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Abstract 

 

Epidermal Growth Factor Receptor (EGFR) is a key modulator of a number of 

cellular processes such as cell fate, proliferation, migration, and apoptosis. The 

EGFR gene is commonly amplified in a number of cancers and EGFR has been 

implicated in Alzheimer’s disease, but its role in this context is uncertain. An 

internal ribosome entry site (IRES) within the EGFR 5’untranslated region 

(UTR) has been previously discovered which maintains EGFR expression under 

hypoxic conditions and has a high requirement for the eukaryotic initiation 

factor (eIF) 4A helicase. Requirement for eIF4A suggests that the structure of 

the IRES is important in its regulation. Identifying the structure of the IRES and 

the conditions in which the IRES is active could lead to the development of 

therapeutics targeting the IRES. 

The IRES was investigated using bicistronic luciferase vectors. The IRES was 

found to be active in serum starvation stress but this activation appeared to be 

cell type specific, suggesting the IRES may depend upon tissue specific trans-

acting factors for function. The EGFR IRES appears to not be modular, drawing 

similarities to the L-myc IRES. Structural data was used to improve prediction 

models for the IRES, which identified a structural switch that may be regulated 

by trans-acting factors. Targeting the IRES with anti-sense oligonucleotides 

proved moderately successful in inhibiting cap-independent translation. To 

study translational control in an environment closer to those found in 

Alzheimer’s disease, a 3-dimensional model was developed. Although the 
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model was not spherical and could not be used as intended, it may be useful as 

a model for studying stress gradients. The effects that EGF stimulation has on 

translational regulation is poorly understood, yet may be a significant mediator 

in disease. RNA-seq allows for the quantification of the entire transcriptome for 

a given condition, whilst polysome profiling fractions mRNA based on 

ribosomal association. Through polysome profiling, RNA-seq and ontological 

clustering, it was revealed that EGF increased the translational efficiency of 

genes associated with Alzheimer’s disease aetiology. Some of these genes were 

found to be directly connected to the production and oligomerisation of the 

amyloid beta protein. 
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1. Introduction 

The epidermal growth factor receptor (EGFR) is an important mediator in a 

number of processes and in disease. Overexpression of EGFR is common in  

many cancers, yet genetic mutations account for a small proportion of cases. 

Translational control has been identified as a potential source of EGFR 

overexpression, thus studying the mechanisms which control its expression is 

valuable in the development of therapeutics.  

1.1 Alzheimer’s Disease 

1.1.1 Amyloid Beta and Microtubule-Associated Protein Tau 

The leading cause of dementia in the elderly, Alzheimer’s disease (AD) is 

rapidly becoming one of the most damaging diseases of the 21st Century; one in 

eight over 65s suffer from the disease and it is the 6th most common cause of 

death (Alzheimer's 2015). It is estimated that by 2050 the incidence of AD will 

have reached a hundred million and that currently, in the US alone, the disease 

costs $180 billion a year. Yet despite these figures the cause(s) of Alzheimer’s 

disease remains elusive, with treatments transient and palliative (Ferreira and 

Klein 2011). It is becoming apparent that, like cancer, AD may not have a single 

cause or even a common pathology; rather AD may be a collection of diseases 

with common symptoms, the most prevalent of which is memory loss (Ferreira 

and Klein 2011). 

AD is a neurodegenerative disease that is characterised by the presence of 

protein plaques and neurofibrillary tangles within neuronal cells. These 

proteinaceous aggregations are primarily composed of the proteins amyloid beta 
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(Aβ) and MAPT, often referred to as ‘tau’ (Glenner and Wong 1984; 

Grundkeiqbal et al. 1986). Aβ is a small, ~4.5kDa peptide that can form 

insoluble fibrillar polymers.  

Aβ is a product of the cleavage of APP, the membrane-bound Amyloid Precursor 

Protein, by two proteases: β-secretase (also known as β-site APP-cleaving 

enzyme 1 (BACE1)) and γ-secretase. Cleavage by α-secretase does not produce 

Aβ, cleaving within the fragment sequence and producing APPsα. APPsα is 

thought to be neuroprotective and be involved in synaptic plasticity (Hick et al. 

2015). The α-secretase pathway is the predominant APP processing pathway and 

is the non-amyloidogenic pathway of APP processing.  BACE1 is a type 1 

membrane aspartic protease that cleaves at the Asp+1 residue of the Aβ sequence 

to form the N-terminus of Aβ (Vassar 2004). The two fragments of this cleavage 

are the C-terminal fragment C99, which remains membrane bound, and APPsβ, 

a secreted ectodomain (Hussain et al. 1999). A second cleavage event is required 

to create Aβ. This is performed by γ-secretase, a multi-subunit protease that 

cleaves C99, generating an AICD and Aβ (Edbauer et al. 2003). The cleavage is 

imprecise and this leads to Aβ variants, most notably Aβ40 and Aβ42 (Hardy 

1997). APP processing is shown in figure 1.1.  The subunits of γ-secretase have 

not been fully characterised but consists of at least presenilin, nicastrin, APH-1 

and PEN-2 (Takasugi et al. 2003; Edbauer et al. 2003). BACE1 is highly active 

within neural tissue and is expressed highly in the brain (Vassar et al. 1999). The 

proportion of Aβ42 to Aβ40 formed is important as Aβ42 is more prone to 

aggregation into oligomers and plaques. Whilst production of Aβ is a normal  
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Figure 1.1 Amyloid Precursor Protein (APP) Processing by Secretases. In the 

non-amyloidogenic pathway, APP is cleaved by α-secretase to produce APPsα, a 

neuroprotective protein. Cleavage by β-secretase produces the membrane bound 

C99 fragment and a secreted APPsβ protein. Further cleavage of C99 by γ-

secretase produces AICD and the amyloidogenic Aβ protein. 
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process, it is the overproduction of Aβ42 which has been proposed to cause early-

onset Alzheimer’s disease. Production of Aβ is often portrayed as negative but 

its deletion from neuronal cells results in cell death, a characteristic unique to 

neuronal cells (Plant et al. 2003). Reintroduction of Aβ40, restores cell survival, 

but the Aβ25-35 fragment, which retains most of the toxic effects of Aβ42, had 

little effect on survival. The mechanism by which Aβ40 protects cells remains 

elusive, but may involve regulating K+ channel expression (Yu 2003). 

Tau is a microtubule binding protein that, in its hyperphosphorylated form, 

forms the core of neurofibrillary tangles in AD (Tolnay and Probst 1999). 

Although tangles and Aβ plaques are seen together in post-mortem examination 

of AD sufferers, the prevailing theory of AD development (until recently) 

largely ignores the possibility of tau tangles causing AD, and this for a number 

of reasons. Firstly, genetic studies on the early onset form of AD (EOAD), or 

familial Alzheimer’s disease (FAD) due to its inherited, genetic basis, showed 

that mutations in the APP and presenilin 1 and 2 genes, that create the peptides 

of gamma secretase, caused EOAD through an increase in Aβ production (Goate 

et al. 1991). Secondly, mutations in tau do not cause AD but rather display a 

different form of dementia, fronto-temporal dementia (FTD) (Hutton et al. 

1998). This is despite EOAD presenting the same histological profile as AD: 

plaques and tangles. This hypothesis, known as the Amyloid Cascade 

Hypothesis, links dementia to nerve cell death through the toxicity of large, 

insoluble amyloid fibrils. The hypothesis had great weight at its time of 

inception. The causative effect of the plaques drew parallels with other 

degenerative studies, such as Parkinson’s and the prion diseases (Ferreira, 
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Vieira, and De Felice 2007).  However, it is likely that late onset Alzheimer’s 

disease (LOAD) is more complex and not monogenic and comparisons between 

LOAD and EOAD should only be used lightly in the understanding of LOAD. 

Often citing the failures of drugs developed for the cascade hypothesis, some 

studies suggest tau has a part to play in LOAD development in a ‘dual-pathways 

hypothesis’ (Small and Duff 2008). However, one of the leading hypotheses for 

the cause of AD is the oligomer hypothesis, which suggests that instead of large 

fibrillar aggregations of Aβ causing AD, it is the smaller soluble oligomers of 

Aβ that cause neuronal degeneration, with the plaques causing a secondary toxic 

effect (Ferreira and Klein 2011). Emerging in the 70s with the discovery that  

individuals with dementia showed considerable deterioration of dendritic 

projections (Scheibel et al. 1975), further advanced by plaque load correlating 

poorly with cognitive function (Terry, Katzman, and Bick 1994) and synaptic 

loss providing the best correlation with AD (Terry et al. 1991), the oligomer 

hypothesis proposes that loss of synaptic plasticity, rather than cell death, is the 

leading cause of senility. The oligomer hypothesis presents a molecular basis for 

AD. For example, Lambert et al showed that clusterin, a protein upregulated in 

AD and found within amyloid deposits, could promote the accumulation of 

soluble oligomers and that Aβ oligomers were neurotoxic; inhibiting synaptic 

plasticity and long-term potentiation without affecting baseline excitability 

(Lambert et al. 1998). This means that interference of signalling, rather than 

cellular degeneration, is the method through which Aβ oligomers causes 

memory loss. The conclusion of these data is that memory loss is caused by 

disruption of synaptic plasticity through the action of Aβ oligomers. The 

oligomer hypothesis is supported by recent findings that increased clusterin 
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levels are associated with higher levels of fibrillary Aβ (Thambisetty et al. 

2010). The idea that interference of signalling pathways may be a cause of 

Alzheimer’s has brought attention to receptors whose hyperactivity may lead to 

AD, including EGFR, which is activated by Aβ oligomers as discussed in section 

1.4.4 (Wang et al. 2012).  

 

1.1.2 Conditions and Risk Factors 

There are a number of conditions which are thought to exacerbate Aβ 

production, deposition and oligomerisation. Inflammation is thought to be one 

of these. As part of the amyloid cascade hypothesis, it was once thought 

inflammation occurred after Aβ deposition (Hardy and Selkoe 2002). However 

in mild cognitive impairment, a state which often precedes AD, cytokine levels 

are elevated (Brosseron et al. 2014). Diseases of the CNS are almost always 

involves the immune system; traditional neuroinflammatory diseases such as 

encephalitis or multiple sclerosis invoke T and B lymphocytes as part of the 

adaptive immune response (Griffin et al. 1992; Hoglund and Maghazachi 2014). 

Activation of the adaptive immune system has not been observed in AD, rather 

the inflammatory reaction seen in AD is consistent with the activation of the 

innate immune system, produced by CNS-resident immune cells such as 

microglia and reactive astrocytes (Prinz et al. 2011). Anti-inflammatory drugs 

have been found to reduce the risk of AD when taken over a long period, before 

onset of the disease (Etminan, Gill, and Samii 2003), yet inflammation as a 

promoter of AD progression is not as clear as it would seem. Some inflammatory 
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mechanisms are thought to clear Aβ. One hypothesis suggests that binding of 

Aβ to microglial receptors activates the cells, causing expression of chemokines, 

growth factors and complement anaphylatoxins, causing proliferation or 

chemotaxis of microglial cells (Rogers et al. 2002). This position is strengthened 

by the presence of large numbers of reactive glial cells surrounding Aβ plaques 

(Thomason et al. 2013) Complement opsonins bind Aβ and allow Aβ to be taken 

into microglia by phagocytosis leading to clearance of Aβ (Frackowiak et al. 

1992). In AD brains it is clear that this clearance is unsuccessful, but there is 

evidence that plaques are resolved over the course of the disease, suggesting that 

clearance does occur but not at a sufficiently rapid rate to combat aggregation 

(Hyman, Marzloff, and Arriagada 1993). 

High levels of metal ions, such as iron, copper and zinc can mediate the 

aggregation of Aβ (Atwood et al. 1998; Bush et al. 1994; Atwood et al. 2000). 

Zinc binds readily to Aβ at neutral pH to form insoluble aggregates, whilst 

copper induces a soluble conformation (Miura et al. 2000). The mildly acidic 

pH often found in AD brains as well as the presence of inflammation, alters 

copper’s effect on Aβ, inducing the formation of insoluble aggregates (Atwood 

et al. 1998). Dysregulation of metal ions can also induce oxidative stress through 

reactions between O2 and metal ions, creating more ROS (Maynard et al. 2005). 

There is overwhelming evidence that oxidative stress occurs in AD (Christen 

2000). High levels of ROS causes tissue damage and lipid peroxidation, a 

prominent feature in degeneration (Markesbery 1997).  

The calcium hypothesis of AD suggests that calcium plays a key role in the 

deficits in memory and learning (Khachaturian 1987). As neurons age, 
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inefficient energy metabolism and accumulation of oxidative stress 

compromises their ability to tightly regulate Ca2+ gradients across the plasma 

and endoplasmic reticulum membrane, leading to sustained increases in Ca2+ 

concentration in the cytoplasm (Toescu and Verkhratsky 2007). Dysregulation 

of calcium signalling has been documented in mouse models of the disease, as 

well as in high risk groups of humans (Larson et al. 1999; Leissring et al. 2000). 

In the former, the disruption is found months before extracellular Aβ is detected 

(Etcheberrigaray et al. 1998). 

Much evidence points to an increase in stored Ca2+ in the endoplasmic reticulum 

(ER). A polymorphism of the calcium channel CALHM1, a protein found on 

both the plasma membrane and ER membrane which acts as leak channel, 

increases the risk of AD and has a reduced Ca2+ permeability, resulting in higher 

stored calcium in the ER (Dreses-Werringloer et al. 2008; Cui et al. 2010). 

Presenilins also disrupt intracellular Ca2+ homeostasis through IP3-gated 

channels, causing enhanced filling of calcium stores (Stutzmann et al. 2004). 

Further, Aβ40 and Aβ42 can form Ca2+ permeable pores in the plasma membrane 

leading to increased Ca2+ concentration in the cytoplasm (Arispe, Rojas, and 

Pollard 1993). There is conflicting data as to whether increased calcium levels 

affect Aβ production. Early reports suggest treatment of embryonic kidney cells 

that express APP with the Ca2+ ionophore A23187 increased Aβ production 

(Querfurth and Selkoe 1994). The same was true following caffeine treatment – 

caffeine is a known agonist of the ryanodine receptor, suggesting that influx of 

Ca2+ and release from stores enhanced Aβ production (Querfurth et al. 1997). 

Yet treatment with thapsigargin, irreversibly blocking the sarco/endoplasmic 
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reticulum Ca2+ -ATPASE (SERCA) activity and increasing intracellular Ca2+, 

actually reduced Aβ production (Buxbaum et al. 1994). Contrary to this is the 

demonstration that influx of calcium through L-type voltage gated calcium 

channels (L-VGCC) increased Aβ42 production in neurons, but release of 

calcium from the ER was not adequate for Aβ production (Pierrot et al. 2004). 

The general consensus appears to be that calcium dysregulation is important in 

AD progression, but the exact mechanisms and effects of calcium fluxes need 

further examination. 

A number of genetic polymorphisms have been discovered which increase the 

risk of developing AD. The most recognised of these is the ApoE4 allele. ApoE4 

homozygotes have between an 8 and 12-fold increase in the risk of developing 

Alzheimer’s disease (Strittmatter et al. 1993; Roses 1996). The incidence of at 

least one copy of the ApoE4 allele in AD patients is 40-65%. ApoE is a 299aa 

glycoprotein, expressed in several organs with the highest expression in the liver 

followed by the brain. Astrocytes and microglia are the main expressors in the 

brain, although neurons do produce ApoE under certain conditions (Grehan, Tse, 

and Taylor 2001; Xu et al. 2006). ApoE is involved in endocytosis of lipoprotein 

particles. In the brain, ApoE is mainly associated with high density-like 

lipoprotein (HDL) particles and is the predominant apolipoprotein of HDL in 

the central nervous system, which deliver cholesterol to neurons (Fagan et al. 

1999; Pitas et al. 1987). The released cholesterol support synaptogenesis and 

maintenance of synaptic connections (Pfrieger 2003). The three most common 

polymorphisms of ApoE are ApoE2, E3 and E4, and differ by just one or two 

amino acid residues. Yet these differences profoundly alter the structure and 
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function (Mahley, Weisgraber, and Huang 2006). For instance the more 

common ApoE3 is involved in clearance of Aβ, but ApoE4 does not clear Aβ 

effectively (Yang et al. 1999), yet ApoE4 still accumulates in plaques 

(Strittmatter et al. 1993). It is generally accepted that any of the ApoE 

polymorphisms aid in clearance of Aβ, but two studies have shown that 

removing one copy of either ApoE3 or E4 isoforms actually reduces Aβ levels 

(Kim et al. 2011; Bien-Ly et al. 2012). Yet the majority of published literature 

suggests ApoE aids in clearance either through proteolytic degradation (Jiang et 

al. 2008) or more recently by indirect means through receptor binding (Zlokovic 

et al. 2010; Verghese et al. 2013). As to why the E4 allele is so prevalent despite 

its association with disease, it can be noted that ApoE4 is positively associated 

with higher levels of vitamin D (Huebbe et al. 2011). 

Aside from age and genetic risk factors, metabolic disorders such as diabetes, 

obesity and hypertension significantly increases the risk of developing AD. Type 

II diabetes has been reported as increasing the risk of dementia by 50-150% (Li, 

Song, and Leng 2015). The exact mechanism by which type II diabetes 

modulates AD progression is not known, but it has been proposed that insulin 

resistance or deficiency is involved. Insulin abnormalities have been observed 

in AD (de la Monte and Wands 2005), and defective insulin signalling results in 

increased Aβ production, through an impairment of the non-amyloidogenic 

pathway of APP processing and increased expression of BACE1, (Wang et al. 

2010) Insulin deficiency in mice reduces insulin receptor (IR) phosphorylation, 

downregulating the insulin/IR signalling pathway but enhances the activity of 

GSK3 and JNK, both of which have been found to be involved in the formation 
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of Aβ plaques, hyperphosphorylated tau and neuronal cell death (Kim et al. 

2006; Savage et al. 2002; Liu et al. 2003). Dysregulation of insulin signalling 

also increased Aβ fibrillisation and aggregation through an increase in GM1 

ganglioside levels and clustering (Yamamoto et al. 2012). The GM1 ganglioside 

is a glycosphingolipid found on the outer layer of the plasma membrane and is 

involved in cell viability and differentiation, but appears to also serve as a 

scaffold for Aβ fibrillisation (Yamamoto et al. 2007). Type II diabetes may also 

contribute to the inflammatory environment that is a hallmark of AD; chronic 

inflammation through overexpression of TNF-α, is often seen in diabetes and in 

obesity (Hotamisligil, Shargill, and Spiegelman 1993). Oxidative stress is also 

found in both diseases, and in diabetes is often the reason for diabetes-induced 

vascular disease. Oxidative stress in diabetes may be caused by hyperglycaemic 

activation of nuclear factor- kappaB and NH2-terminal Jun kinases/stress-

activated protein kinases pathways (Evans et al. 2002). High cholesterol levels 

are often seen in obesity and diabetes. Cholesterol has been shown to increase 

Aβ synthesis through APP processing by modulating gamma secretase activity 

(Cole et al. 2005). 

1.1.3 Translational Control in Alzheimer’s Disease 

There is emerging evidence that mRNA translation is highly important in the 

disease process of many neurological diseases. The mRNA of both APP and 

MAPT, which codes for the ‘tau’ protein contain internal ribosome entry sites 

(IRESs), which may allow these proteins to be expressed during the conditions 

found in Alzheimer’s disease (Beaudoin, Poirel, and Krushel 2008; Veo and 

Krushel 2009). Other mechanisms of translational control have also been 
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observed in AD related genes. An iron response element (IRE) can be found in 

the 5’UTR of APP, whilst BACE1 mRNA contains three upstream open reading 

frames (uORFs) (Cho et al. 2010) (O'Connor et al. 2008). Targeting these 

mechanisms could lead to potential therapeutics. These mechanisms are 

discussed further in section 1.2.5. 
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1.2 Translation 

 

Proteins are fundamental to life, performing a vast array of functions within 

cells, ranging from metabolic catalysis, replication of DNA, cell signalling and 

providing extracellular and intracellular structures. Proteins account for 

approximately 44% of a human’s dry weight (Davidson 1973). The production 

of this biomass requires a huge amount of resources to in terms of the 

translational machinery, ribosomes, tRNAs, and enzymes. This highly intensive 

system requires a high degree of control and regulation, not only to ensure 

resources are not wasted, but also that the cell responds to its environment 

appropriately. Translation is the process by which a messenger RNA (mRNA) 

transcript is read and used as a template for the synthesis of a specific protein. 

Translation consists of three separate stages; initiation, elongation and 

termination. Initiation describes the formation of the 80S ribosome on an mRNA 

transcript, aided by RNA-binding proteins, at the ‘start codon’, usually AUG, 

(Kozak 1983) which is base-paired to the anticodon of the Met-tRNAi in the 

peptidyl (P) site of the ribosome (Cigan, Feng, and Donahue 1988). Initiation 

requires the small, 40S and large, 60S ribosomal subunits and at least 12 

eukaryotic initiation factors, (eIFs) each of which contributes to one or more of 

the steps of initiation. Elongation is the extension of the polypeptide chain, 

where the 80S ribosome reads the mRNA sequence and allows the base pairing 

of mRNA codons with their complementary anticodon on the amino acid bearing 

tRNA molecule followed by peptide bind formation between the two (Moore 

PB, Steiz, 2003). Elongation continues until a stop codon in the mRNA is 
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reached, where upon the ribosome detaches from the mRNA transcript, a process 

called termination. 

