonstrated that two days 

post transfection there was a significant drop in cell viability of around 40% for all siRNAs when 

compared to the untreated growth control (Figure 6.2). Three days post transfection, a significant 

increase in cell viability was observed for all siRNAs, except for the NET1 and NEG (negative 

control) siRNAs. This observation suggests that cell regrowth is occurring at 72 hours post 

transfection. 
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Figure 6.2. Viability of cells following siRNA transfection at 48 or 72 hours post transfection. MTT 

assay, values reported as % of the untreated growth control. Eight biological replicates, *p<0.05, t test. 

Error bars = SD. 

 

6.3.3. Knockdown of RNA Seq candidate genes reduces DNA damage in MCF7 

cells  

In order to test the effect of siRNA transfection on DNA damage levels in MCF7 cells, siRNA 

knockdown was performed and DNA damage measured using the comet assay. Knockdown of 

HSP90AA1, MALAT1 and NET1 knockdown significantly reduced levels of DNA damage 

compared to the negative control. Knockdown of NCL and ANP32B however did not result in any 

significant difference in DNA damage compared to the negative siRNA control (Figure 6.3). Taken 

together these results suggest that knockdown of three genes affects DNA damage response in 

normal cells. Consequently this might be due to a direct effect of knocking down those particular 

genes on the DNA response of the cell. 
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Figure 6.3. Effect of siRNA knockdown on DNA damage in unirradiated MCF7 cells. Three biological 

replicates. NCl vs NEG (p=0.494). ANP vs NEG (p=0.143). Mann-Whitney test. (n = 200). Circles represent 

outliers and diamonds represent extreme outliers. *p<0.05. 

 

6.3.4. Knockdown of apoptosis related genes results in increased levels of apoptosis in 

MCF7 cells. 

Following the above knockdown of the candidate genes in MCF7 cells, the DAPI nuclear 

fragmentation assay was used to investigate levels of apoptosis in the transfected MCF7 cells, in 

particular following knockdown of apoptosis associated genes ANP32B and NET1. Results 

demonstrated that the majority of the genes induced apoptosis in siRNA transfected cells compared 

to the negative control. NET1 siRNA transfection demonstrated the most substantial increase in 

apoptosis induction, followed by ANP32B. Results were not significant, however compared to the 

negative control a trend is apparent (Figure 6.4). Taken together these results suggest that the 

siRNAs are able to knock down the genes in MCF7 cells and that this process has some effects on 

apoptosis and DNA damage induction of the cells. Consequently the siRNAs were carried forward 

for use in the next part of this chapter.  
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Figure 6.4 Percentage of apoptotic MCF7 cells following siRNA transfection. Cells were transfected with 

the siRNAs and assayed for apoptosis. Three biological replicates. Chi-squared test of independence, n = 

200. 

 

6.3.5. Knockdown of candidate genes in directly irradiated cells 

In order to test the effects of knockdown of the candidate genes on DNA damage response in 

directly irradiated cells, MCF7 cells were transfected with siRNAs, irradiated and then assayed for 

DNA damage using the alkaline comet assay. In electrophoresis run 1 (Figure 6.4). NET1 

demonstrated the traditional induction in DNA damage following 2 Gy irradiation as per the comet 

assay, however in the NCL knockdown cells there was no significant induction of DNA damage in 

response to 2 Gy X-rays, suggesting that knockdown of NCL specifically prevents DNA damage in 

response to 2 Gy irradiation. In run 2 for ANP32B and MALAT1 the normal significant increase in 

DNA damage following 2 Gy irradiation occurred (Figure 6.6). The MALAT1 0 Gy and 2 Gy 

damage results appeared very similar but were significantly different as per the Mann-Whitney test. 

For run 3 HSP90AA1 demonstrated a significant induction in DNA damage in response to 

radiation (Figure 6.7). The control and negative scrambled siRNA worked for all runs with all 

showing a significant increase in DNA damage following X-ray exposure. Altogether these results 

suggest that the majority of the gene candidates do not appear to have a significant role in the DNA 

damage response of directly irradiated cells and so the recipient cells were also assayed for changes 

in DNA damage. 