1.2.1 Structure and Processing of mRNA 

mRNA is an inherently unstable form of RNA; its quick degradation is key to 

regulation of expression, as one mRNA transcript can, in theory, be translated 

by hundreds of ribosomes indefinitely unless the mRNA is removed. Eukaryotic 

mRNA is more stable than prokaryotic mRNA due to the addition of several 

modifications to eukaryotic mRNA structure. Prokaryotic mRNA is translatable 

as soon as it is transcribed (Yanofsky 1981), unlike eukaryotic mRNA, which 

must be processed through modifications, splicing and editing as well as 

transported out of the nucleus. Due to the absence of a nuclear compartment, 

prokaryotic mRNA is transcribed in the cytoplasm, thus  ribosomes can begin 

translating the mRNA whilst the latter part of it is still being transcribed 

(Yanofsky 1981). The co-transcriptional nature of prokaryotic mRNA endows 

the ability to be translated quickly, but degraded fast due to an unstable structure. 

This mechanism probably aids the bacteria to respond to its environment quickly 

(Sarkar 1997). 

Before leaving the nucleus, pre-mRNA must first be processed in order to 

become mature mRNA. Two modifications to eukaryotic pre-mRNA protect the 

mRNA from the exonucleases that degrade it, as well as being essential to the 

mechanism of translation initiation. These modifications are the 5’ cap and the 

3’ polyadenylated (Poly(A)) tail. The 5’ terminal cap consists of a guanine 

nucleotide, methylated at the 7 position bound to the next nucleotide by an 
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unusual triphosphate 5’ to 5’ linkage (Reddy et al. 1974). First described in 1974, 

(Reddy et al. 1974) the 5’ cap is added to the pre-mRNA by the action of three 

enzymes and guanosine triphosphate (GTP), as reviewed in: (Banerjee 1980). In 

short, the 5’ terminal phosphate of the RNA is removed by hydrolysis, through 

the action of a phosphatase, leaving a diphosphate group (Venkatesan, 

Gershowitz, and Moss 1980). Guanylyl transferase catalyses the addition of 

GTP to the diphosphate, with GTP losing two of its phosphates in the process, 

creating the triphosphate, 5’ to 5’ linkage (Martin and Moss 1975). Methyl 

transferase methylates the nitrogen at the 7 position in the ring of guanine, 

finishing the cap structure (Martin and Moss 1975). The 5’ cap plays an essential 

role in the vast majority of translation initiation, as will be discussed later. The 

3’ Poly(A) tail is also essential to cap-dependent translation initiation. To add 

the tail, part of the pre-mRNA transcript is cleaved. Most pre-mRNAs have the 

cleavage site between a heavily conserved AAUAAA hexamer, which acts as a 

polyadenylation signal sequence, and a GU- or U- rich downstream sequence 

element (DSE) (Proudfoot, Furger, and Dye 2002). The pre-mRNA is also 

spliced, a process where sequences are removed from pre-mRNA, termed 

introns, and the remaining sequences (exons) are ligated together. Once 

processed, mature mRNA is transported out of the nucleus through nuclear 

pores. mRNA is packaged into messenger ribonucleoprotein (mRNP) 

complexes which bind to export receptors. The receptors dock at the nuclear 

pore where the mRNA is translocated to the cytoplasm (Rodriguez, Dargemont, 

and Stutz 2004) 
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The cytoplasmic mRNA transcript does not merely code for its corresponding 

protein, it also contains regions that regulate the translation of the downstream 

coding sequence. The 5’ untranslated region (UTR) holds various features that 

are important in the translation and regulation of initiation of the mRNA. These 

include upstream open reading frames (uORFs), Internal ribosome entry sites 

(IRESes), sites for RNA binding proteins (RBPs) and secondary structures 

(Araujo et al. 2012). The average length of the 5’ UTR is between 100 and 200 

nucleotides (nt) across many species whilst the 3’ UTR has more striking 

differences, ranging between 200 and 1000nts (Pesole et al. 2001). In 

vertebrates, the length of the 5’ UTR appears to be dependent on the function of 

the protein; growth and transcription factors, protooncogenes and growth factor 

receptors all tend to have longer UTRs (Davuluri et al. 2000). This allows for 

the regulation of translation of these genes through the structures mentioned 

previously. mRNAs that have longer UTRs tend to be translated through the cap-

dependent mechanism requiring eIF4E to bind the cap. Secondary structures 

positioned close to the cap are very effective at inhibiting translation. Hairpins 

close to the cap require free energy of -30 kcal/mol if they are to block the 

helicase activity of eIF4A (Kozak 1989). Those structures further downstream 

require free energy stronger than -50 kcal/mol to block translation (Pickering 

and Willis 2005). Overexpression of eIF4A and its enhancer eIF4B can partially 

overcome this barrier (Rozen et al. 1990). 
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 1.2.2 Initiation of Translation 

Translation is a cyclical process, with ribosomes and eIFs recycled from 

previous rounds of translation through the dissociation of the subunits and 

ribosomal binding proteins. The 40S and 60S ribosome subunits are prevented 

from reassociation by the reattachment of eIF3 to the 40S ribosome (Freienstein 

and Blobel 1975), along with eIF1 and eIF1a (Kolupaeva et al. 2005), occluding 

the 60S binding site. The 40S ribosome is then ready for the next stage – the 

binding of the ternary complex. The process of translation initiation is shown in 

figure 1.2. 

The formation of the ternary complex, an assembly of eIF2, GTP and the 

initiator tRNA, Met-tRNAi, marks the beginning of a new round of translation 

initiation. The ternary complex delivers the tRNAi to the 40S subunit. eIF2 is a 

heterotrimeric GTP dependent protein (Lloyd et al. 1980), and must bind GTP 

in order for the initiator tRNA, Met-tRNAi to bind (Walton and Gill 1975). GTP 

binding causes conformational change in the switch 1 and 2 regions of eIF2 that 

allows Met-tRNAi to bind with a much greater affinity (Yatime et al. 2006). 

After formation, the ternary complex joins up with the 40S-eIF1,eIF1A and eIF3 

complex to create the 43 pre-initiation complex (Fig1.2). 
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Figure 1.2. Cap-dependent Translation Initiation in Eukaryotes.  The 43 S pre-

initiation complex is formed by the binding of eIFs 1, 1A, 3 and the ternary 

complex. The cap-binding complex forms at the 5’ cap of the mRNA through eIF4E 

binding. The 43S pre-initiation complex binds to the cap complex and begins 

scanning the mRNA for the start codon, where the initiator tRNA of the ternary 

complex binds, and translation can occur. eIFs are represented by number only. 
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The formation of the 43S pre-initiation complex is essentially governed by the 

local levels of the ternary complex, composed of the eukaryotic initiation factor 

eIF2, bound with GTP and the initiator Met-tRNAi as eIF1, eIF1A and eIF3 are 

already bound to the 40S ribosomal subunit following recycling. eIF3 stimulates 

eIF2 binding to the 40S subunit (Benne and Hershey 1978), making contacts 

with eIF3, eIF1 and eIF1A (Chaudhuri, Chowdhury, and Maitra 1999; Thomas 

et al. 1980). eIF5B is also thought to be recruited along with eIF2 and is 

important later in initiation, where it causes the dissociation of eIF1, eIF3 and 

eIF2-GDP from the 40S subunit to aid 60S binding (Thomas et al. 1980).  

The 5’ m7G cap provides the platform for the formation of the cap-binding 

complex required for cap-dependent translation initiation. The cap binding 

complex, often denoted as eIF4F, is composed of 3 initiation factors; eIF4A, 

eIF4G and eIF4E. There are three known isoforms of eIF4A, eIF4A1, II and III. 

Whilst 4AI and 4AII share ~90% sequence homology (Nielsen and Trachsel 

1988), they are differentially expressed in tissues and are thought to have 

different cellular functions (Galicia-Vazquez et al. 2012).  eIF4E binds to the 

cap to recruit the 43S complex to the mRNA (Sonenberg et al. 1978) (Fig 1.2). 

The 43S complex is intrinsically capable of attaching to unstructured 5’ UTRs 

(Pestova and Kolupaeva 2002) but as almost all cellular mRNA feature 

secondary structures within their 5’ UTRs, binding of eIF4F is generally 

essential for the 43S complex to bind to the mRNA. The eIF4A subunit unwinds 

the region close to the 5’ cap, preparing it for the 43S complex (Ray et al. 1985). 

The mRNA binds to a cleft within the 40S subunit that closes through a non-

covalent ‘latch’ formed by two of the helices of 18srRNA (Spahn et al. 2004). 
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After the 43S complex has bound to mRNA it proceeds to scan along the mRNA, 

downstream of the cap (Fig 2.3). Scanning requires unwinding of secondary 

structure to allow the passage of the ribosome. The helicase eIF4A is essential 

in this role, but eIF4G is also required for scanning even the weakest of 

secondary structures (Pestova and Kolupaeva 2002). eIF4G stabilises the closed, 

active conformation of eIF4A (Oberer, Marintchev, and Wagner 2005). The 

central role of eIF4A as the primary factor in the unwinding of secondary 

structure is highlighted by its requirement being directly proportional to the 

secondary structure present in the 5’ UTR (Svitkin et al. 2001). 

1.2.3 Codon Recognition, 48S Ribosome Formation & Subunit Joining 

The 43S complex scans downstream until it reaches the first initiation codon 

(AUG) in a good context, consensus GCC(A/G)CCAUGG (Kozak 2001). The 

fidelity of initiation is maintained in part by eIF1, allowing the 43S complex to 

discriminate against non-AUG triplets and those that are within a poor context, 

as well as those within eight nucleotides of the 5’ end of the mRNA (Pestova 

and Kolupaeva 2002). eIF1 can also dissociate ribosomal complexes that 

assemble at non-AUG triplets in its absence (Pestova, Borukhov, and Hellen 

1998). eIF1A and eIF1 cooperate to promote an ‘open’ conformation of the 43S 

complex that allow mRNA to flow easily through the complex as it scans the 

mRNA (Passmore et al. 2007). Upon encountering an initiator codon, a ‘closed’ 

conformation is formed. This is achieved through the tightening of eIF1A-40S 

interaction and displacement of eIF1 from near the P-site (Maag, Algire, and 

Lorsch 2006; Lomakin et al. 2003). Codon-anticodon interactions form, giving 

rise to the 48S complex. After recognition, the ribosome commits to initiation at 
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that codon. This step also dissociates factors that occlude the surface that the 

60S subunit binds to, namely eIF1, 1A, 2 and 3. This is mediated by eIF5, which 

binds to the β subunit of eIF2 and induces GTPase activity of the γ subunit when 

eIF2 is complexed with Met-tRNAi bound to the 40S subunit, acting as a 

classical GTPase activating protein (GAP) (Das and Maitra 2001). 

Consequently, the affinity of eIF2 for Met-tRNAi is reduced and causes the 

dissociation of eIF2-GDP and other eIFs from the 40S subunit facilitated by 

eIF5B and the 60S ribosomal subunit. eIF5B is a ribosome dependent GTPase 

that mediates ribosomal subunit joining, possibly by burying solvent-accessible 

surfaces on both subunits in a similar fashion to its prokaryotic homologue IF2 

(Allen et al. 2005). Hydrolysis of eIF5B’s GTP is not necessary for subunit 

joining but is required for release of eIF5B from the ribosome (Pestova et al. 

2000).  

1.2.4 Elongation, Termination and Recycling 

Just two eukaryotic elongation factors (eEFs) assist in elongation, eEF1 and 

eEF2. eEF1 binds aminoacyl-tRNA in a GTP-dependent manner, directing the 

tRNA into the ‘A’ site of the ribosome where the next mRNA codon sits. The 

recognition of the codon by tRNA triggers hydrolysis of GTP, releasing eEF1 

and allowing the tRNA into the A site. From here peptide bonds form between 

the residues. eEF2 aids in the translocation of the ribosome to the next codon 

(Dever and Green 2012) . Elongation continues until a stop codon (UAA, UGA 

or UAG) is encountered. Termination is catalysed by eukaryotic release factors 

(eRFs). eRF1 is responsible for recognition of the stop codon whilst eRF3 aids  
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Figure 1.3 Translation Elongation in Eukaryotes. (A)  eEF1 bound to tRNA and 

GTP directs the tRNA into the ‘A ‘site of the ribosome. (B) Recognition of the codon 

triggers GTP hydrolysis and release of eEF1. Peptide bonds form between the amino 

acids held in the ‘P’ and ‘A’ sites. (C) eEF2 aids in the translocation of the ribosome 

along the mRNA, clearing the ‘A’ site for the next tRNA 
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in peptide release. Ribosomes are recycled from previous rounds of translation 

through the dissociation of the subunits and ribosomal binding proteins. The 40S 

and 60S ribosomes are prevented from re-association by the reattachment of 

eIF3 to the 40S ribosome (Freienstein and Blobel 1975), along with eIF1 and 

eIF1a (Kolupaeva et al. 2005), occluding the 60S binding site. The 40S ribosome 

is then ready to bind another ternary complex and start another round of 

translation.  

1.2.5 Translational Control 

Gene expression is regulated at many levels; from chromatin remodelling in the 

nucleus to controlling the production of proteins at the translational level in the 

cytoplasm. Translational control is fundamental to a cell’s ability to adapt to a 

changing environment in response to signalling molecules and stress conditions 

as it allows rapid increases in the cellular concentration of proteins. Control in 

translation is mostly exerted at the initiation stage, although regulation does 

occur at elongation through phosphorylation of eEF2, affecting the rate of 

protein synthesis (Yan et al. 2003). Control of initiation can occur through 

elements in the mRNA itself, or through controlling the activity of initiation 

factors. 

1.2.5.1 Regulation of Initiation Factors 

An important category of translational control involves the eIFs. Both eIF2 and 

eIF4E are regulated. When bound to GDP, phosphorylation of the alpha subunit 

of eIF2 causes it to act as an inhibitor of eIF2B, binding tightly and abrogating 

its guanine nucleotide exchange factor activity (Kimball 1999). This results in a 
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drop in eIF2-GTP-TC available for initiation, leading most mRNA translation 

to cease. Four mammalian kinases are known which phosphorylate eIF2α, 

EIF2AK1, PKR, PERK and GCN2. These kinases are activated under certain 

cellular stress in order to inhibit translation. PERK is activated under ER stress, 

GCN2 is active under amino acid starvation, whilst PKR is important in the anti-

viral response, being activated by double stranded RNA of more than 40 bps. 

The cap binding eIF4E is subject to regulation by phosphorylation too, in 

response to certain stimuli. The MAP kinase-activated protein kinase (MNK1) 

binds to and phosphorylates eIF4G when eIF4G contacts eIF4E. Phosphorylated 

eIF4E has a greater affinity for the 5’ cap, contributing to a more stable eIF4F 

complex. Regulation of this process comes from the eIF4E binding proteins (4E-

BPs) which, when under-phosphorylated, bind to eIF4E, interfering with its 

ability to bind to eIF4G. Hyperphosphorylation of 4E-BPs occurs in response to 

growth factors or hormones.   

1.2.5.2 Upstream Open Reading Frames 

Upstream open reading frames (uORF) are open reading frames within the 

5’UTR which can regulate expression by allowing ribosomes to begin scanning 

upstream of the primary ORF, downregulating expression. It is reported that 

around 50% of mammalian genes contain at least one short uORF, upstream of 

the main protein coding ORF (Calvo, Pagliarini, and Mootha 2009). A 

proportion of ribosomes scanning these mRNAs will begin translation at the 

uORF first before resuming translation at the ORF, reinitiating at these sites. 

Termination at these sites is thought to proceed as  
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Figure 1.4.  An Example of Upstream Open Reading Frames (uORF) in Eukaryotes. 

(A)  Schematic of an mRNA containing an uORF. The uORF is situated within the 

5’UTR. (B) The scanning ribosome initiates translation at the start codon of the uORF 

rather than the main coding region (CDS). (C) The ribosome may dissociate after the 

stop codon of the uORF and does not translate the protein from the CDS. (D) In some 

cases, the ribosome continues to scan after translating from the uORF and can reinitiate 

at the start codon of the CDS. 
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normal, with the 60S ribosomal subunit dissociating, but some 40S subunits 

remain attached to the mRNA and continue to scan (Hinnebusch 2005). The 40S 

subunit in this state is incapable of reinitiating, as it no longer has an eIF2-

ternary complex (eIF2-TC) bound to it, but a new eIF2-TC may re-join during 

the scanning phase. Thus genes that contain uORFs can be regulated through the 

availability of eIF2-TC. The length rather than the sequence of uORFs appears 

to be the crucial factor in the efficiency of rescanning and reinitiation, with 

efficiency decreasing rapidly with increasing uORF length (Luukkonen, Tan, 

and Schwartz 1995). Secondary structure has a similar effect (Kozak 2001), 

suggesting it is the time the 40S subunit takes to reach the ORF that is important. 

This leads to the idea that the retention of some eIFs is necessary for rescanning, 

in particular eIF4G that binds to the mRNA as well as eIF3 to promote eIF2 

binding. 

1.2.5.3 RNA Binding Proteins 

RNA-binding proteins (RBPs) allow sequence specific regulation of translation. 

Translation can be inhibited or enhanced through RBP binding to specific 

sequences. RBPs can bind to the 5’ UTR or 3’ UTR. 3’ UTR binding proteins 

are much more common than 5’ UTR RBPs, the only example of which are those 

that bind to an iron response element (IRE). IREs allow the regulation of genes 

in response to alterations in cellular iron concentration and are most commonly 

associated with ferritin mRNAs, although IREs have been found in other 

mRNAs. Under low iron concentration, iron response protein 1 (IRP1) and IRP2 

bind to the IRE and this RNA-protein interaction prevents the 43S complex from 

loading on to the mRNA (Gray and Hentze 1994). The location of the IRE is 
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important (in ferritin it is within 40 nucleotides of the cap), as inhibition is 

removed if the IRE is further away from the cap, suggesting that if loading is not 

inhibited, the 43S complex can displace the protein as it scans the mRNA 

(Goossen et al. 1990). At the 3’ end, a majority of RNPs inhibit initiation through 

the development of a closed loop structure. The RBP binds to the 3’ end but also 

makes contacts with an intermediate bridging protein. This bridging protein 

Figure 1.5.  An Example of an Iron Response Element (IRE).  Under high iron 

concentrations the iron response binding proteins (IRP) are inhibited by iron, allowing 

the ribosome to scan through to the start codon. Under low iron concentrations the IRPs 

bind to the IRE in the 5’UTR, occluding the region proximal to the 5’ cap preventing 

the formation of the 43S pre-initiation complex and thus the mRNA is not translated. 
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binds to one of the cap binding proteins to cause the mRNA to loop in a structure 

unfavourable to initiation. An example of this is the cytoplasmic 

polyadenylation element binding protein (CPEB) which binds to its binding site 

in the 3’UTR. CPEB recruits Maskin that interacts with eIF4E, competing with 

eIF4G, inhibiting the formation of the cap binding complex and thus translation 

(Stebbins-Boaz et al. 1999). 

1.2.5.4 microRNAs 

MicroRNAs (miRs) are oligonucleotides, usually around 22 bp long which bind 

to specific mRNAs, targeting them for degradation or silencing them. It is 

estimated that that approximately half of the human genome is controlled by 

miRs. miRs are imperfectly complementary to regions of a particular mRNA 

and once bound, recruit an RNA-induced silencing complex (RISC). miRs are 

generated from double stranded (ds)RNA by a Dicer complex, which cleaves 

the miR from their precursor dsRNA. Argonaute proteins, a family of 

endonucleases, displace the miR from their complementary strand. The 

argonaute protein and RISC complex remain attached to the miR until it binds 

an mRNA, where the RISC complex directs the silencing of the target transcript. 

Silencing can occur through cleavage, de-capping or repression, by reducing 

mRNA stability through deadenylation (Guo et al. 2010). Curiously, it has been 

reported that miRs can also stimulate the activity of some mRNAs (Vasudevan, 

Tong, and Steitz 2007). 
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Figure 1.6.  miRNA Biogenesis. Pre-miRNA, transported out of the nucleus are cleaved 

by Dicer into a miRNA duplex. The RISC complex displaces the two strands, binding to 

one of them to create mature miRNA.  The miRNA binds to mRNAs with imperfect or 

near perfect complementarity, allowing the argonaute endonuclease to cleave the mRNA 

or, if the mRNA is imperfectly complementary, the RISC complexes directs the mRNA 

to be silenced. 
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1.3 Cap Independent Translation Initiation 

 

Internal ribosome entry sites (IRESs) allow an alternative route for translation 

initiation that is independent of the cap, permitting formation of the 80S 

ribosome without the cap binding mechanism. First identified in viruses and 

subsequently found to be present in a number of cellular mRNAs, it is thought 

that translation via IRESs may have evolved before cap-dependent translation 

initiation, later becoming a secondary, regulatory form of translation in 

eukaryotes (Hernandez 2008). IRESs were first discovered in viral mRNAs. The 

presence of a 5’ –terminal pU residue instead of a cap structure in poliovirus 

mRNA (Nomoto, Lee, and Wimmer 1976) generated the hypothesis that the 

poliovirus mRNA translation must occur in a cap-independent manner. The 

5’UTRs of poliovirus and encephalomyocarditis virus (EMCV) were capable of 

allowing translation of the downstream cistron in a bicistronic mRNA construct, 

thus suggesting ribosomes are recruited directly to a region in the 5’UTR which 

allowed translation to occur (Pelletier and Sonenberg 1988; Jang et al. 1988).  

Viruses utilise IRESs in manipulation of the host’s translational machinery. 

Cellular IRESs appear to be used as a form of translational control. There is 

some contention over the existence of cellular IRESs (Kozak 2005), but the 

consensus among researchers is that eukaryotic IRESs represent an important 

part in regulation of expression (Schneider et al. 2001; Hellen and Sarnow 

2001). When cap-dependent translation is inhibited a subset of mRNAs 

continues to be translated through cap-independent mechanisms (Johannes et al. 

1999). Many stresses increase the phosphorylation of eIF2α thus leading to a 

reduction in eIF2-GTP, reducing translation rates by inhibiting the formation of 



 

31 

 

the 43S pre-initiation complex. Low ternary complex levels directly increase the 

activity of a number of IRES containing mRNAs including vascular endothelial 

growth factor (VEGF), c-myc and cat-1 mRNAs (Fernandez, Bode, et al. 2002; 

Fernandez, Yaman, et al. 2002; Gerlitz, Jagus, and Elroy-Stein 2002). This 

seems paradoxical as ternary complex is required to recruit the initiator tRNA to 

the 40S ribosome in order to bind to the start codon before 80S ribosome 

formation. Some hypothesise that IRES-containing mRNAs can attract ternary 

complex more efficiently, thus remaining active under low concentrations, but 

a 2012 study suggests that eIF5B takes the role of eIF2 in recruiting and 

positioning the initiator tRNA at the start codon of the X-linked inhibitor of 

apoptosis protein (XIAP) IRES (Thakor and Holcik 2012), in a similar manner 

as seen in the classical swine fever virus (CSFV) and hepatitis C virus (HCV) 

IRESs (Pestova et al. 2008; Terenin et al. 2008). Yet this is not seen in other 

IRESs so is unlikely to be a universal mechanism (Thakor and Holcik 2012). 

Many of the cellular IRESs reported are found in mRNAs coding for factors 

involved in growth, differentiation and apoptosis (Stoneley and Willis 2004). 

Translation through IRESs is important in these conditions, when global 

translation is inhibited some proteins are required to be produced to drive the 

cell’s decision/fate in the particular scenario. For instance in apoptosis both the 

pro apoptotic proteins apoptotic protease-activating factor 1 (Apaf-1) and DAP5 

and the antiapoptotic proteins XIAP, Bag-1 and B-cell lymphoma 2 (Bcl-2) are 

translated through IRESs (Henis-Korenblit et al. 2000; Sherrill et al. 2004). 

DAP5 is particularly interesting as it is an isoform of eIF4G, binding to the 

IRESs of Apaf-1, c-myc and XIAP, as well as its own IRES, stimulating 
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translation (Henis-Korenblit et al. 2000). It is thought that DAP5 acts as a 

scaffold, in a similar manner to its isoform, and promotes IRESs dependent 

translation through binding to eIF3 and eIF2β (Liberman et al. 2015). 

The activity of an IRES can depend on a number of factors. Some IRESs require 

eIFs in order to operate, as well as other RNA-binding proteins. The secondary 

structure of an IRES can also play a role in an IRES’ regulation. These 

characteristics are discussed below.  

1.3.1 Requirement for Initiation Factors 

Both viral and cellular IRESs usually have a requirement for some of the eIFs. 

Viruses utilise the cellular machinery to translate their mRNAs and for those 

viruses that contain IRESs in their mRNAs, they may disable some of the eIFs 

to gain an advantage over cellular mRNAs in the competition for ribosomes. For 

instance, in one of the first studies to analyse eIF requirements, it was found that 

the EMCV IRES does not require eIF4E but does require all other eIFs in order 

to recruit the 40S ribosome (Doudna and Sarnow 2007; Pestova, Hellen, and 

Shatsky 1996). Infection by EMCV causes the accumulation of eIF4E-BP, 

phosphorylating eIF4E inhibiting the binding of eIF4F (Gingras et al. 1996). 

Thus, EMCV mRNA is more readily translated over the host’s mRNA. In 

poliovirus the viral protease 2A cleaves eIF4G, inhibiting it from binding to 

eIF4A and eIF3 and abolishing eIF4E binding, thus inhibiting cap-dependent 

translation (Marash and Kimchi 2005). The binding of the 40S ribosomal 

subunit to the HCV IRES does not require any initiation factors, although the 

ternary complex is required for its precise positioning at the start codon. eIF3, 
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normally required for 40S subunit association to mRNA, is not required for 40S 

binding in the HCV IRES, but is required for 60S ribosomal subunit binding 

(Pestova et al. 1998), and binds to domain III (Kieft et al. 2002). 

The IRESs of the myc transcription factors are some of the best characterised 

cellular IRESs (Jopling et al. 2004; Spriggs et al. 2009; Stoneley et al. 1998). 

Although similar in function, c-myc, L-myc and N-myc have different 

requirements for translation initiation (Spriggs et al. 2009). Whilst the L-myc 

IRES requires PABP and eIF3 to be associated with eIF4G, c and N-myc only 

require the C-terminus of eIF4GI and eIF3 and not in a complex (Spriggs et al. 

2009). All three myc IRESs require eIF4A for activation (Spriggs et al. 2009), 

suggesting that these IRESs must have their structure modified by eIF4A to 

allow ribosome passage/entry. Not much is known about the requirements of the 

epidermal growth factor receptor (EGFR) IRES, but, similar to the myc IRESs, 

requires eIF4A for function, suggesting that the EGFR IRES is highly structured  

(Webb et al. 2015). 

IRES Known Factor Requirements References 

EMCV All except eIF4E (Doudna and Sarnow 

2007; Pestova, Hellen, 

and Shatsky 1996) 

HCV None, but eIF3 for 60S ribosome 

binding 

(Pestova et al. 1998), 

(Kieft et al. 2002) 

Poliovirus Does not require eIF4A, 4G, eIF3, 

eIF4E 

(Marash and Kimchi 

2005) 

c-myc eIF4A, eIF4G, eIF3 (Spriggs et al. 2009) 

l-myc PABP, eIF3 and eIF4G (eIF4F), 

eIF4A 

(Spriggs et al. 2009) 

n-myc eIF4A, eIF4G, eIF3 (Spriggs et al. 2009) 

EGFR eIF4A (Webb et al. 2015) 

Table 1.1. Eukaryotic Inititation Factor Requirements of Different IRESs. 
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1.3.2 IRES Structures 

Whilst DNA exists mostly as a fully base paired double helix, the secondary 

structure of RNA is more complicated, containing both double stranded and 

single stranded regions. This leads to stem-loop formations and internal bulges, 

examples as shown in Fig 1.7. IRESs often have complex secondary structures, 

commonly stabilised by the high GC or AU content of the region, and are key 

to their function. The GC/AU rich areas cause the RNA strand to loop back upon 

itself, base pairing to create stem loops and bulges.  

The Picornaviridae family is a large family of RNA viruses and is perhaps the 

most studied group of viruses which possess IRESs within their 5’UTRs. 

Detailed biochemical studies and structure prediction across the various 

members of the family show that picornavirus IRESs can be divided into two 

types based on their structure, Type 1 and Type 2 as shown in figure 1.8 

(Jackson, Howell, and Kaminski 1990; Wimmer, Hellen, and Cao 1993). The 

IRES of hepatitis A virus (HAV) is distinctly different from these types and 

forms its own group, type 3. Type 1 IRESs are found in enterovirus and 

rhinovirus mRNA, whilst type 2 describe IRESs found in the mRNA of 

apthoviruses and cardioviruses. Each type has a distinct structural arrangement, 

despite variations in nucleotide sequence among the group; compensatory 

mutations restore Watson-Crick base pairings, retaining the structure. Type 1 

consists of 6 distinct domains with an oligo-pyrimidine tract (Yn tract), 25  
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Figure 1.7 Examples of RNA Structures. Complementary bases can form 

double stranded regions, causing loops and bulges to appear. (A) An example 

of a stem loop structure. (B) An internal loop formed in the middle of a double 

stranded region. (C) A bulge, formed on one side of the double stand. 
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nucleotides upstream of an AUG codon, which is not the translation start codon. 

Type 2 IRESs also contain the Yn-AUG motif, but the AUG is the translation 

start codon and the 40S ribosomal subunit binds to this motif. The length of the 

tract and the distance to the AUG codon, in both types, is important for IRES 

function. Increasing the distance between the Yn tract and the AUG codon 

gradually decreases IRES activity (Kaminski, Belsham, and Jackson 1994), 

whilst decreasing the distance in poliovirus dramatically reduces activity 

(Pilipenko et al. 1992). This specificity also extends to structure, where point 

mutations or deletions are capable of disrupting the entire IRES suggesting that 

integrity of the IRES is an essential element for 80S ribosomal assembly 

(Stoneley and Willis 2004) For instance the GNRA motif found in all 

picornavirus IRESs in the ‘A’ loop of domain 4, does not tolerate point mutation 

at any of the four positions, whilst the sequence and structural organisation of 

the 3B loop are essential for IRES activity (Lopez de Quinto and Martinez-Salas 

1997).  

Structural regions are important for binding of both eIFs and IRES trans-acting 

factors (ITAFs). In type II picornaviral IRESs, eIF4G, 4A and 4B bind to the 

stem loops J/K/L of EMCV (Kolupaeva et al. 2003), causing conformational 

change to the structure, presumably to allow easier passage of the ribosome on 

the mRNA, as helicase activity was required for 48S preinitiation complex 

formation (Lomakin, Hellen, and Pestova 2000) . Mutations to these binding 

regions inhibit IRES activity (Clark et al. 2003). Analogous interactions were 

found in stem loop V of type I picornaviral IRESs (Ochs et al. 2003).  
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The IRES structure of the HCV flavivirus is distinct from those of the 

picornaviridae and is linked to the differences in initiation factor requirements 

between the two families. The HCV IRES only requires the bottom half of stem-

loop III for binding of the 40S ribosomal subunit, yet it is not sufficient for IRES 

function, requiring domain II and the rest of domain III (Otto and Puglisi 2004), 

indicating that the formation of the 48S initiation complex on the mRNA is not 

the only requirement for IRES-dependent translation to occur. Cryo-electron 

microscopy revealed that domain II contacts the 40S subunit, causing it to tilt. 

Deletion of domain II does not affect the affinity of the 40S subunit, but does 

affect the conformational change, suggesting that the tilting of the 40S subunit 

guides the RNA into the mRNA binding cleft of the 40S subunit or opens up the 

binding cleft (Spahn et al. 2001).  

The variation in structure and factor requirements between viral families aids in 

understanding the mechanisms of IRESs, however cellular IRESs are much 

more difficult to define. Whilst viral IRESs can be divided into types and share 

similar structures, no such patterns have emerged in cellular IRES studies. The 

L-myc and c-myc IRESs, despite being closely related, have wildly different 

structures (Le Quesne et al. 2001; Jopling et al. 2004).  This has caused dispute 

over the importance of secondary structure in cellular IRESs. Yet there is 

substantial evidence that disruption of structures impacts IRES activity. Unlike 

viral IRESs, deletions within the IRES rarely disable the IRES. Rather, it is 

thought cellular IRESs are composed of a number of structural modules which 

act in concert to create an efficient IRES. This is true in the c-myc IRES 

(Stoneley et al. 1998; Le Quesne et al. 2001) but less so in the L-myc IRES; 
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although individual sequences contribute IRES activity, removal of sequences 

from the 5’ or 3’ end dramatically reduces IRES activity (Jopling et al. 2004). 

The N-myc IRES requires its entire sequence to function, with any deletions 

thought to inhibit the correct folding required for a functional IRES (Jopling and 

Willis 2001). The XIAP IRES features a 34nt Yn tract which is essential to its 

function, as deletion or base substitution disrupted IRES activity (Holcik et al. 

1999). Unusually for cellular IRESs, this tract is similar to a double stranded 

region in the aquaporin 4 (AQP4) IRES, with similar consequences for activity 

upon deletion or base substation (Baird et al. 2007). However the structure of 

the XIAP IRES is not thought to be important for overall function, but that the 

Yn tract is crucial as it binds to the ITAF PTB, required for the IRES to function 

(Baird et al. 2007).  There is then much variation among cellular IRES structures 

and only with more study can their function and importance be determined. 

Little is known about the structure of the EGFR IRES, although the high 

requirement for eIF4A for activity as mentioned above suggests a high degree 

of secondary structure is present and is likely to play a role in regulation of 

translation from the IRES (Webb et al, 2015). 
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Figure 1.8 Types of Picornavirus IRES. Picornavirus IRESs form the first two 

groups of eukaryotic IRESs based on structure. Type I is defined by the 6 (I – VI) 

distinct domains, whilst Type II contains 12 notable stem loops. The region denoted 

as ‘SL’ is conserved between the two groups. Adapted from (Jang 2006). 
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1.3.3 IRES Trans-Acting Factors 

The secondary structure of a 5’ UTR is usually not enough to grant IRES 

activity. For maximal activity, IRES trans-acting factors (ITAFs) are required 

(Spriggs et al. 2005). The major role for ITAFs is in remodelling of and 

stabilising the structure of the IRES to allow the ribosome to bind. It is possible 

ITAFs may also act as a bridge between the RNA and translating ribosome. No 

ITAFs have been proposed as general regulators of IRES function, but the 

polypyrimidine tract-binding protein (PTB) appears to have the most widespread 

influence, interacting with at least the IRESs of Apaf-1, Bag-1, BiP and IGf1R 

(Mitchell et al. 2001; Pickering et al. 2003; Kim, Hahm, and Jang 2000). First 

identified as a protein that binds to Yn tracts in introns, PTB binds to viral IRESs 

through four loosely conserved RNA recognition motifs (Spriggs et al. 2005). 

The binding of PTB to IRESs through these domains is thought to make the 

ribosome landing site accessible to the ribosome. Other examples of structural 

rearrangement include the Apaf-1 and Bag-1 IRESs, which require the binding 

of their ITAFs to remodel the local structure to a single stranded region before 

ribosomes can bind (Mitchell et al. 2003; Pickering et al. 2004). The Apaf-1 

IRES is only active in the presence of PTB.  PTB also acts as an RNA chaperone 

for the EMCV IRES, stabilising its structure, required for its activity (Kafasla et 

al. 2009).   

The ITAFs of the cat-1 IRES have been studied in detail. Under amino acid 

starvation the translation of a short uORF occurs in the cat-1 RNA. This causes 

the unwinding of the IRES element’s secondary structure, without which the 

IRES remains in an inactive conformation (Fernandez, Bode, et al. 2002). This 
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process requires the phosphorylation of eiF2α. The remodelled IRES structure 

is then stabilized through interactions with the ITAFs hnRNP L and PTB 

(Majumder et al. 2009). Similarly, the SREBP-1 IRES has increased activity 

under endoplasmic reticulum stress governed by the subcellular relocation of 

hnRNP A1, which binds to the IRES (Damiano et al. 2013), yet hnRNP A1 can 

also be a negative regulator of IRES dependent translation initiation, inhibiting 

the XIAP IRES upon its subcellular relocation to the cytoplasm (Lewis et al. 

2007). Indeed subcellular localisation of ITAFs appear to be crucial to their 

function as many reside in the nucleus. Many ITAFs have other functions inside 

the nucleus, such as RNA-binding motif protein 4 (RBM4) which has a 

regulatory role in pre-mRNA alternative splicing within the nucleus. RBM4 

shuttles back and forth to the cytoplasm and, upon its phosphorylation, assists 

in the recruitment of eIF4A to IRESs, promoting translation (Lin, Hsu, and Tarn 

2007). The phosphorylation of RBM4 depends upon the mitogen-activated 

protein kinase (MAPK) pathway, which is responsive to mitogens and 

extracellular stresses. Thus it is likely that under stresses where cap-dependent 

translation is inhibited, RBM4 is phosphorylated in order to promote IRES 

dependent translation. 

1.3.4 IRESs in Disease 

As discussed earlier, viral IRESs allow viral mRNAs to be preferentially 

translated over cellular mRNAs upon infection. Many of these viral IRESs have 

already been identified as potential therapeutic targets. For instance a small 

peptide, the lupus autoantigen La, can bind to the HCV IRES and block the 

binding of cellular trans-acting factors required for IRES activity (Dasgupta et 
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al. 2004), whilst prostaglandin A1 forms a complex with the 40S ribosomal 

subunit, eIFs and HCV IRES, inhibiting initiation (Tsukimoto et al. 2015). 

Whilst the role of viral IRESs in disease may be obvious, cellular IRESs may 

play a role in a number of diseases. That cellular IRESs tend to be found in the 

5’UTRs of factors involved in cell survival leads to a clear advantage for cancer 

cells to exploit them. An example of this has been found for the c-myc IRES in 

multiple myeloma (MM). A single point mutation in the genomic sequence of 

c-myc, a C to T transition (Paulin et al. 1996) was found in 42% of samples from 

MM patients, which increases c-myc expression through its IRES (Chappell et 

al. 2000). The mutation causes an additional stem loop structure to form 

(Chappell et al. 2000) and this increases the binding affinities of two ITAFs, 

PTB-1 and YB-1 to a proximal domain, domain 2 (Cobbold et al. 2010). 

Reducing the levels of these two ITAFs reduces c-myc expression levels in these 

cells. Mutations to the IRES sequence might represent only one method of 

increasing IRES-mediated translation in cancer. Work has also begun in the 

targeting of cellular IRESs in cancer. For instance the IRES of the tumour 

suppressor p53 IRES has two known ITAFs, translational control protein 80 

(TCP80) and RNA helicase A (RHA) both of which upregulate p53 IRES 

activity (Halaby, Li, et al. 2015). Levels of TCP80 and RHA were found to be 

low in two cell lines and expression of both proteins were required for a 

significant increase in IRES activity (Halaby, Harris, et al. 2015). Thus 

medicines upregulating these proteins could aid in cessation of cancer 

progression.  
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As mentioned in section 1.1.3, translational control may be of importance in 

Alzheimer’s disease, with both APP and ‘tau’ mRNAs containing IRESs. These 

IRESs rely upon the eIF4A helicase for their activity, suggesting that the 

structure present in these IRESs is important for the regulation of their 

expression (Bottley et al. 2010). Additionally, the APP 5’UTR contains an IRE 

stem loop, allowing increased expression under high iron levels, yet unlike the 

ferritin IRE mentioned above, only IRP1 not IRP2 binds to the APP IRE. 

Chelation of iron increases the binding of IRP1 to the APP IRE, decreasing 

expression (Cho et al. 2010). BACE1 contains three upstream ORFs which 

under oxidative stress and associated increase in phosphorylated eIF2α mediates 

the upregulation of translation (O'Connor et al. 2008). High levels of 

phosphorylated eIF2α in AD is well documented (Chang et al. 2002) and a 

prevailing hypothesis is that aberrant phosphorylation of eIF2α creates a 

feedforward loop in which the dysregulation of translation diminishes the 

functionality of the neuronal population. The eIF2α kinases, PKR and PERK are 

active in brain sections of AD mouse models (Page et al. 2006). Genetically 

removing PERK decreases elevated phosphorylation of eIF2α, reduced deficits 

in synaptic plasticity and memory (Ma et al. 2013). Thus, translational 

regulation of a subset of genes is likely to be of importance in AD and targeting 

these mechanisms may lead to novel therapies. It has been hypothesised that 

targeting the APP IRES could yield a possible treatment for Alzheimer’s (Liu 

2015), with recent reports demonstrating the dual action of memantine, an N-

methyl-D-aspartate (NMDA) receptor antagonist which is already used as an 

Alzheimer’s therapeutic, on the APP and tau IRESs as well as blocking the 

NMDA receptors (Wu and Chen 2009; Tasi et al. 2015). Other compounds, such 
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as NB34 derived from Boussingaultia baselliodies, are also under investigation 

for their ability to block the APP IRES (Tasi et al. 2015). Both the APP and the 

tau IRES require eIF4A for activity and blocking eIF4A with the small molecule 

inhibitor hippuristanol reduces the protein levels of APP, tau and amyloid β, as 

well as increasing the levels of proteins involved in oxidative stress defence 

(Bottley et al. 2010). 

Targeting an IRES for upregulation of translation may also be a useful 

therapeutic technique. For instance, a switch exists for HIF1α under hypoxia 

from cap-dependent to cap-independent translation. However, this switch is 

inhibited upon the deletion of PTEN-induced putative kinase-1 (PINK1) (Lin et 

al. 2014), commonly found mutated in familial Parkinson’s disease, and this 

leads to an increase in reactive oxygen species (ROS) thought to contribute to 

Parkinson’s disease progression. Thus promoting HIF1α IRES activity may be 

effective at reducing ROS and slowing Parkinson’s progression. 