0.0

0.5

1.0

1.5

2.0

2.5

NET1 NCL MALAT1 HSP90AA1 ANP32B NEG

%
 a

po
pt

ot
ic

 c
el

ls
 

siRNA 



114 
 

 
Figure 6.5. Effect of siRNA knockdown on DNA damage in directly irradiated cells (Run 1). Control 

sample refers to no siRNA knockdown. NCL, NET1 and NEG refer to siRNA knockdown. Mann-Whitney test, 

*p <0.05. Three biological replicates (n = 100-200). 
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Figure 6.6. Effect of gene knockdown on DNA damage in directly irradiated cells (Run 2). Control 

sample refers to no siRNA knockdown. ANP32B, MALAT1 and NEG refer to siRNA knockdown. Mann-

Whitney test, *p <0.05. Three biological replicates (n = 100-200). 
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Figure 6.7. Effect of gene knockdown on DNA damage in directly irradiated cells (Run 3). Control 

sample refers to no siRNA knockdown. HSP90AA1 and NEG refer to siRNA knockdown. Mann-Whitney test, 

*p <0.05. Three biological replicates (n = 100-200). 

 

6.3.6. Knockdown of genes in directly irradiated cells and apoptosis 

In order to test the effect of gene knockdown on apoptosis in directly irradiated cells, the nuclear 

fragmentation assay was performed on the same samples as for the comet assay (Figure 6.8). In 2 

Gy directly irradiated cells there was an increase in apoptosis for the control sample, however not 

significant. For the negative control siRNA there was a significant increase in apoptosis in response 

to 2 Gy X-rays. For the MALAT1, HSP90AA1, NCL and NET1 siRNAs there was an increase in 

apoptosis, however not a significant induction. For ANP32B knockdown there was a marked 

reduction in apoptosis following 2 Gy radiation. ANP32B is an anti-apoptotic protein; therefore the 

knockout would be expected to permit higher amounts of apoptosis to occur. These results together 

suggest that the apoptotic response to radiation is perhaps different to the DNA damage response to 

radiation. 
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Figure 6.8. Effect of siRNA knockdown on apoptosis in directly irradiated cells. Three biological 

replicates. Chi-squared test of independence, n = 100. Error bars = SEM. *p<0.05. 

 

6.3.7. Effect of direct irradiated MCF7 cell knockdown on bystander induction in 

recipient cells  

In order to test the ability of the directly irradiated knockdown cells to induce bystander effects in 

recipient cells following media transfer, the media was taken from the above cells 4 hours post 

irradiation, filtered and placed onto recipient cells for 24 hours. Results demonstrated that 

transmission of DNA damage via media transfer in classic bystander effect was disrupted. For run 

4, classic bystander response was observed for media from NET1 and NEG knockdown cells, with 

an increase in DNA damage in response to media from 2 Gy irradiated cells (Figure 6.9). For 

MALAT1 there was no significant damage induced between the unirradiated and irradiated cells, 

suggesting that MALAT1 knockdown prevents bystander induction in recipient cells. The control 

for run 4 showed a significant down-regulation of DNA damage in the 2 Gy cells. This might be 

attributed to problems with the 0 Gy control slides as the level of DNA damage observed is not 

normally seen even in 2 Gy irradiated cells. In run 5 ANP32B and NCL knockdown induced a 

statistically significant drop in DNA damage in response to 2 Gy X-rays (Figure 6.10). These 

results suggest that the knockdown of the genes identified in the RNA Seq analysis has caused a 

functional change in the bystander recipient cells, whereby the normal DNA damage responses 

observed are changed. Following HSP90AA1 knockdown there was no longer a significant increase 

in DNA damage in response to 2 Gy irradiation.  
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Figure 6.9. Effect of gene knockdown on DNA damage in bystander recipient cells (Run 4). Three 

biological replicates. Mann-Whitney test, *p <0.05, (n = 200). Circles represent outliers and diamonds 

represent extreme outliers. 
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Figure 6.10. Effect of gene knockdown on DNA damage in bystander recipient cells (Run 5). Three 

biological replicates. Mann-Whitney test, *p <0.05, (n = 200). Circles represent outliers and diamonds 

represent extreme outliers. 
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6.4.  Discussion 

The results in this chapter have tested the functional significance of the RNA Seq candidate genes 

in chapter 5, namely by measuring the effect of their knockdown on DNA damage and apoptosis 

induction in cells. Knockdown of many of the genes resulted in changes in the DNA damage 

response in both directly irradiated and bystander cells, suggesting that the RNA Seq analysis 

produced candidates that do play functional roles in the radiation response. Further study of these 

genes will help to better understand their role in radiation response and the bystander effect. 