Aside from targeting the recognised contributors of AD, there is a case to be 

made for targeting the translational control of lesser known players. The 

epidermal growth factor receptor (EGFR) is perhaps better known for its role in 

cancer, but a substantial body of evidence suggests an involvement in AD. The 

most compelling evidence is that Aβ42 oligomers bind to, and activate, the 

receptor, mediating the toxic effects of Aβ. Blocking the binding with allosteric 

inhibitors resulted in a reversal of memory loss in PS1/PS2 knockout mice, 

suggesting EGFR plays a major role in the loss of synaptic plasticity (Wang et 

al. 2012). The role of the EGFR IRES and translational control in AD remains 

uncertain, however it may allow for increased expression of the receptor under 
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conditions found in Alzheimer’s disease. For instance, it is known that EGFR is 

upregulated under tumour hypoxia through the action of the alpha subunit of 

hypoxia inducible factor 2 (HIF2) (Franovic et al. 2007), although the 

mechanism by which this occurs is not known, the formation of complex 

involving HIF2α and a homologue of the cap-binding protein eIF4E, eIF4E2, 

may be involved (Uniacke et al. 2012). The EGFR IRES may play a part in this 

mechanism, as the IRES is active under hypoxic conditions (Webb et al. 2015). 

Hypoxia is thought to be present in AD, possibly as a result of cerebral ischemia 

or vascular diseases (Zhang and Le 2010; Franovic et al. 2007). That the APP, 

tau and EGFR IRESs share a high requirement for eIF4A may suggest that they 

have  a common activation pathway (Bottley et al. 2010) (Webb et al. 2015). 

Further study of the translational control of EGFR and its IRES may reveal 

greater evidence of its involvement in Alzheimer’s disease. 
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1.4 Epidermal Growth Factor Signalling 

 

The epidermal growth factor receptor (EGFR) is a 1186 residue, 170kDa 

receptor tyrosine kinase, formed from the cleavage of the N-terminal signal 

sequence from the 1210 precursor protein (Ullrich et al. 1984). Over 20% of its 

mass is N-linked glycosylated, required for localisation to the membrane, where 

it is inserted, and plays a part in its function (Slieker and Lane 1986). EGFR 

consists of four extracellular domains, I-IV, a 23aa transmembrane domain, a 

juxtamembrane domain, a kinase domain and the carboxyl terminal (C-terminal) 

domain. Ligand binding occurs between domains I and III (Ogiso et al. 2002), 

as shown in figure 1.9  

EGFR is a key modulator of a number of cellular processes such as, cell fate, 

proliferation, migration and apoptosis. EGFR binds extracellular ligands, 

translating their signal into a meaningful cellular response through activation of 

a wide array of signalling pathways. To create a downstream signal, EGFR binds 

its ligand and dimerises, either as a homodimer or a heterodimer with one of the 

three other members of the ErbB family; ErbB2, ErbB3 or ErbB4. The ability to 

form heterodimers creates ten possible combinations each activating a different 

set of signalling pathways, although the ErbB3-ErbB3 dimer is catalytically inert 

(Guy et al. 1994). Differences in the C-terminal domain alter which signalling 

molecules bind to the heterodimers. Heterodimerisation can also affect the 

internalisation and recycling of the receptor, which in turn affects the strength 

and duration of the signal. The traditional view of dimerisation is that ligand 

binding occurs first, followed by dimerisation (Tanner and Kyte 1999; Cochet 

1988). However, dimers have  
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Figure 1.9. Ligand Binding and Activation of EGFR. Ligands bind to EGFR 

through the extracellular domains, I and III (A) Dimerisation occurs before or after 

ligand binding. Ligand binding repositions the intracellular domains, with the N-lobe 

of the tyrosine kinase domain (TK) of one dimer partner (the activator) binding to 

the C-lobe of the receiver (B). The activator adopts an active conformation, allowing 

for trans-phosphorylation. Phosphorylated tyrosine residues allow for the binding of 

signalling proteins with SH2 or PTB domains (C). 
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been observed at the surface without a ligand bound (Hofman et al. 2010) and it 

has been described that higher order oligomers, rather than dimers, are the 

predominant form of ligand-bound EGFR (Clayton et al. 2008). The other family 

members of EGFR vary in structure and thus in their ability to bind certain 

ligands and activate specific downstream pathways.  Pathways activated by 

EGFR include MAPK, JNK and Akt. These pathways activate transcriptional 

programmes through transcription factors such as FOS, JUN and MYC, which 

lead to cell proliferation, differentiation, migration and adhesion (as reviewed 

in: (Yarden and Sliwkowski 2001)) 

 

1.4.1 Ligands and Activation of EGFR 

The eponymous epidermal growth factor (EGF) is only one of seven ligands that 

bind to EGFR. Some ligands bind to multiple ErbB family members, such as 

epiregulin and NRG1β (Jones, Akita, and Sliwkowski 1999). Other ligands are 

very specific, with EGF and NRG4 only binding to EGFR and ErbB4 

respectively. This overlap in specificity offers multiplicity and redundancy to 

the system, creating a robust signalling pathway. EGFR itself is the preferred 

receptor for seven of the 11 known ligands of the ErbB family, with only the 

neuregulins preferring ErbB4. Despite not binding any ligands (Klapper et al. 

1999), the presence of ErbB2 in a heterodimer greatly enhances or prolongs its 

downstream signalling (Graus-Porta et al. 1997). Homodimers in general 

generate weaker signals than their heterodimer counterparts. Table 1 shows the 

ligands of the ErbB family and their preferred binding partner.  
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Ligand 

Receptor 

ErbB1 

(EGFR) 

ErbB2 ErbB3 ErbB4 

EGF + - - - 

TGF-α + - - - 

HB-EGF + - - + 

Amphiregulin + - - - 

Betacellulin + - - + 

Epigen + - - - 

Epiregulin + - - + 

Neuregulin 1 - - + + 

Neuregulin 2 - - + + 

Neuregulin 3 - - - + 

Neuregulin 4 - - - + 

 

Ligand binding is required for receptors to become active. Ligand binding 

induces the predimerised EGFR to twist around a pivot point, repositioning the 

intracellular domains into an active kinase configuration (Moriki, Maruyama, 

and Maruyama 2001). The I, II and III domains play an active part in this 

reconfiguration, with a change in the conformation of the C-terminal end of 

domain II altering the angle between domains II and III, but conserving the 

interface between the two domain II’s of the dimer. This alteration affects the 

Table 1.2 The Ligands of EGFR and the ErbB Family. (+) denote 

receptors which the ligand binds to, (-) receptors which cannot bind the 

ligand. 
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conformation of the intracellular domains, repositioning the kinase domains 

(Garrett et al. 2002; Ogiso et al. 2002). Removal of the entire ectodomain results 

in a constitutively active complex, suggesting the ectodomain prevents kinase 

activation (Chantry 1995). Interestingly, unlike many tyrosine kinases EGFR 

does not require phosphorylation of the activation loop within the kinase 

domain, despite a conserved tyrosine residue (Tyr845) (Hubbard, Mohammadi, 

and Schlessinger 1998; Zhang et al. 2006). Mutation of this tyrosine to 

phenylalanine does not disable activation of the kinase or its function (Tice et 

al. 1999). Crystal structures reveal that EGFR is activated allosterically by 

ligand binding, by forming an asymmetrical dimer. One kinase domain is the 

‘activator’ the other, the ‘receiver’. The C-lobe of the activator contacts the N-

lobe of the receiver, inducing conformational changes disrupting cis-

autoinhibitory interactions. The receiver kinase adopts an active conformation 

without phosphorylation of the activation loop (Zhang et al. 2006). A simplified 

diagram of this is shown in figure 1.9 This mechanism is exploited in some small 

cell lung cancers through mutations to the cis-autoinhibitory interactions, 

allowing activation of the kinase without ligand binding (Sharma et al. 2007).   

1.4.2 Signalling Pathways 

Once in the active conformation, the kinase domains of EGFR perform 

transautophosphorylation, phosphorylating a number of tyrosine residies at the 

c-terminal end of the protein. The exact tyrosine residues that will be 

phosphorylated is determined by the ligand which is bound to the receptor and 

the dimer partner (Olayioye et al. 1998). Phosphorylation can also be carried out 

by other kinases such as SRC and JAK-2 (Tice et al. 1999; Yamauchi et al. 
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1997). Phosphorylation of the tyrosine residues in the kinase domains allows the 

binding of signalling molecules with either Src homology 2 (SH2) or 

phosphor—tyrosine binding domains (PtB). Other proteins such as CBL, PI3K-

C2b and STAT5B associate with EGFR in an indirect manner (Fukazawa et al. 

1996; Wheeler and Domin 2001; Kloth et al. 2003). The sequence divergence 

between the different members of the ErbB family in their C-terminal domains 

allows for higher affinity for certain signalling molecules to bind, increasing the 

multiplicity of signals from the EGFR family. This is demonstrated well by the 

differences between EGFR and ErbB3. Phosphoinositide 3-kinase (PI3K) has 

multiple binding sites on ErbB3 through its SH2 domains (Hellyer, Cheng, and 

Koland 1998), and binds extremely efficiently, whilst EGFR binds PI3K much 

less efficiently (Fedi et al. 1994). Yet the ubiquitin ligase c-CBL, phospholipase 

Cγ and GAP binds to EGFR but not ErbB3 (Fedi et al. 1994). Despite these 

differences a number of signalling pathways are shared between the different 

heterodimers. The RAS and MAPK pathways are invariably activated, and PI3K 

is activated by most active dimers, but the potency of the signal differs among 

receptors (Soltoff and Cantley 1996).    

In short, these pathways utilise a series of serine and threonine kinases to carry 

the signal to nuclear transcription factors which upregulate the transcription of 

genes involved in growth, differentiation and cell survival. A simplified diagram 

of these pathways can be seen in figure 1.10 As an example, the MAPK pathway 

begins with the adaptor protein Grb2. Grb2 is constitutively bound to SOS, an 

exchange factor for RAS. This complex is usually localised to the cytoplasm. 

Grb2 can bind to tyrosines Y1068 or Y1086 (Batzer et al. 1994) but can also bind 

indirectly to EGFR through phosphorylated SHC, itself binding to EGFR 
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through its PtB domain (Sasaoka et al. 1994). The relocalisation of the Grb2-

SOS complex to the plasma membrane allows it to interact with RAS, which is 

associated with the membrane. SOS, as mentioned, is a GTP exchange factor for 

RAS, and it proceeds to exchange GDP for GTP, activating RAS. RAS is a 

GTPase which acts as a molecular switch, activating a large number of proteins. 

In the MAPK pathway it binds to RAF-1, switching on its serine/threonine 

kinase activity. RAF-1, through a series of other kinases leads to the nuclear 

translocation of ERK-1 and ERK-2 which catalyse the phosphorylation of 

nuclear transcription factors. Other targets of RAS include PI3K and AKT 

leading to activation of mTOR and inducing cell growth.   

1.4.3 EGFR in Cancer 

Of the diseases that EGFR is involved in the most well-known is cancer. The 

EGFR gene is a commonly amplified in a number of cancers. Persistent 

activation of EGFR allows for uncontrolled proliferation. Overexpression of 

EGFR can occur through amplification of the EGFR gene, receptor activating 

mutations or removal of negative regulators. The variant III mutation of EGFR 

involves an in-frame deletion of 801 bp spanning exons 2-7, resulting in the 

absence of 267 aa from the extracellular domain. This results in the receptor 

being incapable of binding any ligands yet displays low level constitutive 

signalling, accompanied by reduced internalization and downregulation (Gan et 

al, 2013).  
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Figure 1.10 Signalling Pathways Activated Through EGFR. Upon ligand 

binding, EGFR phosphorylates a number of signalling molecules which transmit the 

signal through their cascades. Transcription factors are activated and upregulate 

expression of genes involved in cell growth and proliferation. 
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The EGFRvIII mutation is expressed in 25-64% of cases of glioblastoma 

multiforme (Saikali et al. 2007) and 20-36% in breast cancer (Ge, Gong, and 

Tang 2002). 

Other common mutations include the short-in frame deletions of exon 19 and a 

point mutation in exon 21. These two mutants account for 90% of EGFR 

mutations found in non-small-cell lung cancer (NSCLC) (Li et al. 2008). In 

glioblastoma and NSCLC, EGFR gene amplifications or mutations are found in 

20-40% of cases. However incidence of gene amplification or mutations in other 

cancers is rare (Blehm et al. 2006; Spindler et al. 2006). This finding is important 

as those cancers bearing no EGFR mutations are less sensitive to gefitinib, an 

inhibitor of EGFR (Mok et al. 2009). EGFR amplification correlates poorly with 

protein levels in invasive breast carcinoma, with 75% of cases with 

overexpression of EGFR lacking gene amplifications (Kersting et al. 2004). A 

loss of translational control may explain other incidences of overexpression. 

Low levels of the miR133b, which targets the 3’UTR of EGFR and inhibits 

downstream signalling, is decreased in some lung cancers, and treatment with 

miR133b improves the effectiveness of gefitinib (Liu et al. 2012). Similarly, 

EGFR is translationally upregulated by tumour hypoxia through a mechanism 

controlled by HIF2, as mentioned in section 1.3.4 (Franovic et al. 2007). The 

IRES in EGFR has been shown to be upregulated by hypoxia, suggesting that it 

could be a potential mediator of this hypoxic pathway (Webb et al. 2015), 

however other reports indicate a complex formed in the 3’UTR by HIF2α as the 

source of this phenomenon (Uniacke et al. 2012). 
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1.4.4 EGFR in Neurodegeneration 

There is substantial evidence that implicates EGFR in Alzheimer’s disease, but 

its role in the disease is uncertain. In rat brains, expression of EGFR reduces 

with age (Hiramatsu et al. 1988). EGFR is present within the neuritic plaques of 

AD brains (Birecree et al. 1988) and is found in a number of tissues from AD 

brains including, vascular endothelial cells, entorhinal cortex, middle temporal 

and superior frontal gyrus and the primary visual cortex (Liang et al. 2007), as 

well as having greater expression in astrocytes (Ferrer et al. 1996). EGFR is also 

associated with a number of conditions found in AD. EGFR is activated by metal 

ion activity (Wu et al. 2004) and as discussed previously, AD is commonly 

associated with high levels of iron, zinc and copper, leading to neurotoxicity and 

aggregation of Aβ (Atwood et al. 1998; Atwood et al. 2000; Bush et al. 1994). 

Carriers of the ApoE4 allele have been shown to have higher levels of EGFR 

when compared to ApoE3 carriers (Conejero-Goldberg et al. 2011). EGFR’s 

ligand, EGF is raised in the plasma of AD brains (Marksteiner et al. 2011). 

EGFR is activated under inflammatory conditions and is involved in the innate 

immune response (Sorensen et al. 2006; Pastore et al. 2008). EGFR signalling 

pathways upregulate expression of a number of cytokines, including interleukins 

1, 5 and 8 and chemokine ligand 2 (CCL-2) (Huang et al. 2014; Brook et al. 

2000; Winzen et al. 1999; Clark et al. 2009). Inhibition of EGFR also reduces 

astrocyte activation and cytokine secretion in reactive astrocytes (Li et al. 2014). 

As stated above, hypoxia increases EGFR expression and hypoxia is thought to 

occur in AD, attributed to cerebral ischemia or vascular diseases (Zhang and Le 

2010; Franovic et al. 2007).  
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Most of this evidence could be classed as circumstantial, yet there is also 

evidence that EGFR is directly involved in the regulation of some of the main 

protagonists of AD. For instance, stimulation by EGF results in rapid production 

of APP (Slack et al. 1997; Tang, Guan, et al. 2010) and EGFR can induce APP 

cleavage in SH-SY5Y cells (Minopoli et al. 2007). AICD, the product of γ-

secretase cleavage of APP, binds to the EGFR promoter and represses 

transcription, but in PS1/2 knockout mice, EGFR levels are increased (Zhang et 

al. 2007).  

Inhibition of EGFR signalling may be an effective treatment in AD. 

Upregulation of Ras activity has been shown to cause neuronal cell death and 

degeneration (Botella et al. 2003). Aβ42 oligomers bind to EGFR, activating the 

tyrosine kinase and this was found to mediate the toxicity of Aβ. Inhibition of 

EGFR signalling with allosteric inhibitors, gefitinib and erlotinib, reversed 

memory loss associated with PS1/2 knockout in mice and Drosophila  (Wang et 

al. 2012) 

 

It has previously been shown that the EGFR 5’UTR contains an IRES (Webb et 

al. 2015). This IRES may be an important site of translational regulation in 

Alzheimer’s disease. As stated above, the IRES is active during hypoxic 

conditions, when cap-dependent translation is globally inhibited and has a high 

requirement for eIF4A (Webb et al. 2015). The hypoxic conditions observed in 

Alzheimer’s disease (Zhang and Le 2010; Franovic et al. 2007) may also drive 

the IRES-mediated translation of EGFR. Investigating the effects of other 

conditions that occur in AD on the IRES will aid in understanding how the IRES 

is activated and its potential as a therapeutic target.   
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1.5 Aims of this Project 

 

EGFR is an important mediator in a number of processes and diseases, yet the 

translational control of EGFR remains largely unexplored. The IRES within the 

5’UTR of EGFR has not been fully characterised, and furthering the knowledge 

of its activation could lead to potential therapies against overexpression of the 

protein, mediated by the IRES.  

EGFR has been identified as a potential mediator of disease progression in 

Alzheimer’s disease, yet the effects of EGFR activation through ligand binding 

on the translatome has not been examined. Translational control has already 

been shown to be important in regulating the expression of APP, BACE1 and 

MAPT, suggesting alterations to the translational profile plays a part in the 

disease.  

The aim of this project was to further characterise the IRES of EGFR and 

determine its potential as a therapeutic target. This will be achieved through 

observing the conditions in which the IRES  is active using bicistronic luciferase 

plasmids and dual luciferase reporter assays. The structure and functional 

regions of the IRES will be examined through RNA structure mapping using 

selective 2’-hydroxyl acylation and primer extension and deletion analysis. The 

capability of antisense oligonucleotides to block cap-independent translation via 

the EGFR IRES will be examined and a 3d cell culture model will be developed 

for future use in assessing drug delivery systems. Finally the translational profile 

of EGFR activation by EGF stimulation will be studied using polysome profiling 

and RNA-seq techniques.  
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2. Materials & Methods 

 

2.1 Tissue Culture 

2.1.1 Solutions and Reagents 

Phosphate buffered saline (PBS): 4.3mM Na2HPO4, 1.5mM KH2PO4, 137mM 

NaCl, 2.7mM KCl, pH 7.4.  

High Glucose Dulbecco’s Modified Eagles Medium (DMEM) (Sigma?) 

Heat-inactivated foetal bovine serum (FBS) (Gibco) 

Heat-inactivated horse serum (HS) (Gibco) 

Fugene 6 Transfection Reagent (Promega) 

TransIT-Oligo Transfection Reagent (Mirus) 

MTT Solution: 4mg/ml 2-(3,5-diphenyltetrazol-2-ium-2-yl)-4,5,-dimethyl-1,3-

thiazole bromide (Alfa Aesar), dissolved in PBS. 

2.1.2 Cell Lines and Maintenance 

Four human cell lines were used during the course of this project, HeLa (cervical 

epithelial carcinoma), U87-MG (glioblastoma), MCF7 (breast cancer) and SH-

SY5Y (neuroblastoma). All cells were grown in tissue culture treated 

plasticware (TPP) flasks with a growth area of 75cm2 (T75). The Growth 

medium used was DMEM supplemented with 10% FBS and 2mM L-glutamine, 

with the exception of the SH-SY5Y cells that were maintained in high glucose 

DMEM supplemented with 10% FBS, 2mM L-glutamine and 1% horse serum 

(HS). All cells were maintained at 37°C and under a humidified atmosphere 

containing 5% CO2. Cells were grown to near confluence and then subcultured 
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by removing the media, washing with PBS and dissociating the cells from the 

flask with 1 x trypsin-0.5 mM EDTA solution. Cells were then diluted in fresh 

media and seeded at a density of 2.1x106 cells/T-75. 

2.1.3 Generation & Maintenance of 3D Spheroids 

Cells were plated into 96 well microplates coated with an Ultra-Low Attachment 

surface (Sigma-Aldrich) at a range of densities, from 1x102-1x105. Cells were 

grown in DMEM supplemented with 10% FBS and 2mM L-glutamine. To 

encourage cells to form spheroids, plates were centrifuged lightly at 100rpm for 

2 minutes immediately after seeding. Cells were allowed to grow for up to 7 

days to achieve spheroids of the desired size. Media was replaced every 48 h.  

2.1.4. Transient Transfection 

Cells were prepared for transfection of DNA plasmids using the above 

dissociation procedure, followed by seeding into 24 well plates, at a density of 

5x104 per well. Fugene 6 reagent was used for the transfection, using the 

manufacturer’s instructions. For each well, 300 ng of DNA plasmid and 1μl 

Fugene 6 was used. Firstly, 50 μl serum free media was combined with the 

Fugene 6 and incubated at room temperature for 5 minutes before the plasmid 

DNA was added, and left to incubate at room temperature to allow the reagent-

DNA complex to form. The solution was then added to the wells and incubated 

at 37°C, 5% CO2 in a humidified incubator for 24 hours before treatment or 

being assayed for luciferase activity. 
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2.1.5 Transfection of Modified Oligonucleotides 

2’OMe RNA oligonucleotides were used to block translation of reporter mRNAs 

by binding to specific regions of the RNA. These anti-sense oligomers do not 

cause degradation of the RNA, rather providing a steric block. 

 

 

2.1.5.1 Modified oligonucleotide sequences 

 

2’OMe RNA Oligonucleotide 

Name 

Sequence (5’-3’) 

Upstream Control GGCGCUCACACCGUGCGG 

Positive Control GGCAUCUUCCAUGGUGGCUU 

Scrambled 20mer ACGAGGCGGAGUAAUCGUAG 

Scrambled 17mer GCGGAUCGAACGAAUGU 

5’UTR_191-207 AUACUGGACGGAGUCAG 

5’UTR_208-223 CCGGCUCUCCCGAUCA 

3’UTR_662-676 CAGUAAGUACCGUGGGGACA 

Table 2.1. Modified 2’O Methyl Oligonucleotide Sequences 
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2.1.5.2 Transient transfection of 2’OMe oligonucleotides 

24 hours after transient transfection of plasmid DNA, cells were transfected with 

2’OMe RNA oligonucleotides. TransIt-Oligo Reagent (Mirus) was used for the 

transfection and manufacturer’s guidelines were followed.  Per well, 3ul 

TransIT-Oligo Reagent was added to 50µl serum free media and mixed. 

Oligonucleotide was added to the serum:TransIT-Oligo Reagent, to reach a final 

concentration of 2µM per well and incubated for 20 minutes at 25°C. The mix 

was then added dropwise to the wells, briefly rocked and incubated at 37°C for 

24 hours before lysis. 

2.1.6. Generation of Stable Cell Lines 

Cells were seeded in a 6 well plate at a density of 2x105 / well. Transfection of 

plasmids containing a neomycin phosphotransferase gene was achieved with 

Fugene 6, in a similar manner to above, except the amounts of transfection 

reagent and plasmid were increased to 6μl and 1.8μg respectively. Cells were 

incubated for 24h before selection medium was applied. Selection medium 

consisted of High Glucose DMEM, 10% FBS, 2mM L-glutamine and 150ng/μl 

of G418. Media was changed daily, and cells were incubated until non-

expressing cells had died and high confluency of expressing cells achieved. 

Cells were subsequently dissociated from the wells and transferred to T75 flasks. 

Cells were passaged for a number of generations before use, to ensure gene 

stability.  



 

62 

 

2.1.7 MTT Assay 

Cells were seeded into 96 well plates at a density of 5x103 cells/well. Plates were 

incubated at 37°C, 5% CO2 for 24 hours before being treated. After treatment, 

cells were incubated for another 24 hours at 37°C, 5% CO2 before addition of 

50µl MTT Solution to each well. Plates were shaken for 5 minutes and plates 

incubated for 3 hours at 37°C, 5% CO2. Media was aspirated and the formazan 

product resuspended by addition of 15µl DMSO to each well. Plates were shaken 

for 5 minutes again before being read in a plate reader. Readings were taken at 

560nm, with background subtracted from readings at 670nm. 

2.1.8 Microscopy 

For 2d cultures, an EVOS FL (ThermoFisher) microscope was used, with RFP 

and GFP light cubes. These had excitations wavelengths of 531/40 nm and 

470/22 nm respectively, with emission wavelengths of 593/40 nm and 510/42 

nm respectively. An exposure time of 500 ms was used for all image captures. 

Images obtained were analysed in ImageJ. For 3D cell imaging cell masses were 

analysed by fluorescence confocal microscopy, using a Zeiss LSM 510. 

Excitation wavelengths of 488 nm and 543 nm were used, whilst emission 

wavelengths of 509-520 nm and >550 nm were used for GFP and DsRed 

fluorescence capture respectively. Z-level slices were taken 19μm apart and the 

images obtained analysed using the Zeiss LSM image browser. 
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2.2 Molecular Biology Techniques 

Reagents and Solutions 

TE: 10mM Tris-HCl, pH7.5, 1mM EDTA 

1xTAE: 40mM Tris, 40mM acetic acid, 1mM EDTA, pH 8.0. 

1xTBE: 89mM Tris base, 89mM Boric acid, 3mM EDTA, pH 8.0 

TBF1: 30mM Potassium acetate, 10mM CaCl2, 50mM MnCl2, 100mM RbCl, 

15% glycerol 

TBF2: 10mM MOPS pH6.5, 75mm CaCl2, 10mM RbCl, 15% glycerol 
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Primer Sequences (Sigma-Aldrich) 

Primer Name Sequence (5’-3’) 

EGFR SpeI F GATTACAACTAGTCCCCGGCGCAGCGCGGCCGC 

EGFR NcoI R GATTACACCATGGCGCTGCTCCCCGAAGAGCTCG 

pRF_EGFR_A_R GCCGCCTCCCATGGGTCGGGCGCTC 

pRF_EGFR_B_F GTGTGAGCGACTAGTGCGGCCGAGGC 

pRF_EGFR_B_R GTCGTCCGGCCATGGCGGCGGCGGC 

pRF_EGFR_C_F CCCGGCGGCCGACTAGTCCCAGACCG 

pRF_EGFR_C_R CTGGACGGAGTCCATGGGCCGTGCG 

pRF_EGFR_D_F ACCACCGCGCACTAGTCCCCTGACTC 

pRF_EGFR_D_R CCCCGAAGAGCCATGGCCGGCTCTCC 

pRF_EGFR_E_F GATCGGGAGACTAGTGAGCGAGCTCT 

EYFP Upstream 

F 

GATTACAATTAATAGTAATCAATTACG 

EYFP Up F CAACTCCGCCCCATTGACGC 

EYFP Down R GACAAACCACAACTAGAATGC 

EGFR AgeI F GATTACAACCGGTCCCCGGCGCAGCGCG 

EGFR AgeI R GATTACAACCGGTCGCTGCTCCCCGAAGAGC 

 

 

Table 2.2 PCR Primer Sequences 
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2.2.3. Luciferase Assays 

Media was removed and cells washed with PBS before addition of 50μl 1 x 

Passive Lysis Buffer (Promega) for each well of a 24 well plate. Cells were 

dissociated from the well bottom by scraping and 5μl of this suspension was 

added to individual well in a black, round bottomed 96 well plate. Luciferase 

activity was determined using a dual-luciferase kit (Promega), and a GloMax-

96 microplate luminometer (Promega). Following the kit’s protocol, 25μl of 

each reagent (LarII, followed by Stop&Glo) was added to each well and 

luminescence measured over a 10 second integration time after addition of each 

reagent.  

2.2.4 Polymerase Chain Reaction 

For downstream applications, such as cloning, DNA was amplified from vectors 

or cDNA templates using polymerase chain reaction (PCR). Typically, 50-

100ng of vector was used per reaction, along with 1 unit of either Phusion DNA 

polymerase (NEB) or Taq DNA polymerase (NEB). These were added to a 

reaction mix containing either 1 x Phusion GC buffer or 1x Taq DNA 

polymerase buffer, 200μM dNTPs, 0.5μM of each primer and 5% DMSO. 

Reactions were performed in a Techne TC-512 gradient PCR machine. DNA 

was denatured at 98°C (Phusion) or 94°C (Taq) for 2 minutes before entering a 

cycle of denaturation at 98/94°C for 30 seconds, annealing at 50-65°C for 30 

seconds and extension at 72°C (Phusion) or 68°C (Taq) for 1 minute. 35 cycles 

were completed before entering a final extension period at 72/68°C for 5 

minutes. DNA products were visualised by agarose gel electrophoresis. 
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2.2.5 Agarose Gel Electrophoresis 

DNA was separated according to its molecular weight by electrophoresis in 

agarose gels. Typically, 1% (w/v) agarose gels were used, although for samples 

less than 50 base pairs in length, gels up to 2% (w/v) were used. Agarose was 

melted in 1x TAE and cast in to plastic trays after addition of 2μl 10mg/ml 

ethidium bromide or 1x SYBR Safe DNA gel stain (Thermo Fisher Scientific). 

DNA was mixed with 6x loading dye and loaded into the gel. The gel was 

submerged in 1x TAE and a voltage of 100v was applied for 1 hour to separate 

the DNA. DNA bands were visualised using a UV transilluminator or a Gel Doc 

XR+ System (BioRad). 

2.2.6 Purification of DNA 

2.2.6.1 Crude preparations for colony screens 

Single E.coli colonies were inoculated into700µl LB medium containing 

antibiotic. Cultures were grown overnight in a shaking incubator at 37°C. 

Cultures were then centrifuged at 13000rpm for 5 minutes and the pellet 

resuspended in 100µl TE. Cells were lysed by addition of 200µl solution II (1% 

SDS, 0.2M NaOH), mixed and incubated at 25°C for 2 minutes. 150µl 7.5M 

ammonium acetate was added to precipate proteins, and the mixture centrifuged 

for 10 minutes at 13000rpm. The resulting supernatant was mixed in a new 

Eppendorf tube with 900µl 100% ethanol and centrifuged for 30 minutes at 

13000rpm. The supernatant was then removed and the pellet allowed to dry 

before being resuspended in nuclease free water. 
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2.2.6.2 Using Machery Nagel Plasmid Miniprep Kit 

Picked colonies were grown in 5ml cultures of LB containing ampicillin or 

kanamycin, depending on the plasmid transformed. Cultures were grown 

overnight in a 37°C shaking incubator.  

2.2.6.3 Purification of DNA from agarose gel 

DNA was excised from gels using a scalpel and purified using Nucleospin Gel 

and PCR Clean-Up kit (Macherey Nagel), following the manufacturer’s 

instructions. 

2.2.7 Determination of Nucleic Acid Concentrations 

DNA and RNA concentrations were determined using a Nanodrop 100 

spectrophotometer (Thermo Scientific) by measuring the optical absorbance at 

260nm. 

2.2.8 Restriction Digests 

DNA was digested using restriction digestion enzymes and their associated 

buffer (NEB). The enzymes used were SpeI HF, NcoI HF and FseI. The 

CutSmart buffer (NEB) was used in reactions for all three enzymes, at a 

temperature of 37°C. Reaction volumes were typically 20µl and digests were 

incubated at recommended temperature for 1-2 hours. 

2.2.9 Alkaline Phosphatase Treatment 

Single digests of vectors were treated with alkaline phosphatase were 

dephosphorylated in order to stop re-ligation of the vector during ligation. 

Linearised plasmid DNA was treated with 1U Antarctic Phosphatase (NEB). 
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Reactions were incubated at 37°C for 5 minutes. DNA was then separated by 

agarose gel electrophoresis. 

2.2.10 Ligations 

DNA fragments were ligated into DNA plasmids using T4 DNA ligase 

(promega). Typical reaction volumes were 10µl and vector:insert molar ratio of 

1:3 was used. Two types of buffer were used, a 10X buffer and a quick ligation 

2X buffer which contained polyethylene glycol (PEG). 

2.2.10.1 Using 10X T4 Ligase buffer 

10X T4 ligase buffer (NEB) was added to the vector:insert mixture before 

addition of 400U T4 ligase (NEB). Reactions were made up to 10µl with 

nuclease free H2O. Reactions were incubated overnight at 4°C. Reactions were 

then heat inactivated at 65°C for 10 minutes, chilled on ice for 5 minutes and 

then transformed into 50µl competent DH5α E.coli cells. 

2.2.10.2 Using 2X Quick Ligation Buffer 

The 2X quick ligation buffer (NEB) was added to 5µl of vector:insert mix. 400U 

T4 DNA ligase (NEB) was added and the reaction incubated at 25°C for 15 

minutes before being placed on ice. The reaction was not heat inactivated, but 

transformed directly into 50µl competent DH5α E.coli cells. 

2.2.11 Phenol: Chloroform Extraction 

To remove contaminants from DNA samples, phenol:chloroform extraction was 

performed. An equal volume of phenol and chloroform:Isoamyl alcohol was 

added to the DNA sample and vortexed. The sample was then centrifuged at 
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13400rpm for 1 minute. The aqueous layer was then transferred to a new tube 

and the DNA precipitated. 

2.2.11.1 DNA Precipitation 

To the DNA, 0.1% (v/v) 3M sodium acetate, pH 5.2 and 250% (v/v) 100% 

ethanol was added and mixed. The mix was centrifuged for 30 minutes at 

13400rpm. The resulting supernatant was discarded and the pellet washed in 

70% ethanol. The sample was centrifuged for 10 minutes at 13400rpm and the 

supernatant discarded once more. The pellet was allowed to air dry for 5 minutes 

before being resuspended in nuclease free H2O. 

2.2.11.2 RNA extraction by phenol:chloroform 

For RNA, the procedure is the same as in 2.2.11, except that acidic phenol, 

pH4.5, was used instead. 

2.2.12 Polysome Profiling 

2.2.12.1 Preparation of sucrose gradients 

Sucrose solutions containing between 60-10% sucrose and 1x gradient buffer 

(3M NaCl, 150mM MgCl2, 150 mM Tris-HCl, pH 7.5, 1mg/ml cylcohexamide, 

10mg/ml heparin) were layered in Sorvall PA 12ml tubes. 1.6ml of each sucrose 

solution, starting from the highest density, was added to the tube and frozen at -

80°C before addition of the next layer. The 7 concentrations of sucrose were 

10%, 18%, 26%, 34%, 42%, 50% and 60%. Once all layers were added, 

gradients were stored at -80°C until use, where they were slowly defrosted 

overnight at 4°C.  
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2.2.12.2 Preparing cell lysates 

Cells were seeded in 15cm2 plates at a density of 5x106 per plate. Cells were 

incubated at 37°C, 5% CO2 for 24 hours before being treated. Treatments will 

be described in chapter 5. 24 hours after treatment cells were treated with 

100ng/ml cycloheximide for 2 minutes at 37°C, 5% CO2 before being placed on 

ice. Medium was removed and cells washed with 5ml PBS containing 100ng/ml 

cycloheximide. Cells were then harvested by scraping in 5ml PBS containing 

100ng/ml cycloheximide followed by centrifugation at 1600rpm in a chilled, 

4°C centrifuge for 4 minutes. The supernatant was then removed and 0.5ml ice 

cold lysis buffer (1X gradient buffer, 1% TritonX100) added to the cell pellet. 

The pellet was resuspended and centrifuged at 13400rpm in a chilled 4°C 

centrifuge for 1 minute. The resulting supernatant was then added carefully to 

the top of the sucrose gradient. 

2.2.12.3 Separation of mRNA. 

mRNAs were separated according to polysomal association by centrifugation of 

the lysate through the gradients at 38000rpm (182106 x g) for 2 hours at 4°C in 

a Sorvall Discovery 100SE centrifuge using the Sorvall TH-641 rotor and 

associated buckets, which were chilled at 4°C before use. 

2.2.12.4 Fractionation of mRNA 

Gradients were passed through a ‘gradient machine’ in order to separate the 

mRNA into fractions. The machine consisted of a UV/vis detector (UA-6 

teledyne, ISCO), a motorised pump (KD Scientific), a mechanical trace and an 

automatic fraction collector. The machine was cleaned through with ddH2O, 

70% ethanol and ddH2O. The machine was then primed with 65% blue sucrose 
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(1x gradient buffer, 65% sucrose, 0.25% Bromophenol Blue) and then pumped 

into the bottom of the gradient at a flow rate of 1ml/min, pushing the sample 

through the uv/vis detector, with the lowest density fraction going through first. 

The OD was read at 254nm and recorded onto a trace. 1ml fractions were 

collected and 3ml 7.7M Guanidine HCl and 4ml 100% ethanol added. Samples 

were mixed and stored at -20°C overnight. mRNA fractions were pooled into 

subpolysomal and polysomal fractions as determined by the trace. 2.5M LiCl2 

was added and the pooled samples incubated at -20°C overnight. Samples were 

centrifuged at 13000rpm in a chilled 4°C centrifuge for 30 minutes and the 

supernatant discarded. The pellet was resuspended in 300µl nuclease free H2O 

followed by addition of 68mM NaOAc, pH 5.2, and 75% ethanol. Samples were 

incubated at -20°C for 30 minutes followed by centrifugation at 13000rpm for 

30 minutes in a chilled, 4°C centrifuge. The supernatant was again removed and 

the RNA pellet washed in 75% ethanol, mixed for 10 minutes and centrifuged 

for 5 minutes at 13000rpm in a chilled 4°C centrifuge. The pellet was then 

resuspended in 50µl nuclease free H2O and the concentration measured using a 

Nanodrop Spectrophotometer 1000 (Thermo Scientific). 

2.2.13 RNA-seq Analysis 

Library preparation for RNA-seq was performed using TruSeq Stranded Total 

RNA Sample kit (Illumina), per manufacturer’s instructions. Briefly, ribosomal 

RNA is removed from the sample through ribo-depletion. RNA is then 

fragmented and reverse transcribed into cDNA. Adapter sequences are ligated 

to the cDNA strands and are enriched through PCR, generating 30 million reads 

for each library. Adapters used in this project were TruSeq LT adapters 
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(Illumina). Sequencing was conducted using the NextSeq500 system (Illumina), 

generating 75bp paired end reads.  

2.3 Bacterial Techniques 

2.3.1 Preparation of Competent E.coli 

E.coli cells can be made chemically competent through a series of salt washes, 

allowing them to take up plasmid DNA during a brief heat-shock treatment at 

42°C. It is important that the cells and all reagents used are kept at 4°C, as 

transformation efficiency decreases when cells are allowed to warm up to room 

temperature. 

A 5ml LB starter culture was grown overnight from a single E.coli colony. This 

starter culture was then added to 500ml of LB supplemented with 20mM 

MgSO4. The culture was grown until the OD, measured at A600, was between 

0.4 and 0.6. The cells were pelleted at 4000rpm in a chilled 4°C centrifuge. Cells 

were resuspended in 100ml ice cold TBF1 and incubated on ice for 5 minutes. 

The cells were again pelted, before being resuspended in 10ml ice cold TBF2 

and incubated on ice for 1 hour. Following this, the cells were aliquoted and 

snap frozen in liquid nitrogen. The cells were stored in -80°C for future use. 

2.3.2 Transformation 

Ligation reactions were added to 50µl competent DH5α E.coli and the mixture 

were incubated on ice for 10 minutes, before being heat-shocked at 42°C for 1 

minute. The mixtures were incubated on ice for 2 minutes before 1ml of LB was 

added. Mixtures were incubated in a shaking incubator for 1 hour at 37°C. Cells 

were then pelleted by centrifuging at 13000rpm for 5 minutes. Cells were 
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resuspended in 50µl LB and spread onto an LB-agar plate which contained either 

kanamycin (30µg/ml) or ampicillin (100µg/ml) depending on the plasmid’s 

resistance gene. Plates were incubated at 37°C overnight. Colonies were then 

picked for growth in liquid LB cultures for DNA purification or used directly in 

a colony PCR. 

2.4 Radiation Techniques 

2.4.1 5’ End Labelling of Oligonucleotides with 32PγATP 

Oligonucleotides were radiolabelled with 32P by polynucleotide kinase (PNK) 

in the following reaction: 

60μM Oligonucleotide 

2μl γ32P ATP 

2μl 10X T4 PNK buffer (NEB) 

1µl PNK (NEB) 

H2O up to a final reaction volume of 20µl 

The reaction mix was incubated at 37°C for 30 minutes followed by inactivation 

at 65°C for 20 minutes. Unincorporated radiolabels were removed from the mix 

by filtration through a G-50 Sephadex column 
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2.5 Selective 2’Hydroxyl Acetylation & Primer Extension 

(SHAPE) 

2.5.1 Reagents 

10x N-methylisatoic acid: 130mM, dissolved in DMSO 

3.3x Folding Mix: 333mM HEPES, pH 8.0, 20mM MgCl2, 333mM NaCl 

SHAPE Enzyme Mix: 250mM KCl, 167mM Tris HCl, pH 8.3, 1.67mM each 

dNTP (dATP, dCTP, dGTP, dTTP), 17mM DTT and 10mM MgCl2. 