In this chapter siRNA knockdown of the selected RNA Seq candidates was performed producing a 

knockdown of 50–90% in unirradiated MCF7 cells (Figure 6.1). This suggested that the siRNAs 

were suitable for use in preliminary knockdown experiments.   

6.4.1. Effect of NET1 knockdown 

NET1 knockdown did not affect DNA damage induction in irradiated cells nor in the bystander 

cells despite the literature reporting a role for NET1 in the radiation response. Knockdown of NET1 

has been shown to increase RhoB activity and also JNK pathway activation, leading to cell death in 

response to ionizing radiation (Srougi & Burridge, 2011). Furthermore, the Rho GTPases, known 

to be controlled by NET1, have been shown to play a role in activation of the ATM pathway known 

to be involved in bystander response (Burdak-Rothkamm et al., 2008; Oh & Frost, 2014). It is 

possible that different doses or time points would induce changes in NET1 modulation, or 

alternatively that it is not deregulated in MCF7 cells or may not be involved in the bystander effect. 

NET1 knockdown did not affect apoptosis induction in directly irradiated cells, suggesting that is 

also does not cause apoptosis in response to 2 Gy X-rays. 

6.4.2. Effect of HSP90AA1 knockdown 

In directly irradiated cells, knockdown of HSP90AA1 had no effect on DNA damage levels, 

however knockdown abrogated the ability of the cell media to induce significant DNA damage in 

recipient cells, suggesting that it may be involved in DNA damage induction. HSP90 is key in the 

anti-apoptotic response and has been shown to be upregulated in a wide variety of cancers 

(Whitesell & Lindquist, 2005) and its knockdown has also been shown to inhibit breast tumour 

growth by ErbB (Schulz et al., 2012). Interestingly HSP90α has also been shown to be released 

from cells on EVs, playing a role in the increase of cell motility in invasive cells (McCready et al., 

2010). There was no notable effect on apoptosis in directly irradiated cells following knockdown. 

6.4.3. Effect of ANP32B knockdown 

Knockdown of ANP32B had no effect upon DNA damage in directly irradiated cells, however, like 

NCL knockdown, the transfer of media from ANP32B knockdown cells resulted in lower levels of 

DNA damage observed in bystander cells, suggesting that ANP32B is required for DNA damage 

induction in recipient cells. Furthermore ANP32B knockdown led to a marked, but not significant, 
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reduction in apoptosis in directly irradiated cells. It might be expected that knocking down an anti-

apoptotic protein might induce damage to the cell, however ANP32B has been shown to affect 

apoptosis via caspase-3 apoptotic response (Shen et al., 2010), therefore further work would be 

required to understand the response observed.  

6.4.4. Effect of NCL knockdown 

Unlike the other genes NCL knockdown resulted in changes in the DNA damage response in both 

directly irradiated and bystander cells. NCL knockdown in directly irradiated cells prevented DNA 

damage formation, suggesting that it plays a role in DNA damage induction following irradiation. 

NCL plays an important role in the stability of mRNAs, for example BCL-2  and  is a protein 

abundant in the nucleolus of the cell (Srivastava et al., 1999). It has also been suggested that it 

plays a role in processing pri to pre-microRNA for mir-15a and mir-16 (Pickering et al., 2011) and 

in the maturation mir-21 (Pichiorri et al., 2013). Interestingly, mir-16 was identified as one of the 

top deregulated microRNAs following radiation exposure and in the general stress response as per 

the miRStress database (Table 3.2). Furthermore mir-21 is the top deregulated microRNA in 

response to general stress and radiation stress (Jacobs et al., 2013). This suggests that there may be 

interaction between microRNAs and the candidate genes in radiation response and the bystander 

effect. Following media transfer from NCL knockdown cells, a significant drop in the levels of 

DNA damage was observed in bystander cells suggesting a protective effect of NCL knockdown in 

recipient cells.  

Taken together this might suggest that preventing NCL transfer from directly irradiated to recipient 

cells prevents DNA damage. Indeed it has been shown that Nucleolin interrupts nucleosome 

disruption that facilitates DSB repair (Goldstein et al., 2013) and also NCL knockdown has also 

been shown to prevent mechanisms by the cell that are in place to prevent stress-induced cell death 

(Wang et al., 2014).  

6.4.5. Effect of MALAT1 knockdown 

No significant effect on DNA damage was observed following MALAT1 knockdown in directly 

irradiated cells although visually the DNA damage levels appeared very similar between 0 Gy and 

2 Gy irradiated cells. MALAT1 knockdown abrogated the ability of the cell media to induce 

significant DNA damage suggesting that it normally plays a role in DNA damage induction in 

bystander cells. MALAT1 has been shown to be induced in directly irradiated cells (Chaudhry, 

2013) and despite the work described here demonstrating that it does not have an immediately 

obvious effect on apoptosis in directly irradiated cells, it has been shown to be reduced in cells 

undergoing apoptosis in response to genotoxic assault (Özgür et al., 2013). 

MALAT1 (also known as NEAT1) was one of the first long non-coding RNAs to be discovered (Ji 

et al., 2003) and is highly conserved across mammalian species (Bernard et al., 2010). Its 

mechanism of action includes cleavage of its 3’ –end to produce a small mascRNA fragment that 
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moves to the nucleus while the longer transcript is retained in the nucleus in nuclear speckles 

(Wilusz et al., 2008). Due to its upregulation in a wide variety of cancers it has been reported as a 

biomarker of malignancy and has been shown to be implicated in metastasis and cell proliferation 

(Hu et al., 2015; Tripathi et al., 2013; Lin et al., 2007). Despite its association with a number of 

important cellular processes MALAT1 is not required for pre- or post-natal development in mice 

(Zhang et al., 2012). This suggests that MALAT1 may work under conditions of stress, whereby an 

organism or cell experiencing normal conditions does not require it, however that under conditions 

of stress, it is deregulated and is important in the cellular response to external stressors. 
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6.5.  Conclusions  

Knockdown of genes believed to play a role in the radiation response and induction of BE in 

association with EVs has not yet been reported in the literature. The results reported in this chapter 

tested whether candidates produced by RNA sequencing analysis play a functional role in radiation 

response in directly irradiated and bystander cells. Results identified that genes such as NCL and 

MALAT1 do indeed appear to play a functional role in DNA damage induction in directly irradiated 

and bystander recipient cells. Results also suggest that the apoptotic response does not mirror the 

DNA damage response of cells and that further work is required in this area. Future work is 

required focusing on the action of these genes using different approaches such as overexpression 

vectors and EV transfer experiments. Investigation of the interplay between the RNA and miRNA 

response to radiation would also be of value. 
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Chapter 7 Discussion 
 

Our current understanding of the role of EVs in the radiation induced bystander effect is still 

limited. Studies have identified their role in the mediation of bystander damage (Al-Mayah et al., 

2015; Al-Mayah et al., 2012; Jella et al., 2014). Despite the exciting discovery of these EVs in 

radiation response, further characterisation of their size, morphology, cargo and release is still 

required. As EVs have also been shown to lose their ability to mediate bystander effect following 

RNase treatment (Al-Mayah et al., 2012; Al-Mayah et al., 2015), a key question is what type of 

RNA species are involved in the transmission of the observed bystander effect? Furthermore, the 

mode of action of these RNAs and their targets in recipient cells would help to elucidate the 

components of the bystander effect mechanism. 

Regarding EVs, we now know that they are involved in intercellular communication for a wide 

variety of biological processes and that they contain a characteristic RNA cargo, particularly under 

different conditions of stress (de Jong et al., 2012; Eldh et al., 2010). Developments in technology 

are leading to new extraction and quantification protocols required for the study of EVs. Further 

work is also required on the standardisation and validation of these procedures so that we can better 

understand EV release and function. Additionally, as more studies emerge documenting the use of 

next-generation sequencing technology to study EV RNA, our understanding of the species loaded 

into EVs will expand. 

Regarding the radiation induced bystander effect, it is well accepted that media from irradiated 

cells has the ability to induce a variety of biological damage effects such as apoptosis, 

chromosomal damage and mutations in recipient cells that have not been irradiated (Kadhim et al., 

2013). Candidate molecules have been relatively well characterised as various cytokines and 

reactive oxygen species, DNA damage response of bystander cells is also similar to that of directly 

irradiated cells, but with some nuances. How genomic instability develops in the progeny of the 

irradiated and bystander cells also requires further investigation to clarify which mechanisms are 

involved.  