Acid Stop Mix: 4:25 (v/v) mixture of 1M unbuffered Tris-HCl, and stop dye 

(85% formamide, 0.5x TBE, 50mM EDTA, pH 8.0, containing bromophenol 

blue and xylene cyanol dyes) 

 

2.5.2 SHAPE Primers 

Primer Name Sequence (5’-3’) 

SHAPE 

REVTRANS 

GAACCGGACCGAAGCCCG 

SHAPE_R 

with linker 

GAACCGGACCGAAGCCCGATTTGGATCCGGCGAAC

CGGATCGACGGTGCTCCCCGAAGAGC 

FIRST 80 F TAATACGACTCACTATAGGGGGCCAACGGGCCAACC

CCGGCGCAGCGC 

FIRST 80 R GAACCGGACCGAAGCCCGATTTGGATCCGGCGAAC

CGGATCGAGTTGGCGGCGAGGCGGGGA 

MID 80 F TAATACGACTCACTATAGGGGGCCAACGGGCCAAG

CTAGCCCCGGCGGC 

MID 80 R GAACCGGACCGAAGCCCGATTTGGATCCGGCGAAC

CGGATCGAGTTGGCGGCGAGGCGGGGA 

SHAPE 

EGFR 80 F 

TAATACGACTCACTATAGGGGGCCTTCGGGCCAAGC

CACAACCACCGCG 
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2.5.3 In Vitro Transcription 

DNA was amplified by PCR using a forward primer containing at its 5’ end a 

T7 RNA polymerase promotor. The linear DNA was then transcribed using the 

RiboMax Large Scale RNA Production System (T7). Usually, 30µl reactions 

were conducted. Reactions were assembled at room temperature and consisted 

of 6µl 5X T7 transcription buffer, 7.5mM rNTP mix, 1-3µg linear DNA and 

10µl T7 Enzyme Mix. The reaction was incubated at 37°C for 3 hours before 

addition of 1U RQ1 DNase per µg DNA added to the reaction and incubation at 

37°C for 15 minutes. The resulting RNA was purified by phenol/chloroform 

extraction, as detailed in 2.2.11.2 

2.5.4 Modification of RNA with N-methylisatoic Acid 

2 pmol of RNA was diluted in 12μl 0.5x TE and heated to 95°C for 2 minutes 

before being placed on ice for 2 minutes. 6μl 3.3xFolding Mix was added and 

the mixture was incubated at 37°C for 20 before being split equally between two 

tubes, labelled ‘+’ and ‘-‘.  1μl 10xNMIA was added to the ‘+’ sample, and 1μl 

DMSO added to the ‘-‘sample. The samples were incubated for a further 45 

minutes at 37°C. The samples were then ethanol precipitated by addition of 90µl 

H2O, 4µl 5M NaCl, 1µl 20mh/ml glycogen, 2µl 100mM EDTA pH8, and 350µl 

ethanol (100%), and incubating at -80°C for 30 minutes followed by 

centrifugation at 13000rpm for 30 minutes in a chilled (4°C) centrifuge. The 

pellets were then resuspended in 10µl 0.5xTE. 
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2.5.5 Primer Extension 

3µl of radiolabelled primer was added to the ‘+’ and ‘-‘ samples, and annealed 

to the RNA by heating to 65°C for 5 minutes, cooling to 35°C for another 5 

minutes and placing on ice for 1 minute. 6µl SHAPE Enzyme Mix was added 

and tubes heated to 52°C for 1 minute before addition of 200U Superscript III. 

Samples were incubated at 55°C for 15 minutes before the RNA was degraded 

by addition of 1µl 4M NaOH and heating to 95°C for 5 minutes. 29µl Acid Stop 

Mix was added and again incubated at 95°C for 5 minutes. 

2.5.6 Sequencing Ladder Generation 

3µl of radiolabelled primer was added to four separate samples of untreated 

RNA and annealed to the RNA by heating to 65°C for 5 minutes, cooling to 

35°C for another 5 minutes and placing on ice for 1 minute. To each tube 10mM 

of either ddATP, ddCTP, ddGTP or ddTTP was added, along with 100μM dNTP 

mix and tubes heated to 52°C for 1 minute before addition of 200U Superscript 

III. Samples were incubated at 55°C for 15 minutes before the RNA was 

degraded by addition of 1µl 4M NaOH and heating to 95°C for 5 minutes. 29µl 

Acid Stop Mix was added and again incubated at 95°C for 5 minutes. 

2.5.7 Denaturing acrylamide gel electrophoresis of DNA 

To separate single stranded, radiolabelled DNA fragments, denaturing 

polyacrylamide gels were used, which utilised acrylamide solutions at a ratio of 

19:1, acrylamide:bis-acrylamide. Gels of 8% were made by combining 14g urea, 

4ml 10X TBE, 8ml 40% acrylamide (19:1 acylamide:bis-acrylamide, Accugel, 

National Diagnostics) and 28ml H2O to make a final volume of 40ml. The 
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mixture was polymerised by addition of 75µl TEMED and 75µl APS. Gels were 

cast between two glass plates, which had been cleaned with ethanol. Gels were 

pre-run at 800V in 1xTBE for 30mins.Typically, 2µl of sample was loaded onto 

the gel and run for 1.5-2h at 1000V, until the lower dye had reached the end of 

the gel. Gels were transferred onto blotting paper, covered in cling film and dried 

in a vacuum gel drier for 1 h at 80°C. Dried gels were exposed to phosphor 

screens (GE Healthcare) overnight in a light-sealed exposure cassette (GE 

Healthcare). 

2.5.8 Imaging of Phosphor Screens 

Imaged using a Storm 860 molecular imager (Amersham) and its associated 

software, Imagequant software (Amersham). 

2.5.9 SHAPE Reactivity Calculations 

Relative reactivities were calculated using the boxplot method (Hajdin et al, 

2013). The interquartile distance, d, was determined from the subtraction of the 

upper and lower quartiles (Qu and QL) after the raw reactivities of each 

nucleotide position, Ri were ordered from highest to lowest. Outliers were 

removed, after determination by: Ri > QU + 1.5 * d. No more than 5% of the 

dataset were removed as outliers. Rmax, the mean reactivity of the 10% most 

reactive nucleotides, was determined and the reactivity of each nucleotide 

divided by Rmax to normalise the data. 
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3. Translational Control of EGFR through its 

5’UTR 

 

IRESs allow expression of mRNAs when cap dependent translation is inhibited. 

This inhibition can come from a number of physiological conditions such as 

amino acid deprivation and hypoxia. However, not all IRESs respond to all types 

of cell stress. The intricate nature of these pathways suggests that IRESs are part 

of heavily regulated systems that respond to particular stresses.  Understanding 

when and how an IRES is activated is important in developing treatments for 

certain diseases.  

An IRES within the EGFR 5’UTR has been previously discovered and maintains 

EGFR expression under hypoxic conditions, whilst having a high requirement 

for the eIF4A helicase, suggesting the structure of the IRES is important in its 

function and regulation (Webb et al. 2015). Identifying the structure could aid 

in the development of therapeutics which block binding of trans-acting factors, 

or modify the structure to inhibit the IRES. As translational control of EGFR has 

been shown to be an important factor in some cancers, along with potentially 

having a role in neurodegeneration it is important to characterise its translational 

regulation (Wang et al. 2012; Franovic et al. 2007) 

The aim of this section was to further characterise the EGFR IRES by analysing 

the conditions in which the IRES is active and maintain EGFR expression, 



 

79 

 

characterise the structure of the IRES and discover important regions of the 

IRES which contribute to its function through deletion analysis. 

 

 

 

 

 

Figure 3.1 pRF Vector Map 
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3.1 Plasmids and Cloning 

 

A common method of investigating IRES activity is through the use of 

bicistronic vectors; vectors that allow the expression of two or more gene 

products from a single promotor. Insertion of the IRES element between the two 

gene sequences allows for independent expression of the two reporter gene 

sequences, where the latter gene can only be expressed through internal 

initiation of translation by the IRES element. We used the pRF vector which 

allows the co-expression of the Renilla reniformis luciferase and the firefly 

(Photinus pyralis) luciferase. These luciferases are evolutionarily distinct; both 

their structures and substrates are different, allowing their reactions to be 

differentiated as detailed in section 2.2.3. The pRF vector map can be seen in 

figure 3.1. 

In order to analyse IRES activity the 5’UTRs of EGFR (NM_005228.3) and 

beta-tubulin (NM_001293212.1) were inserted into the pRF vector (Fig.3.1) 

between the Renilla and firefly luciferase ORFs. The 5’UTR was amplified 

using primers EGFR SpeI and EGFR NcoI, as shown in section 2.2, via PCR and 

both vector and PCR product were digested with SpeI and NcoI restriction 

enzymes before being ligated together. These plasmids are referred to as pREF 

and pRTubF respectively. 

The p15 vector (Fig. 3.2) contains a single firefly luciferase ORF and was co-

transfected with the pSV-β-Galactosidase plasmid, containing a lacZ ORF, as a 

normalisation control (Fig 3.3). Two plasmids were previously created with the 
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p15 vector. The first, P15E contained the 5’UTR of EGFR, which was inserted 

upstream of the firefly luciferase ORF at the HindIII site, having first been 

amplified using the EGFR HindIII F and EGRF HindIII R primers via PCR and 

digested with HindIII. The second plasmid, p15E3UTR contained both the 

5’UTR of EGFR, as before, and the 3’UTR of EGFR (as shown in section 3.7). 

The 3’UTR was amplified using primers 3UTR F and 3UTR R, digested with 

FseI and inserted at the FseI site downstream of the firefly ORF.  

  

Figure 3.2 p15 Vector Map 
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Figure 3.3 pSV-β-Galactosidase Vector Map 
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3.2 Endoplasmic Reticulum Stress 

 

Endoplasmic reticulum stress occurs through accumulation of misfolded or 

unfolded proteins. The unfolded protein response (UPR) is activated upon a high 

level of unfolded proteins and serves to arrest the cell cycle as well as attenuating 

translation through the protein kinase RNA-like endoplasmic reticulum kinase 

(PERK) receptor, which phosphorylates eIF2α. Further steps involve 

upregulating expression of proteins involved in malfolded protein chaperoning. 

ER stress has long been connected with Alzheimer’s disease, causing an increase 

in β-amyloid (Sato et al. 2001) and inducing the pathology of the tau protein (Ho 

et al. 2012). ER stress causes EGFR activation through a signalling mechanism 

involving angiotensin II and tumour necrosis factor-α-converting enzyme 

(TACE) (Takayanagi et al. 2015). Thus ER stress and EGFR may be linked in 

the progression of Alzheimer’s disease. We wished to analyse whether ER stress 

could increase EGFR production through translational control. 

To induce ER stress we used the chemicals thapsigargin and tunicamycin. 

Tunicamycin blocks glycoprotein biosynthesis in the ER, leading to stress, 

whilst thapsigargin lowers the calcium levels within the ER through inhibition 

of the sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA). This causes 

chaperones within the ER to lose their chaperone activity, causing accumulation 

of unfolded proteins. 
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Figure 3.4 The Effect of Endoplasmic Reticulum Stress Inducers on EGFR IRES 

Activity in U87-MG cells.  (A) pRF plasmids were transfected into U87-MG cells in 

a 24 well plate. 24 hours after treatment with either 1 μM thapsigargin or 4 mg/ml 

tunicamycin, cells were lysed and assayed for luciferase activity. Relative firefly 

activity is firefly luciferase activity divided by Renilla luciferase activity. Values are 

normalised to pREF control. n =3, error bars represent standard deviation of three 

biological replicates. (B) Cell viability as measured by MTT assay after treatment 

with 1 μM thapsigargin, 10 mM tunicamycin or DMSO. n = 3, error bars represent 

standard deviation of three biological replicates. “*” indicates p < 0.05, “**” indicates 

p <0.01. Significance tested by t-test. 

A 

B 

* 

** 

* 
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24 hours after treatment, both thapsigargin and tunicamycin result in a lower 

relative expression of firefly luciferase in pREF, thapsigargin treatment reducing 

IRES activity by 77.16% (p < 0.01 by t-test), whilst tunicamycin reduced activity 

by 59% (p < 0.05 by t-test). This indicates IRES activity is reduced during ER 

stress. As expected there is little firefly activity in the empty pRF vector as well 

as from the 5’UTR of the ‘housekeeping gene’ beta-tubulin (pRtubF), acting as 

a negative control.  

To determine whether the treatments given affected the viability of cells, we 

performed an MTT assay on cells after treatment (Fig 3.4b). We found that 

treating cells with 10 μM thapsigargin reduced cell viability by 39% and by 26% 

when treated with 4 mg/ml tunicamycin (p < 0.05 by t-test). This is expected 

given that ER stress leads to cell cycle arrest, thus cell metabolism will be 

lowered. In MCF7 cells, both thapsigargin and tunicamycin result in lesser 

reductions in EGFR IRES activity compared to U87-MG cells at 33% and 23% 

respectively (Fig 3.5a), however these were both found to be statistically 

insignificant (p > 0.05, by t-test), but displayed similar viability to U87-MG cells 

(Fig 3.5b). This difference between cell lines could indicate that the mechanism 

which reduces IRES activity in U87 cells is not present in MCF7 cells. This 

could be a missing ITAF, a genetic abnormality within either of the cell lines, or 

differences in how the IRES is folded. This would be in a similar vein to 

discoveries in the HIV-1 IRES which is thought to fold differently in cells where 

it is active, dependent on the availability of certain ITAFs (Plank, Whitehurst, 

and Kieft 2013). Further analysis could determine the cause of such divergent 

results, and whether this feature exists is relevant in vivo.  
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Figure 3.5 The Effect of Endoplasmic Reticulum Stress Inducers on EGFR IRES 

Activity in MCF7 cells.  (A) pRF plasmids were transfected into MCF7 cells in a 24 

well plate. 24 hours after treatment with either 1 μM thapsigargin or 4 mg/ml 

tunicamycin, cells were lysed and assayed for luciferase activity. Relative firefly 

activity is firefly luciferase activity divided by Renilla luciferase activity. Values are 

normalised to pREF control. n = 3, error bars represent standard deviation of three 

biological replicates. (B) Cell viability as measured by MTT assay after treatment 

with 1 μM thapsigargin, 10 mM tunicamycin or DMSO. n = 3, error bars represent 

standard deviation of three biological replicates. . “*” indicates p < 0.05. Significance 

tested by t-test. 
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3.3 Effect of Serum Starvation 

 

Serum starvation mimics a nutritional deprivation of cells, most notably, a lack 

of amino acids and growth factors. Under such conditions, protein production is 

inhibited. In Alzheimer’s disease both tau and BACE-1 have increased protein 

expression under serum starvation (Mohamed et al. 2014; Faghihi et al. 2008), 

and suggests that low nutrient availability could be a factor in an increased 

production in β-amyloid. A number of other IRESs have been shown to be active 

under serum starvation such as the sterol-regulatory-element-binding protein 1 

(SREBP-1) (Damiano et al. 2010), XIAP (Holcik et al. 1999) and p27 IRESs 

(Miskimins et al. 2001). We thus assessed the activity of the EGFR IRES under 

serum starvation. 

U87-MG and MCF7 cells were transfected with either pRF, pREF or pRtubF 

plasmids and subjected to 24 hours of serum starvation (0.5% FBS). In U87-MG 

cells, serum starvation caused relative firefly activity to increase for pREF by 

2.7 fold, (p < 0.05)  with Renilla luciferase activity dropping by 60% whilst 

firefly activity is retained (Fig 3.6a). In the empty vector and pRtubF, Renilla 

activity dropped by 55%, whilst pRtubF remained similar. This indicates EGFR 

translation in U87-MG cells is maintained during nutrient deprivation through 

IRES activity. Cell viability dropped by 20% following serum starvation (Fig 

3.6b). 

In contrast, serum starvation in MCF7 cells results in a reduction in both Renilla 

and firefly luciferase activity for pREF, resulting in no change in  
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Figure 3.6 The Effect of Serum Starvation on EGFR IRES Activity in U87-

MG cells.  (A) pRF plasmids were transfected into U87-MG cells in a 24 well 

plate. 24 hours after serum starvation treatment, cells were lysed and assayed for 

luciferase activity. Relative firefly activity is firefly luciferase activity divided by 

Renilla luciferase activity. Values are normalised to pREF control. n =3, error bars 

represent standard deviation of three biological replicates. (B) Cell viability as 

measured by MTT assay after serum starvation treatment or DMSO. n = 3, error 

bars represent standard deviation of three biological replicates.. “*” indicates p < 

0.05. Significance tested by t-test. 
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relative firefly activity (p > 0.05), as shown in figure 3.7a. This again may 

indicate there is cell specificity to the IRES’ activity. Curiously, no reduction in 

cell viability was observed in MCF7 cells (Fig.3.7b), which may indicate the 

cell line is better able to withstand serum starvation. However, the presence of 

phenol red within the culture medium may explain this observation. Phenol red 

acts as a weak estrogen in MCF7 cells, activating the estrogen receptor and 

increasing proliferation (Berthois et al, 1986). Thus, in these circumstances cap-

dependent translation initiation may not be inactivated in MCF7 cells, as signals 

for proliferation are received despite the low serum environment.   
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Figure 3.7 The Effect of Serum Starvation on EGFR IRES Activity in MCF7 

cells.  (A) pRF plasmids were transfected into MCF7 cells in a 24 well plate. 24 

hours after serum starvation treatment, cells were lysed and assayed for luciferase 

activity. Relative firefly activity is firefly luciferase activity divided by Renilla 

luciferase activity. Values are normalised to pREF control. n = 3, error bars represent 

standard deviation of three biological replicates. (B) Cell viability as measured by 

MTT assay after serum starvation treatment or DMSO. n = 3, errors bars represent 

standard deviation of three biological replicates. Significance tested by t-test. 

B 
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3.4 Effect of EGF Stimulation 

 

EGF is one of several ligands of EGFR that results in downstream signalling and 

upregulation of genes involved in cell proliferation and growth. In Alzheimer’s, 

low EGF plasma levels have been used as a biomarker to predict cognitive 

decline (Chen-Plotkin et al. 2011), although a number of studies found the 

opposite to be true (Bjorkqvist et al. 2012; Marksteiner et al. 2011). Along with 

this, EGF stimulates the production of two APP isoforms (Robakis et al. 1991). 

U87-MG cells were treated with increasing concentrations of EGF to determine 

the effects on IRES activity, compared with serum starved cells. 

Treating cells with EGF resulted in a general increase in Renilla luciferase 

activity for pRF and pREF (Fig 3.8). The empty vector showed a 2.3 fold 

increase in Renilla for 50 ng/μl and 3.5 fold increase in 150 ng/μl and 200 ng/μl 

EGF, whilst for pREF this was 2.2, 2.3 and 2.7 fold respectively. These are 

significantly different from the control (p < 0.05, by ANOVA), but not 

statistically different from each other (p > 0.05, ANOVA) This indicates that 

general translation within the cells was increased. An increase was also found in 

firefly luciferase activity in pREF, but Renilla luciferase activity increased by a 

greater amount as reflected by the relative firefly activities shown in Fig.3.9. 

Relative firefly activity drops by 36%, 31% and 42% in pREF for 50 ng/μl 

(EGF+), 100 ng/μl (EGF++) and 200 ng/μl (EGF+++) EGF respectively (p < 

0.05 against control, by ANOVA). This shows that, as would be expected, EGF 

causes an increase in overall translation, but that cap-dependent translation is 

the major source of this increase. The IRES is not favoured suggesting that the  
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Figure 3.8 The Effect of EGF Stimulation on Renilla and Firefly luciferase 

Activity of pRF plasmids in U87-MG cells.  pRF plasmids were transfected into 

U87-MG cells in a 24 well plate. 24 hours after serum starvation treatment, cells 

were treated with varying concentrations of EGF for 1 hour before being lysed 

and assayed for luciferase activity. n = 3, error bars represent standard deviation 

of three biological replicates. (A) Renilla luciferase activity (B) Firefly luciferase 

activity. EGF + = 50 ng/μl, EGF++ = 100 ng/μl, EGF+++ = 200 ng/μl.. “*” 

indicates p < 0.05. Significance tested by ANOVA. 

* 
* 

* 
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cap is better at recruiting ribosomes. It could be the case that factors that aid in 

ribosome binding to the IRES are downregulated in response to growth factors. 
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Figure 3.9 The Effect of EGF Stimulation on EGFR IRES Activity in U87-MG 

cells.  (A) pRF plasmids were transfected into U87-MG cells in a 24 well plate. 24 

hours after serum starvation treatment, cells were treated with varying 

concentrations of EGF for 1 hour before being lysed and assayed for luciferase 

activity. Relative firefly activity is firefly luciferase activity divided by Renilla 

luciferase activity. Values are normalised to pREF control. n = 3 error bars represent 

standard deviation of three biological replicates. (B) Cell viability as measured by 

MTT assay after serum starvation treatment or DMSO. n = 2, error bars represent 

standard deviation of three biological replicates. EGF + = 50ng/μl, EGF++ = 

100ng/μl, EGF+++ = 200ng/μl. “*” indicates p < 0.05. Significance tested by 

ANOVA. 

* 

* 
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3.5 Deletion Analysis 

 

A striking difference between many viral and cellular IRESs is their degree of 

modularity. Viral IRESs are extremely sensitive to deletions and point 

mutations, often disabling the IRES. This is particularly true at the 3’- boundary, 

close to the start codon, where deletion of just 11nts from the EMCV IRES 

completely abolishes activity (Kaminski, Belsham, and Jackson 1994).  

However the IGR IRES of Dicistroviridae contains two distinct domains which 

can function independently (Jang and Jan 2010). Many cellular IRESs are less 

sensitive to deletions and indeed smaller segments of the IRES are capable of 

initiating translation, but with a much lower activity (Stoneley and Willis 2004). 