Based upon the above knowledge, this study was set up to identify candidate mRNAs and non-

coding RNAs released from MCF7 cells in EVs in response to ionizing radiation. Further to this, 

the RNA candidates could then be functionally tested to begin to establish their role in DNA 

damage induction and bystander effect in recipient cells. Thus the key aims were proposed; 

1. To identify novel microRNA candidates involved in the radiation response by performing a 

meta-analysis of the literature 

 

2. To confirm that bystander effect was mediated by EVs using media transfer and 

extracellular vesicle/supernatant transfer experiments. 
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3. To characterise the vesicles released from directly irradiated cells, including sizing, 

quantification, morphology and density. 

 

4. To extract and characterise EV RNA from the vesicles using RNA Seq and microRNA Seq 

to identify novel mRNA and microRNA candidates by comparing EVs released from 0 Gy 

and 2 Gy irradiated MCF7 cells. 

 

5. To functionally test the role of the candidate RNAs in mediation of bystander effect by 

knocking out the RNAs identified and testing DNA damage and apoptosis levels. 

The experiments described in this thesis aimed to address the above questions using a variety of 

approaches. A 2 Gy dose of radiation was used in the experiments as it is the typical therapeutic 

dose for radiotherapy, consequently its use would help to address the effects of BE applicable to 

the clinical setting. The benefits of the bystander effect have been cited as causing apoptosis and 

DNA damage leading to cell death in bystander cells in the irradiated volume, therefore preventing 

the accumulation of mutations and formation of malignancies, but not affecting unirradiated cells 

(Abdelrazzak et al., 2011). However, if mutations accumulate in unirradiated cells genomic 

instability can ensue in both directly irradiated, bystander cells and their progeny, up to 12 passages 

post irradiation (Al-Mayah et al., 2012). 

The miRStress database analysis and the miRNA sequencing performed aimed to address the 

identification of novel microRNAs involved in the radiation response by two different approaches. 

The results in chapter three utilised a meta-analysis produced using the miRStress database to 

identify novel microRNA signatures involved in stress responses (Jacobs et al., 2013). Both 

established microRNA signatures and novel microRNAs not reported as functional in the literature 

were reported by the analysis. The miRstress database was also validated and shown to be accurate 

at predicting novel microRNAs. Study of the general stress response and the radiation response of 

cells are naturally interlinked and despite the different nature of the DNA damage caused by 

different agents there are likely to be similarities and crossovers in the responses. The miRstress 

database reflected this, with many of the top microRNAs involved in the general stress response 

present in the top twenty deregulated microRNAs in response to radiation. The database was also 

able to facilitate a more specific analysis of all of the microRNA deregulation in response to X-rays 

that identified some microRNAs that appeared specific to the X-ray response in comparison for all 

radiation responses together, demonstrating the utility of the database in comparison of individual 

and general stress responses. Further screens will be required in the study of radiation induced 

microRNAs, however the miRstress database can provide a starting point for analysis. Indeed a 

study released after publication of the miRStress meta-analysis confirmed that one of the putative 

candidates identified by the database had been shown to play functional role in cells in response to 

radiation (Leung et al., 2014). Consequently the value of the database is that it allows identification 

of candidates from across the literature that can then be tested functionally. 
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The experimental approach to microRNA deregulation in stress response came from the miRNA 

Seq analysis reported in chapter six. Total RNA was extracted from cells and EVs. Bioanalyzer 

profiles suggested the presence of microRNAs in the samples and the sizes of the RNAs in the 

extracellular vesicle samples reflected that of the literature, with a predominance of small RNAs 

present. MicroRNA sequencing was performed and differential expression of microRNAs between 

samples was compared. Some differences in microRNA composition between unirradiated and 

irradiated cells were reported, however there were no significant changes in microRNA contents 

between EVs derived from unirradiated and irradiated cells by miRprof analysis. This was an 

unexpected result, however other studies have demonstrated similar results, with numerous mRNA 

changes, but no notable microRNA changes between treated and untreated EVs (Arscott et al., 

2013). High ribosomal RNA content is also likely to have concealed some of the deregulated 

microRNA transcripts as the sample was not as enriched in microRNA as desired. Whether EVs 

contain ribosomal RNA is an area of interest as originally they were shown to have minimal rRNA 

compared to the levels in the parent cells (Valadi et al., 2007) or compared to larger microvesicles 

or apoptotic bodies (Crescitelli et al., 2013). It is possible that the presence of dead cells is likely to 

contribute to rRNA in EV samples (Miranda et al., 2010), however with the advent of next-

generation sequencing some studies report a larger rRNA component in extracellular vesicle 

preparations than previously expected (Jenjaroenpun et al., 2013; Miranda et al., 2014). 

Overall, microRNAs predicted to be involved in radiation response were identified by miRStress 

and miRNA Seq, but their interaction with EVs is not yet clear. Further work would help to 

elucidate how microRNAs are packaged into EVs and whether their transport between cells via 

EVs is involved in the bystander effect. Furthermore, it has been suggested that microRNAs are 

present at as little as one transcript per hundred EVs, therefore further characterisation of the 

microRNA content of EVs is generally required (Chevillet et al., 2014). Selective loading of 

microRNAs into EVs has been suggested following with a drop in microRNA level in directly 

damaged podocytes but a significant increase in EVs, supporting the idea that miRNAs may be 

selectively loaded into EVs under different stressed conditions (Ichii et al., 2014). MicroRNAs 

have also been shown to contain zip-code like sequences that are believed to mediate their 

movement into EVs (Bolukbasi et al., 2012). Consequently, the selective packaging of microRNAs 

into EVs is indeed plausible and would support the concept that microRNAs are directed to 

surrounding cells in the mediation of stress responses. 

The results in chapter two confirmed that the extracellular vesicle fraction of the media taken from 

2 Gy irradiated cells had the ability to induce bystander effect in recipient cells as in previous 

studies (Al-Mayah et al., 2015; Al-Mayah et al., 2012; Jella et al., 2014). Furthermore, it was 

demonstrated that the EVs released from the 2 Gy cells had specific characteristic properties. 

Firstly there was a greater than two-fold increase in the number of EVs released from the 2 Gy 

cells, as previously demonstrated (Jella et al., 2014; Lehmann et al., 2008). This suggests that there 

is an active response of extracellular vesicle release in response to ionizing radiation, suggesting a 
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potential deliberate removal of material from the cell or intentional signalling to surrounding cells. 

Treatment of cells with calcium has also been shown to increase the excretion of EVs from cells 

(Savina et al., 2003) and as previously mentioned rapid calcium influxes have been documented as 

part of the bystander response (Azzam et al., 2002). Conditioned media from irradiated cells causes 

calcium influx in bystander recipient cells and EVs from directly irradiated cells also induce 

calcium influx in the bystanders (Jella et al., 2014). A number of different inhibitors have been 

used to study the action of candidate molecules in BE (Table 7.1) and demonstrate that different 

mechanisms are modulated by different types of bystander mediator as reported using different 

endpoints. The traditional bystander mediators in table 7.1 are better characterised than the newly 

implicated EVs. Consequently mechanisms traditionally studied as part of the bystander effect may 

tie in with EV biogenesis or release that we now know plays a role in radiation response and the 

bystander effect (Al-Mayah et al., 2015; Al-Mayah et al., 2012; Jella et al., 2014; Arscott et al., 

2013). The association of the established bystander mediators such as ROS and cytokines with the 

EV pellet from the irradiated cell media may be an example of this interaction. 

Table 7.1. Inhibitors of a variety of candidate molecules have been used to study BE. Inhibition of 

different bystander candidate molecules affects different mechanisms associated with bystander responses. 

Bystander mediator Inhibitor Effect upon BE induction Reference 

ROS 
N-acetyl cysteine 

(NAC) 
Prevention of growth arrest (Macip et al., 2002) 

Cytokines i.e. TNF-α 
Anti-sense 

oligonucleotides 

Reduction in radiation-

induced apoptosis 
(Zhang et al., 2008) 

Mitochondria DNA depletion Reduced γ-H2AX induction (Chen et al., 2008) 

Gap-junctions Lindane/Octanol 

Reduced p53 

modulation/reduced 

mutagenesis 

(Zhou et al., 2001; 

Azzam et al., 1998) 

COX-2 NS-398 Reduced DNA damage (Zhou et al., 2005) 