It is thought that some cellular IRESs are modular, with each segment increasing 

the overall activity of the IRES. This can be through favourable binding sites for 

the ribosome, stabilising structures or binding sites for ITAFs. A segment could, 

for instance, hold binding sites for ITAFs that are only expressed under certain 

conditions, and hold the key to upregulating IRES-driven translation for that 

stress.  Deletion analysis provides key information for how the IRES functions 

and which parts are key to activation. The c-myc IRES, one of the best 

characterised IRESs, has been analysed by deletion analysis which revealed that 

removal of individual predicted structures did not disable the IRES, but in 

concert had a much higher inactivation (Le Quesne et al. 2001). Alternatively, it 

has been shown that a short 50nt element is responsible for mediating translation 

(Cencig et al. 2004), similar to the Gtx IRES (Chappell, Edelman, and Mauro 

2000). This element itself could be divided into two 14nt modules which act 

independently of each other 
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 (Cencig et al. 2004), although there have been concerns that such short 

sequences may be splice sites or cryptic promotors (Lemp et al. 2012; Jackson 

2013). In comparison, and despite their homologous activity, the L-myc IRES is 

more sensitive to deletion, with removal of less than 50nt from either the 5’ or 

3’ end reducing IRES activity considerably (Jopling et al. 2004). 

To assess the requirement of sections of the EGFR IRES for activity, sections of 

the IRES were amplified from pREF via PCR, using the corresponding primers 

as detailed in section 2.2.2, to generate a range of fragments. The lengths and 

sequences of these fragments are shown in figure 3.10. These fragments were 

then inserted into the pRF plasmid between the Renilla and firefly luciferase 

genes using the SpeI and Nco1 restriction sites. Fragment plasmids were then 
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Figure 3.11 Deletion Analysis of the EGFR 5’UTR in U87-MG Cells. 

Truncated versions of the EGFR 5’UTR were transfected into cells in a 24 well 

plate. Cells were lysed and assayed for luciferase activity after 24 hours. 

Relative firefly activity is firefly luciferase activity divided by Renilla 

luciferase activity. Values are normalised to pREF control. n =3, error bars 

represent standard deviation of three biological replicates. “*” indicates p < 

0.05. Significance tested by ANOVA.  
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transfected into U87-MG and MCF7 cells and after 24 hours the cells were lysed 

and the lysate assayed for luciferase activity.  

In U87-MG cells it was observed that the fragments, B, C, D and E resulted in 

little firefly activity, each conferring less than 10% of the full length activity 

(figure 3.11). The first half of the sequence, ABC, and the second half, CDE, 

both showed a large reduction in relative firefly activity, at 30% and 29% that 

of the full length sequence. Removing the first 57nts from the sequence 

(fragment BCDE) results in a reduction of relative firefly activity by 61%. 

Interestingly, the first 57nts alone (fragment A) can confer 20% of the activity 

of the full length sequence, significantly more than fragments B, C, D or E (p 

<0.05 by ANOVA) and has similar activity to fragments AB (15%), suggesting 
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Figure 3.12 Deletion Analysis of the EGFR 5’UTR in MCF7 Cells. 

Truncated versions of the EGFR 5’UTR were transfected into cells in a 24 

well plate. Cells were lysed and assayed for luciferase activity after 24 hours. 

Relative firefly activity is firefly luciferase activity divided by Renilla 

luciferase activity. Values are normalised to pREF control. n = 3, error bars 

represent standard deviation of three biological replicates. Significance tested 

by ANOVA. 
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that the first 57nts plays an important role in IRES function. Removal of just the 

final 36nts (fragment ABCD) reduces activity by 63%, despite fragment E itself 

generating under 10% activity of the full length, suggesting that the IRES is not 

modular and that the IRES relies on the entire sequence for full functionality.  

Similarly, in MCF7 cells (figure 3.12) fragments B, C, D and E show little 

relative firefly activity, all under 5% that of the full length sequence, whilst AB 

and DE have a vastly reduced activity, at 8% and 11% respectively that of the 

full length. Again, ABC and CDE show slightly higher activity, although 

significantly lower than that of U87-MG cells both at 15% (p  <0.05 for both 

fragments, by ANOVA) that of the full length. Curiously, fragment A confers 

only 7% relative activity in MCF7 cells, a statistically significant reduction from 

the 20% found in U87-MG cells (p = <0.05, by ANOVA) however its absence 

reduces activity by 74%, as seen in fragment BCDE.  

These data suggest that the activity of the EGFR IRES can be influenced by cell 

type.  Both U87-MG cells and MCF-7 cells are known to express low levels of 

EGFR (Piao et al. 2009; Kuruppu 2016), however it is thought that EGFR 

amplification is a fundamental process in glioblastoma formation (Halatsch et 

al. 2006) and in a 3D format U87-MG cells produce a significantly higher 

amount of EGFR (Franovic et al. 2007). The differences in relative firefly 

activity for the truncated, ‘A’ IRES suggests a difference in the RNA binding 

proteins or ITAFs expressed between the two cell lines, which could either assist 

or inhibit IRES activity.    
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To assess whether parts of the IRES were responsible for mediating a response 

to stress conditions transfected cells were treated with the fragment plasmids 

with serum starvation and thapsigargin. In U87-MG cells, no effect was seen in 

B, C or D, activity remains zero in these. In A, no significant effect was observed 

(p > 0.05, by ANOVA). Serum starvation, as seen before, increased firefly 

activity in the full length 5’UTR by 24%. In the shorter sequences, serum 

starvation had a greater effect on CDE and BCDE than on the full length, 

increasing their relative firefly activities by 57% and 39% respectively (p  <  

0.05, by ANOVA) (figure 3.13). In AB, serum starvation raised relative firefly 

Figure 3.13 Deletion Analysis of the EGFR 5’UTR in U87-MG Cells after Serum 

Starvation. Truncated versions of the EGFR 5’UTR were transfected into cells in a 24 

well plate. Cells were treated with media containing 0.5% FBS and lysed and assayed for 

luciferase activity after 24 hours of treatment. Relative firefly activity is firefly luciferase 

activity divided by Renilla luciferase activity. Values are normalised to pREF control. n 

= 3, error bars represent standard deviation of three biological replicates. “*” indicates p 

< 0.05. Significance tested by ANOVA. 
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activity by ~34%, (p < 0.05 by ANOVA), however serum starvation did not 

increase relative firefly activity significantly in A.  

It was shown previously that thapsigargin dramatically reduced relative firefly 

activity in U87-MG cells (figure 3.4). The effect of thapsigargin treatment was 

tested on the truncated versions of the EGFR 5’UTR (figure 3.14). It was found 

that for the shortest fragments, B, C and D, no effect was seen, although this is 

not surprising due to the absence of firefly activity in the control. The A 

fragment displayed a 44% decrease in relative firefly activity. For the longer 

fragments, thapsigargin reduced relative firefly activity although the effect was 
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Figure 3.14 Deletion Analysis of the EGFR 5’UTR in U87-MG Cells after 

Treatment with Thapsigargin. Truncated versions of the EGFR 5’UTR were 

transfected into cells in a 24 well plate. Cells were treated with 1μM 

thapsigargin and lysed and assayed for luciferase activity after 24 hours of 

treatment. Relative firefly activity is firefly luciferase activity divided by 

Renilla luciferase activity. Values are normalised to pREF control. n =3, error 

bars represent standard deviation of three biological replicates. “*” indicates p 

< 0.05. Significance tested by ANOVA. 
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more limited than in control. The smallest effect was seen in DE with a reduction 

of 23%, followed by CDE at a 26% reduction, whilst AB, ABC and BCDE 

showed decreases by 36%, 48%, and 30%. This may indicate that the method by 

which thapsigargin inhibits the IRES is dependent on the 5’ side of the UTR; the 

difference between the relative firefly activities of ABC and CDE is highly 

significant (p < 0.05 by ANOVA).  

Previously it was discovered that the ribosome binds to the IRES was between 

bases 183 and 219, a location found within the DE fragment (Webb et al. 2015). 

However the data shown here indicate that the IRES remains active when this 

location is removed, as shown by the activity generated in the A, AB and ABC 

fragments. It is likely that the discovered landing site is where the majority of 

the ribosomes are recruited to the IRES but that a smaller proportion can bind 

further upstream. The reason for this is unknown, however there are IRESs 

which direct the expression of two different proteins from two different sites, 

but no alternative splice sites have been identified in the EGFR mRNA. It is 

possible that the recruitment further upstream is carried out by a specific factor, 

whose conditions to activating the IRES remain unknown, although the lowered 

activity observed in fragments A and AB and in MCF7 cells suggests it may not 

be expressed or is inhibited in these cells. The identification of this factor, or 

other ITAFs which bind to the IRES, may yield therapeutic targets against 

upregulation of EGFR.   
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3.6 Use of Hypoxic Mimics 

 

The EGFR IRES has been shown to remain active under hypoxic conditions 

(Webb et al. 2015), but whether common hypoxic mimetics could be used as a 

substitute for a hypoxic chamber has not been recorded. Hypoxic mimics would 

represent an easier method to study the hypoxic activation of the EGFR IRES, 

but studying their effect on the IRES could also uncover the mechanism of 

hypoxic activation.  

There are a number of compounds that have been identified as mimicking 

hypoxia. The three used here, Cobalt chloride (CoCl2), deforoxamine (DFX) and 

Nickel Chloride (NiCl2) all affect HIF1α. CoCl2 stabilises HIF1α through 

binding to the VHL-binding domain (Yuan et al. 2003) and also appears to 

upregulate translation of HIF1α through the PI3K pathway (Chachami et al. 

2004). DFX induces HIF1α activity through chelating iron (Wang and Semenza 

1993). Nickel chloride induces HIF1α through an unknown mechanism 

(Goldberg, Dunning, and Bunn 1988; Salnikow et al. 2000). Three cell lines, 

SH-SY5Y, HeLa and MCF7, were transfected with pRF, pREF and pRtubF 

plasmids and treated with hypoxic mimics for 24 hours before being assayed for 

luciferase activity (Fig 3.15). 

In all three cell lines both CoCl2 and NiCl2 had minimal effect on relative firefly 

activity, reducing activity by no more than 10%. DFX had a significant impact 

on relative firefly activity. In SH-SY5Y, DFX reduced activity by 32%, in HeLa 
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by 42% and in MCF7 by 36% (p = 0.012, 0.003 and 0.016 respectively, by t-

test). 

These effects are in contrast to that observed in hypoxia (Fig 3.16), where 

Renilla luciferase activity is reduced due to cap-dependent translation initiation 

inhibition, but firefly activity is retained, increasing the relative firefly activity 

by 62% in MCF7 cells and by 52% in U87-MG cells (p < 0.05). These data may 

indicate that use of hypoxic mimics does not produce an effect analogous to true 

hypoxia. Indeed, a number of studies display the differences between mimic and 

hypoxia. Reactive oxygen species (ROS) play a key part in hypoxic signalling 

yet DFX does not increase ROS levels (Bartolome et al. 2009). Meanwhile, the 

action of CoCl2 appears to be dependent on ROS production in order to induce 

HIF1α (Triantafyllou et al. 2006). A large scale gene expression study on DFX 

treatment found that it altered the expression of around 1000 probe sets of which 

only 23% were also altered by hypoxia (Vengellur et al. 2005). Interestingly, 

hypoxic mimic activity is usually attributed to activation of HIF1α, not HIF2α. 

Although related, HIF1α and HIF2α are structurally different. Both are 

embryonically lethal when knocked out, yet act through different mechanisms 

(Kotch et al. 1999; Compernolle et al. 2002). Although CoCl2 has been shown 

to activate both HIF1α and HIF2α in Huh7 cells it only activated HIF1α in liver 

cancer cells (Befani et al. 2013), suggesting cell specificity. HIF1α induces the 

glycolytic pathway (Wang et al. 2005) whilst HIF2α regulates genes important 

for tumour growth and cell cycle progression, for instance c-myc (Gordan et al. 

2007). This leaves the intriguing question as to whether hypoxic activation of 

the EGFR IRES is directed through a HIF2α mechanism. It has already been 
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reported that HIF2α is recruited to the 3’UTR of EGFR during hypoxia, and is 

thought to contact the cap and upregulate cap-dependent expression (Uniacke et 

al. 2012). 
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Figure 3.15. Effect of Hypoxic Mimics on the EGFR IRES in Three Cell 

Lines. pRF plasmids were transfected into SH-SY5Y (A), HeLa (B) and MCF7 

(C) cells and were treated with either 75 μM CoCl2, 0.65 mM DFX ,5 μM NiCl2 

or DMSO. 24 hours later cells were lysed and assayed for luciferase activity. 

Relative firefly activity is firefly luciferase activity divided by Renilla luciferase 

activity. Values are normalised to pREF DMSO control. n = 3, error bars 

represent standard deviation of three biological replicates. “*” represent p 

<0.05, “**” represent p < 0.01. Significance tested by t-test. 
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Figure 3.16. Effect of Hypoxic on the EGFR IRES in two Cell Lines. pRF 

plasmids were transfected into MCF7 (A) and U87-MG (B)  cells and were 

exposed to 0.5% O2 for 24 hours, before they were lysed and assayed for luciferase 

activity. Relative firefly activity is firefly luciferase activity divided by Renilla 

luciferase activity. Values are normalised to pREF normoxic control. n = 3, error 

bars represent standard deviation of three biological replicates. “*” represent p 

<0.05. Significance tested by t-test. 
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3.7 The 3’UTR in hypoxia 

 

As mentioned in the previous section, it has been reported that an oxygen-

regulated complex binds to a region within the EGFR 3’UTR and proceeds to 

contact the 5’ cap to activate translation (Uniacke et al. 2012). Yet this report 

suggested that the 5’UTR alone does not confer hypoxic translation, in contrast 

to our previously reported data (Webb et al. 2015). The 3’UTR contacting the 

cap through binding proteins has been observed in both viruses and eukaryotes. 

Rotavirus mRNA is capped but not polyadenylated. The binding protein NSP3 

binds to the 3’UTR and contacts the cap to circularise it to allow efficient 

translation (Vende et al. 2000), whilst in EMCV a polyA tail binding protein 

contacts the IRES in the 5’UTR (Bergamini, Preiss, and Hentze 2000). In 

eukaryotes, an interaction between the 5’UTR and 3’UTR of p53 is critical for 

its translation (Chen and Kastan 2010). 

The effects of the 3’UTR on IRES activity was analysed in the p15 luciferase 

plasmid. The 3’UTR was inserted into the p15 vector downstream of the firefly 

luciferase ORF and either with or without the 5’UTR inserted upstream. These 

plasmids were then co-transfected with the lacZ plasmid for normalisation.  
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The introduction of the 3’UTR into the p15_EGFR plasmid resulted in a 

reduction in relative firefly activity in both normoxic and hypoxic conditions 

(69% and 68% respectively). However, the increase in relative firefly ratio 

between normoxia and hypoxia remained the same in each plasmid; in 

p15_E5’UTR relative firefly activity increases by 43%, in 

p15_E5’UTR+3’UTR the increase is 45% (p < 0.05). This indicates that the 

IRES is still capable of upregulating internal translation initiation but that the 

3’UTR inhibits translation for both cap-dependent and cap-independent 

initiation.  
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Figure 3.17 Effects of the 3’UTR of EGFR on IRES activity. The p15 vector, 

containing the 5’UTR with and without the 3’UTR of EGFR was co-transfected 

with the lacZ plasmid into U87-MG cells. Cells were exposed to either 0.5% 

O2 or normoxic conditions for 24 hours before being lysed and assayed. 

Relative firefly activity is firefly luciferase activity divided by beta-

galactosidase activity. Values normalised to EGFR 5’UTR normoxic firefly 

activity. n = 3, error bars represent standard deviation of three biological 

replicates. “*” represent p < 0.05. Significance tested by t-test. 
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Further investigation is needed to clarify these differing results. It is possible 

that the exact conditions used by Uniacke et al (2012)were different to ours, 

although the same cell type and conditions were used. Why the 5’UTR in their 

experiments shows no signs of IRES activity is unclear.  

3.8 Blocking the IRES with Modified Oligonucleotides 

 

Antisense oligonucleotides are short nucleotide sequences of RNA which bind 

to specific, complementary ‘sense’ mRNA, disrupting translation in a number 

of ways. The most common is through degradation by RNase H, a property 

found in morpholino type oligonucleotides. 2’-O-methyl (2’OMe) 

oligonucleotides do not have this property and are resistant to degradation by 

RNase H (Yoo et al. 2004). Duplexes formed from 2’OMe oligos have increased 

stability and binding affinity (Shen et al. 2003). 2’OMe oligonucleotides can 

block the binding of ribosomes at the initiation site when targeted to the 5’ end 

of an mRNA, causing a reduction in protein expression (Summerton 1999). 

Anti-sense oligonucleotide therapies have been showing promise for a wide 

array of diseases including cancer and HIV (Dias and Stein 2002b; Jakobsen et 

al. 2007). Studies on blocking viral IRESs have been conducted, in particular on 

the hepatitis C virus IRES, with some success (Tallet-Lopez et al. 2003). 

Antisense oligonucleotides have also been studied for their potential in 

increasing translation from downstream primary ORFs by blocking uORFs 

(Liang et al. 2016). It is thought that oligonucleotides can be unwound by the 

ribosomal machinery as it is scanning, but targeting start codons and regions 

proximal to the cap impede translation (Dias and Stein 2002a). Here, the 
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effectiveness of 2’OMe oligonucleotides in blocking ribosomal entry at the 

IRES, and thus the inhibition of cap-independent translation initiation whilst 

leaving cap-dependent translation unaffected was investigated. 

The 2’OMe oligonucleotide sequences can be seen in table 3.1. Two 

oligonucleotides were designed which were complementary to the region within 

the IRES previously identified as the ribosome binding site. Three control 

oligonucleotides were used. These were the upstream control, which is 

complementary to a region in the 5’UTR of EGFR 5’ to the region previously 

identified as the ribosome binding site. The positive control oligo is 

complementary to the start codon of the firefly luciferase ORF. The Scrambled 

Oligo Name Sequence (5'-3') Description 

IRES1 AUACUGGACGGAGUCAG Binds to 5'UTR between 
nts 191-207 

IRES2 CCGGCUCUCCCGAUCA Binds to 5'UTR between 
nts 208-223 

Upstream 
Control 

GGCGCUCACACCGUGCGG Binds upstream of 
ribosome landing site, at 
nts 36-44 

Scrambled 
17 

GCGGAUCGAACGAAUGU Scrambled version of IRES1 

Positive 
Control 

GGCAUCUUCCAUGGUGGCUU Binds at the luciferase start 
codon 

Table 3.1 Modified Oligonucleotide Sequences. Sequences are complementary to 

the regions the oligonucleotides bind to in the mRNA, as stated in the description. 

Each nucleotide within the oligonucleotide has the 2’O-methyl modification. 
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17 oligo is not complementary to any region, a scrambled version of the IRES1 

oligo, it is designed to reveal any inherent toxic effect of the oligonucleotides on 

translation. The oligonucleotide binding sites can be seen in figure 3.18 

Oligonucleotides were transfected into U87-MG cells that were previously 

transfected with the p15 or p15E plasmids along with the LacZ plasmids as a 

control, as described in section 2.1.5. 

The effectiveness of the oligonucleotides is demonstrated in Figure 3.19. Firstly, 

the effectiveness of 2’OMe oligos to block translation is demonstrated by the 

positive control, reducing relative firefly activity in all constructs and 

conditions, significantly reducing activity by 73% and 74% in p15 and p15E in 

Figure 3.18 Schematic of Modified Oligonucleotide Attack on the EGFR 

5’UTR. Two oligonucleotides were designed that bound to the ribosome binding 

region, IRES1 (blue bar) and IRES2 (orange bar). A positive control (red bar) 

binds the start codon of the firefly ORF, whilst an upstream control (green bar) 

binds upstream of the ribosome binding site. A scrambled sequence version of 

IRES1 (yellow bar) was used as a negative control. 
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normoxia respectively and 71% and 72% in p15 and p15E in hypoxia, when 

compared to non-transfected cells (p = <0.005 in all cases).  

In p15, all other oligos perform as expected and have no significant effect on 

relative luciferase activity in either normoxia or hypoxia, having no binding sites 

on the plasmid. The effect of the oligos in p15E however require more in depth 

analysis. Firstly, the IRES1 and IRES2 oligos have differing effects on luciferase 

activity. IRES2 appears to have no impact on IRES mediated translation, with a 

non-significant reduction in normoxia of 12% and hypoxia of 3.5% when 

Figure 3.19 Oligonucleotide Attack of the EGFR IRES. U87-MG cells were 

transfected with p15 or p15E, along with lacZ. Oligonucleotides were then 

transfected into the cells and cells exposed to hypoxic or normoxic conditions for 24 

hours before lysis and assaying for luciferase activity. Values normalised to DMSO 

control (grey bars). Relative firefly activity is firefly activity divided by beta-

galactosidase activity. n = 2, error bars represent standard deviation of three 

biological replicates. Significance tested by t-test. 
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compared to the untransfected control. This is in contrast to IRES1, which 

significantly reduces relative luciferase activity by 51% in normoxia and 47% 

in hypoxia (p = <0.005 and 0.006 respectively), with no effect on p15. This may 

suggest that ribosomes bind the 5’UTR before nt 208, reducing the current 

ribosome landing area by 13 nucleotides. However, the oligonucleotide may fail 

to bind to the mRNA. Oligonucleotides must compete for binding with 

secondary structures and binding proteins (Dagle and Weeks 2001). Further 

experimentation with oligonucleotides binding to different regions and of 

different lengths could validate whether ribosomes bind to the region.  

The upstream oligo appears to unexpectedly exert some effect on translation. 