Calcium Calcicludine 
Prevention of micronuclei 

induction 
(Shao et al., 2006) 

Extracellular vesicles RNase A 

Abrogation of DNA 

damage mediation via an 

RNA-dependent 

mechanism 

(Al-Mayah et al., 

2012) 

 

Investigation of the biogenesis of EVs released from 2 Gy irradiated cells compared to normal EVs 

would help discern whether they are produced de novo or stored in cells ready to be released in 

response to stress. Indeed our knowledge of the biogenesis of EVs under different conditions is still 

relatively undeveloped. Linked to the increased concentration of EVs released in this thesis was a 
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statistically significant decrease in the size of the EVs from the 2 Gy irradiated cells. The vesicle 

sizing was performed by manual directly sizing of EVs on TEM images and calculating the average 

size. NanoSight measurements showed no change in size between 0 Gy and 2 Gy vesicles (data not 

shown), however the capacity of technology to size EVs accurately is arguably still under 

development and a manual method is time consuming but allows individual particle analysis. 

Furthermore, the heterogeneity of the contents of the vesicles cannot be accounted for by sizing or 

visualisation alone.   

The different RNA species reported here in 2 Gy EVs along with the increase in EV release 

following 2 Gy irradiation and also dose-dependent increases in EV release previously reported 

(Jella et al., 2014) all pose the question of whether irradiated cell EVs act in a quantitative or a 

qualitative way to induce their effect in recipient cells. To address the question of whether EVs 

exert their functions in a qualitative or a quantitative manner an increasing dose of EVs was added 

to MCF7 cells. An increase in the amount of normal EVs applied to fresh cells produced no 

significant increase in DNA damage with increasing extracellular vesicle quantity (Figure 4.10). 

This suggests that the increase in release of EVs alone did not lead to DNA damage effects in 

recipient cells and that a qualitative aspect must be involved in the EV’s ability to mediate 

bystander effect. This is reflected by the RNA Seq reported changes in composition between 

irradiated and unirradiated cells and their EVs and the fact that the knockdown of some of the 

genes altered the bystander response in recipient cells. 

The key aim of the project was to identify novel mRNA and miRNA candidates involved in the 

radiation response in order to test their functional role in BE. The current knowledge of the 

contents of EVs released from irradiated cells is limited as previously stated. Amongst the 

significantly upregulated RNAs identified by the RNA Seq analysis mRNAs such as NET1 and 

ANP32B, the non-coding RNA MALAT1 and also the mir-17-92 host gene cluster were identified. 

Consistent with the results presented here, it is possible that MALAT1 acts only under conditions of 

stress, or that it is used in intercellular communication following stress to a cell. In the case of the 

miR-17-92 host gene cluster for example it has been demonstrated that EVs are able to shuttle long 

unprocessed miRNA transcripts to recipient cells and to process them en route (Chevillet et al., 

2014) and this is a possibility in the mediation of bystander effect. Known as an oncogenic 

transcript the combined actions of the daughter miRNAs may have very interesting effects in the 

recipient cells. 

This variety of RNA species reported by the RNA Seq suggests that EVs contain a mix of smaller 

RNAs. Another interesting finding was the correlations of the RNAs between the parent cells and 

their EVs, and also between the 0 Gy and 2 Gy EVs. Strong correlations were observed between 

irradiated and unirradiated cells and between irradiated and unirradiated EVs. The correlations 

between cells and their EVs however was weaker, potentially signifying a selective loading of 
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RNA contents into EVs and therefore hinting towards an intended priming of EVs for use in 

particular functions.  

In order to test the functional significance of some of the genes reported by the RNA Seq selected 

genes were knocked down based upon the qPCR validation analysis and DNA damage and nuclear 

fragmentation assays demonstrated that knockdown had a functional effect. To this end ANP32B, 

NET1, NCL, MALAT1 and HSP90AA1 were used for knockdown in directly irradiated cells. 

Knockdown of one of the genes, NCL prevented the induction of DNA damage in directly 

irradiated cells, with the other genes having no effect on the directly irradiated cells. In bystander 

cells, a more varied response was observed. NET1 knockdown in directly irradiated cells had no 

effect on the induction of significant DNA damage in recipient cells. NCL knockdown and 

ANP32B knockdown resulted in the media from the irradiated cells inducing significantly lower 

levels of DNA damage. This suggests that knockdown of these genes has a protective effect on 

bystander recipient cells, or that they play a role in DNA damage induction in recipient cells. 

HSP90AA1 and MALAT1 knockdown resulted in there being no significant induction in DNA 

damage in cells receiving media from 2 Gy irradiated cells. This suggests that they also contribute 

to bystander effect but that they were not as strongly involved as NCL and ANP32B that reduced 

DNA damage in recipient cells. 

These intriguing results prompt further questions and repeats of these experiments using multiple 

siRNAs and EV transfer specifically would lead to a better understanding of how these RNAs are 

being shuttled between cells in a functional way. The DNA damage response to knockdown of 

some of the genes appears to be complex (Table 7.2Table 7.2). Naturally, these cellular responses 

are complex and as the bystander response is undoubtedly multifaceted, the study of soluble factors 

such as cytokines and proteins in combination with the RNA cargo of the EVs released from 

irradiated cells can only help to better our understanding of these effects. Here knockdown was 

only performed in the directly irradiated cells, to test whether it might affect loading of genes 

implicated in BE into the EVs. Complementary approaches, including overexpression of these 

genes, would confirm their participation. In addition, the knockdown of these genes in recipient 

cells would elucidate whether the delivery of the RNAs alone was sufficient to mediate bystander 

effect. Gap junction communication has also been shown to play an important role in the transfer of 

BE mediators between cells. Gap-junctional inhibitors would allow testing to understand whether 

BE is being mediated solely via EV release or also in combination with gap junction 

communication of ROS for example. 
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Table 7.2. Overview of knockdown effect on DNA damage in directly irradiated and recipient cells. 

Ticks indicate the expected DNA damage increase was observed, ‘X’ indicates that a significant upregulation 

was not observed. Direction of DNA damage deregulation indicated by arrows. 

  
MCF-7 

wild type 
NET1 NCL ANP HSP MAL NEG 

Direct 

irradiated 

DNA damage 

sig. increased 

with 2 Gy X-

rays? 

  X     

Direction of 

change 
       

         

  MCF-7 NET1 NCL ANP HSP MAL NEG 
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In addition to the identification of the candidate genes, the role that RNase treatment can play in the 

abrogation of the bystander effect requires further attention. RNase treatments can be used to 

remove assumed non-EV associated RNAs from preparations, however it is possible that the 

functional RNA is not only held in the lumen of the extracellular vesicle, but may also be found 

outside of the vesicles, integrated into the EV membrane. Some groups have used RNase to 

demonstrate when an RNA is necessary for the functional activity of the EVs (Deregibus et al., 

2007).  

Altogether, the results in this thesis have characterised EVs released in the radiation response of 

cell to ionizing radiation. This is the first study to investigate the effects of knockdown of candidate 

genes in directly irradiated cells and show that knockdown has the ability to change the response of 

directly irradiated cells to ionising radiation and also their ability to induce BE via EV transfer. 

These results suggest that increased numbers of EVs are released from cells exposed to ionizing 

radiation and that they not only carry different RNA species but that some of these species are 

involved in the mediation of bystander effect as their knockdown changes their ability to induce 

DNA damage.  

Conclusions and future directions 

These findings propose that EVs released from MCF7 cells directly irradiated with a 2 Gy X-ray 

dose have different characteristics and RNA contents compared to those released from unirradiated 

cells. Furthermore, the RNA species found released in EVs were varied and were significantly 

upregulated in the EVs compared to the parent cells where they were downregulated, suggesting 

selective loading and a functional role for them in the mediation of bystander effect. Knockdown of 

the RNAs identified altered the ability of the irradiated cell media to cause DNA damage in 

recipient cells. 

The overall results from this study have significantly contributed to the previous study of the role 

of EVs in BE and the radiation response and set foundations for future investigation. 

Overexpression of the genes identified and testing of extracellular vesicle transfer following 

wild type 

Classic 

bystander 

DNA damage 

sig. increased 

with  

2 Gy media 

transfer? 

  X X X X  

Direction of 

change 
       
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knockdown of these genes would offer a more complete view of how the extracellular vesicle 

fraction of the media is involved in bystander signalling. How these RNAs are exported from cells 

associated with EVs will also be interesting and investigation of their combination with other 

bystander candidates would provide an insight into how these different factors can contribute to 

such potent effects in surrounding cells.  
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