Whilst no effect is seen on p15 transfected cells, in p15E transfected cells a 

reduction of 40% and 48% is seen in normoxia and hypoxia respectively. This 

reduction is significant (p = <0.005). The proximity of the oligo to the cap 

(position 36 in the 5’UTR) may interfere with cap-dependent ribosomal binding. 

It is thought that the helicase activity of the translation initiation complex can 

remove short RNA oligonucleotides from mRNA (Dagle and Weeks 2001), but 

it may be that the oligonucleotide is too long for the helicase to effectively 

unwind or too close to the cap. However, if the helicase could not remove the 

oligonucleotide it should be the case that both the IRES1 and IRES2 oligo would 

be capable of blocking both cap and cap-independent translation, which should 

reduce firefly activity to a level similar to that of the positive control oligo. A 

length of 20 nucleotides is long enough to prevent leaky scanning (Kozak 1991), 

therefore the 36 nucleotides before the upstream oligonucleotide binding site 

should be enough for the formation of the pre-initiation complex. Thus it is likely 
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that the reduction observed is indeed related to IRES mediated initiation. There 

are two possibilities of how the upstream oligo can affect IRES-mediated 

initiation. The first is that more ribosomes enter the 5’UTR further upstream 

than previously thought. There is a significant difference between the upstream 

and IRES1 luciferase activities (p = 0.036), with IRES1 reducing activity 11% 

more than upstream, thus it is possible that more ribosomes are impeded at the 

primary entry point between nucleotides 191-208, and a smaller percentage 

blocked further upstream. The second possibility is that the binding of the 

antisense oligonucleotides to the 5’UTR compromises the structure of the IRES. 

Antisense oligonucleotides have been shown to disrupt RNA secondary 

structure in HIV (Vickers et al. 1991) and in rabbit reticulocytes (Walker, Elela, 

and Nazar 1990), inhibiting protein synthesis (Crooke 1992). Thus it may not be 

necessary to block the ribosome entry site to reduce IRES activity, rather the 

disruption of the structure may be just as effective. 

The scrambled 17 control oligo also displays unexpected results, significantly 

reducing luciferase activity by 40% and 29% in p15E in normoxic and hypoxic 

conditions respectively (p = <0.005 in both cases). Toxicity caused by 

oligonucleotide transfection is often a concern, although Crooke et al argue that 

these concerns from early experiments were caused by poor oligonucleotide 

preparation, resulting in impurities entering the cells with the oligonucleotides 

(Crooke and Mirabelli 1992). Further, no reductions in luciferase activity was 

observed in the p15 transfected cells, suggesting that the oligonucleotide 

specifically affects the sequence in the p15E vector. The likely cause is that the 

oligo binds the 5’UTR despite the scrambled sequence. A four nucleotide 
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stretch, CGGA, is the only commonly shared sequence between the IRES1 and 

scrambled oligo, however the first seven nucleotides of the scrambled oligo is 

complementary to nts 136-142 within the 5’UTR which was not detected 

before synthesis. It will be important to test new scrambled oligos on the 5’UTR 

before further experiments are conducted. 
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3.9 Characterising the Structure of the 5’UTR with SHAPE 

 

The importance of structural motifs in cellular IRESs is debated. Viral IRESs 

have been found to possess structures that can recruit ribosomal subunits 

(Wilson et al. 2000) and initiation factors (Kolupaeva et al. 1998; Lopez de 

Quinto and Martinez-Salas 2000). A number of viral IRESs have also been 

shown to share structural similarities without sequence similarity, such as the 

HCV IRES and CSFV IRES (Brown et al. 1992) and EMCV with other 

cardiopicornaviruses (Pilipenko et al. 1989). However, such similarities have 

not been found in cellular IRESs. The closely related transcription factors L-

myc and c-myc both contain IRESs but with very different structures (Le Quesne 

et al. 2001; Jopling et al. 2004). This may reflect greater diversity in the 

conditions under which cellular IRESs are active. Whereas viral IRESs can be 

viewed as a tool used by viruses to hijack translational machinery during global 

translation inhibition, cellular IRESs are more likely to be involved in promoting 

expression of a particular mRNA in response to a plethora of conditions. For 

example, the apoptosis pathway features a number of important proteins 

promoted through IRES-mediated translation initiation (Spriggs et al. 2005).  

It has been reported that cellular IRESs with weaker secondary structure, as 

defined by Gibbs free energy, have higher activity (Xia and Holcik 2009), 

suggesting that structure can play a part in regulating IRES activity. Indeed, the 

Apaf-1 and Bag-1 IRESs require the binding of their ITAFs which remodel the 
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local structure to a single stranded region to allow ribosomes to bind (Mitchell 

et al. 2003; Pickering et al. 2004) and PTB acts as an RNA chaperone for the 

EMCV IRES, stabilising its structure, required for its activity (Kafasla et al. 

2009).  

Thus, resolving an IRES’ structure is important for determining the overall 

function and regulation of the IRES and this knowledge can then be exploited to 

create new therapeutics. Mapping of RNA secondary structures can be done in 

a number of ways. Traditional methods use enzymes, such as RNase A, V1 and 

T1 or chemical reagents (e.g. Dimethyl sulphate (DMS), kethoxal (KE)), to 

cleave bonds between nucleotides in the backbone of the RNA, thus generating 

fragments of RNA that can be analysed on polyacrylamide gels after primer 

extension (as reviewed in (Stern, Moazed, and Noller 1988)). The c-myc and L-

myc IRESs have been characterised in this way (Le Quesne et al. 2001; Jopling 

Figure 3.20. Reaction of N-methylisotoic anhydride (NMIA) with 

RNA. When RNA is in a flexible conformation, NMIA forms the ester 

at the 2’ position on the nucleotide’s ribose.  
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et al. 2004). However to generate a full picture of the RNA structure multiple 

enzymes must be used in concert, increasing experimental complexity – it is 

difficult to combine the individual enzymic reactivities into a clear structure 

(Merino et al. 2005).  

Selective 2’-Hydroxyl Acylation and Primer Extension (SHAPE) was developed 

in the early 2000’s and exploits the dependence of the reactivity of the 2’-ribose 

position in the RNA on the position of 3’ phosphodiester anion (Chamberlin, 

Merino, and Weeks 2002). SHAPE allows for a single reagent to score every 

nucleotide in an RNA sequence on its ability to react with the reagent. The 2’ 

hydroxyl group of RNA is readily accessible to reagents when single stranded, 

however when involved in a structure, whether secondary or tertiary, reactivity 

is reduced. These 2’O adducts block the passage of reverse transcriptase, such 

that cDNA sequences can be generated from treated RNA to create a library of 

cDNA fragments of varying lengths (Merino et al. 2005). Combined with a 

radiolabelled primer, the cDNA can be analysed by polyacrylamide 

electrophoresis and SHAPE reactivities assigned to single nucleotide resolution. 

The reagent N-methylisotoic anhydride (NMIA) has been shown to be a 

particularly effective reagent for SHAPE, forming a 2-methylaminobenzoic acid 

nucleotide 2’ ester, as shown in figure 3.20.   
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A schematic of the protocol for SHAPE can be seen in figure 3.22, and is 

described in detail in section 2.5. To study structural motifs within the EGFR 

IRES we performed SHAPE analysis on three segments of the 5’UTR, each ~80 

nucleotides in length. These segments are fragment 1, spanning nucleotides 1- 

82, fragment 2 spanning nucleotides 83-163 and fragment 3 spanning 

nucleotides 164-244. The sequences of the fragments can be seen in figure 3.21.  

The resulting sequencing gel images can be seen in figure 3.23. Intensities of 

bands were measured using ImageJ. The band relating to the full-length 

Figure 3.21. Fragmented Sequences of the EGFR 5’UTR used in 

SHAPE. The two flanking linkers and the reverse transcriptase binding 

region. The lower diagram shows the position and folding of the flanking 

regions in the mRNA. 



 

121 

 

extension product (as seen in figure 3.23) was used to normalise each band in 

the corresponding lane, to account for differences in total cDNA between lanes. 

In order to discount structure induced pausing of the reverse transcriptase, 

absolute NMIA activities were calculated by subtracting the intensities from the 

(-) lane from the intensities from the (+) lane at each position. Absolute 

reactivities were normalised according to the boxplot method (Hajdin et al. 

2013) to place reactivity on a scale from 0 to 2, as described in section 2.5.9. 

The SHAPE reactivities of fragments 1, 2 and 3 can be seen in figures 3.24, 3.25 

and 3.26 respectively. 
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Figure 3.22. Schematic Diagram of SHAPE Protocol. Black lines = 

Plasmid DNA, yellow lines = PCR amplified DNA, blue lines = RNA, 

green lines = cDNA. Yellow triangles represent NMIA, whilst mauve dots 

represent 32P radiolabels.  
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High SHAPE reactivity is usually defined as between a value of >0.85, with 

values between 0.84 and 0.4 considered ‘intermediate’ and <0.4 as unreactive, 

when the boxplot method is used (Hajdin et al. 2013).  From figures 3.24-3.26, 

regions where NMIA has bound and forced the reverse transcriptase to pause 

and are therefore unlikely to be involved in RNA-RNA interactions are shown, 

with red bars indicating a normalised reactivity of >0.85, orange bars indicating 

intermediate reactivity, between 0.84 and 0.4, and blue bars indicating 

unreactive nucleotides of <0.4. In fragment 1, 9 nucleotides have high SHAPE 

reactivity, 38 have intermediate and 35 are unreactive, indicating a number of 

loops connected by double stranded regions. By contrast, fragment 2 is 

decidedly unstructured; 9 nucleotides are highly reactive and 46 have 

intermediate reactivity with only 25 unreactive nucleotides, pointing towards a 

highly unorganised structure. Fragment 3 displays 12 highly reactive 

nucleotides, 30 intermediate and 39 unreactive nucleotides, with three distinct 

regions of high reactivity possibly indicating loops, surrounded by double 

stranded, structured regions. Curiously, the first 10 nucleotides of the fragment 

have very low activity compared to the corresponding sections, where usually 

the beginnings of the sequence is often seen as single stranded. However it is 

likely that this low activity is caused by the high intensity of bands in the (-) lane 

seen in figure 3.23. It is likely this is due to experimental error, as bands in the 

(+) lane should be equal or greater than those in the (-) lane, when adjusted for 

the amounts of cDNA loaded in each lane. However, we were unable to obtain 

results in subsequent repeats that did not contain this anomaly. 

 



 

128 

 

Adjusting predicted structures using SHAPE data 

The SHAPE data produced can be used to improve the accuracy of structure 

prediction software by constraining nucleotides to be single stranded, forcing 

the program to predict a structure based around these nucleotides. There are a 

number of RNA prediction programs available, with differing methods of 

prediction. There are almost as many different algorithms as there are prediction 

programs. Perhaps the most commonly used is the Zuker algorithm (Mathews et 

al. 1999), which uses free energy minimisation to rank structures by their free 

energies. However, the structure with the lowest free energy is not always the 

true functional structure. Folding kinetics, such as those often seen in protein 

folding, could lead to an RNA structure with a higher energy, with an 

intermediate phase which can help to direct the RNA towards the functional 

structure (Zarrinkar and Williamson 1994). Most prediction software utilise a 

number of algorithms, with other commonly used ones including Wuchty 

(Wuchty et al. 1999) which computes all possible secondary structures within a 

narrow free energy range, generating structures that may be missed by the Zuker 

algorithm, and the McCaskill algorithm, which uses a partition function 

calculation to assess the probabilities of bases pairing (McCaskill 1990).  

The program that was chosen to calculate the secondary structure of the 5’UTR 

of EGFR was RNAstructure, which uses the latest thermodynamic parameters 

from the Turner lab within the Zuker algorithm, in combination with the 

MaxExpect algorithm (Lu, Gloor, and Mathews 2009) and a pseudoknot 

program. A benefit to using RNAstructure is the ability to directly input SHAPE 

data which causes the algorithm to discount structures that do not conform with 
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the inputted data (Mathews et al. 2004). The program grades the strength of the 

SHAPE reactivity, usually not incorporating weak modification, The most 

important aspect of the algorithm is that it does not just assign the reactive bases 

as single stranded, rather it can assign SHAPE reactivities to bases close to 

hairpins (Deigan et al. 2009). Using the algorithm in this way is a lot more 

powerful than manually constraining nucleotides in programs such as mFold 

where the user must specify whether the base is single or double-stranded, rather 

than allow the program access to the complete raw data, letting the program fit 

the reactivities to its models. This also removes bias and error when manually 

constraining bases.  

Predicted structures and structures after application of our SHAPE data were 

generated for each fragment and the differences compared. Figures 3.27-3.29 

show the structures for each fragment. A circle comparison diagram of base 

pairing between the predicted and empirically derived structures was generated 

for each fragment, as shown in figures 3.30-3.32.  
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For fragment 1, RNAstructure generates only one possible structure, featuring 2 

interior loops, 3 bulges, and a single stem loop (figure 3.27). Inputting our 

SHAPE data increases the confidence in this structure, with nucleotides within 

the double stranded region of the stem loop between nucleotides 30 and 46 all 

showing an increase to >=99% probability. The single stranded region of the 

loop itself features 3 nucleotides with high SHAPE activity. The bulge at nt46 

shows a distinctively higher reactivity (1.17) to the adjacent nucleotides, 45 and 

47 (0.38 and 0.46 respectively). Interestingly, the intermediately reactive 

nucleotides 58-64 sit within a stem with contrasting reactivity; nucleotides 58-

64 show an average reactivity of 0.66 whereas nucleotides 14-20 on the opposite 

side of the stem have an average reactivity of 0.22. Whilst nucleotides with 

intermediate reactivity may fall within double stranded regions, particularly 

proximal to loops, these two strands share an almost identical space. One 

possible reason for this phenomenon is a structural switch, where two stable 

structures are present in the mixture (Kenyon et al. 2011). Thus in the alternate 

structure the nucleotides with higher reactivity are single stranded and the low 

reactivity nucleotides are paired differently. Confirmation of the presence of this 

switch and whether it has biological function would require further study. The 

comparison of base pairings between predicted and empirically-derived 

structures for fragment 1 shows no differences (figure 3.27). 

Figure 3.28 shows the structures for fragment 2. Unlike fragment 1, there is a 

stark contrast between the predicted structure and the SHAPE adjusted structure. 

A major feature missing from the predicted structure is a long stretch   
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 of single stranded nucleotides at the end of the sequence (nt66-82). Our SHAPE 

data, as seen in figure 3.28c reveals a potentially unstable structure – many of 

the nucleotides within the double stranded region between nucleotides 112 and 

156 have intermediate to high SHAPE reactivity, although this could be due to 

the proximity of the 3 bulges and the interior loop to one another. The  

Figure 3.30. Base Pair Comparison Between Predicted and Adjusted Structures 

for Fragment 1. Green lines indicate base pairs that occur in both structures, red lines 

are those that are only found in the predicted structure and black lines are those found 

only in the adjusted structure. The SHAPE reactivity of each nucleotide is shown. 
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base pair comparison (figure 3.31) shows that none of the 23 predicted pairs are 

present in the final structure. 

 

Figure 3.31 Base Pair Comparison Between Predicted and Adjusted 

Structures For Fragment 2. Green lines indicate base pairs that occur in 

both structures, red lines are those that are only found in the predicted 

structure and black lines are those found only in the adjusted structure. The 

SHAPE reactivity of each nucleotide is shown. 
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 The adjusted structure for fragment 3 (figure 3.29) contains 2 interior loops and 

2 stem loops. The large stem loop between nucleotides 190 and 211 is missing 

in the predicted structure, and features 5 highly reactive and 14 intermediately 

reactive nucleotides. Interestingly, the smaller stem loop between nucleotides 

226 and 240 is conserved between the predicted and adjusted structures, and 

Figure 3.32 Base Pair Comparison Between Predicted and Adjusted 

Structures For Fragment 3. Green lines indicate base pairs that occur in 

both structures, red lines are those that are only found in the predicted 

structure and black lines are those found only in the adjusted structure. The 

SHAPE reactivity of each nucleotide is shown. 
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features some of the most reactive nucleotides in the structure within the loop 

(nt 233 = 1.76, 234 = 1.02 and 236 = 1.21). The high reactivity of these 

nucleotides at the tip of the loop, in comparison to the larger loops overall 

intermediate reactivity (0.64) along with the loop’s location at the end of the 

5’UTR and thus proximal to the start codon, may indicate an important function 

for this loop. When base pairs between the predicted and adjusted structure are 

compared (figure 3.32) 12 pairs are found in both structures, particularly those 

associated with the stem loop at the end of the sequence and within the larger 

central stem (18-21 nt and 53-56 nt). Bases 47-49 shift there partner by one base 

(22-24 nt to 23-25 nt), caused by the introduction of the large loop. 
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3.10 Discussion 

 

The results presented in this chapter demonstrate the conditions under which the 

EGFR IRES is either favoured or unfavoured route of translation initiation. 

Whilst it was found that the IRES was favoured in serum starvation and not 

favoured in ER stress in the U87-MG cell line, this was untrue in MCF7 cells 

where the activity of the IRES was not increased under serum starvation or 

reduced in activity under ER stress. However, as stated in section 3.3, the 

presence of phenol red in the culture medium may generate proliferation signals 

through the estrogen receptor and in turn allow cap-dependent translation 

initiation to occur despite the stress environment (Berthois et al, 1986). 

Differences in the cellular environment between the cell lines could have an 

impact on IRES activity, as was found for the HIV-1 IRES (Plank, Whitehurst, 

and Kieft 2013), where it is postulated that the IRES adopts different 

conformations which can be stabilised through ITAFs. The availability of 

particular ITAFs within the cell could have a dramatic impact on the IRES’ 

stress response. Identification of ITAFs which bind to the EGFR IRES in future 

experiments could unveil how the EGFR IRES is modulated by binding proteins 

and how differing expression levels of ITAFs influence IRES behaviour in 

different tissues and how this impacts on disease.  

The EGFR IRES is not a modular IRES. Deletion analysis revealed that deletion 

of just the first 57 nts or the last 36 nts from the 5’UTR sequence dramatically 

reduced IRES activity, although there was differential activity between MCF7 

and U87-MG cells when only the first 57 nts are present, suggesting that there 
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is a difference in the binding proteins expressed between these cell types. 

Identification of proteins which bind the IRES will provide more detail into the 

mechanism of EGFR IRES activation. 

A structural model of the EGFR 5’UTR was determined through the use of 

SHAPE. The data was compared to predicted models and was used to improve 

the models. A loop close at the end of the 5’UTR was discovered whose 

proximity to the start codon may indicate an important regulatory function. 

Along with this, a potential structural switch was located, which, in vivo, may 

be regulated by binding proteins. However, whether these structures are relevant 

in vivo will require further experiments. In general, performing in vitro structure 

analysis does not take into account binding proteins which modify the RNA 

structure. These interactions could be transient and used to control the activity 

of the structure or they could be more fundamental to the folding of the RNA as 

it is translated. Thus further study is required in order to determine the 

importance of SHAPE-derived structures through deletion of structural regions 

or through base substitution to disrupt the structure. One of the latest 

developments in RNA structure determination is an in vivo SHAPE method, in 

vivo click selective 2’-hydroxyl acylation and profiling experiment (icSHAPE) 

which utilises a cell permeable SHAPE reagent, coupled with a biotin moiety 

allowing for purification with streptavidin-conjugated beads (Spitale et al. 

2015). This method could be used to derive structures under different conditions 

and reveal the importance in structural changes for IRES activation. Although 

one of the virtues of the SHAPE method is that it can provide structural 

information for every base in a sequence, it may be wise to validate this data 
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with more traditional techniques. One reason for this is the presence of 

“intermediate reactivity”, reactivity which is not defined as unreactive (typically 

<0.3) but also not reactive with SHAPE reagents (>0.7). Although some of these 

nucleotides are at the base of loops, many fall into double stranded areas, leaving 

their status open to interpretation. 

Finally, the effectiveness of antisense oligonucleotides to disrupt translation 

initiation by the EGFR IRES was investigated. Our data suggests the EGFR 

IRES is highly susceptible to antisense oligonucleotides binding within the 

5’UTR. Initially it was believed that binding at the ribosome binding site would 

be necessary to block incoming ribosomes, but an oligonucleotide upstream of 

this region was determined to have inhibited IRES-dependent initiation. This 

may be due to disruption of important regulatory structures or binding proteins. 

Further experiments with oligonucleotides binding to different regions may 

reveal how oligonucleotides disrupt the IRES and investigating the toxicity of 

oligonucleotide therapy will be necessary to determine whether blocking the 

IRES is a feasible strategy for tackling overexpression of EGFR by its IRES. 
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4. Creating a 3d model to study translational 

control in tumour masses 

 

In conventional 2D cell culture many features are lost that are found in vivo. 

These include extracellular matrices and cell to matrix interactions important for 

proliferation and differentiation, cell to cell contacts as well as gradients of 

nutrients, signalling molecules, metabolites and oxygen (Pampaloni, Reynaud, 

and Stelzer 2007; Mazzoleni, Di Lorenzo, and Steimberg 2009). The lack of 

these in 2D cell culture can lead to problems in transferability of therapeutics 

from cell culture to live animal models as a significant effect in a 2D monolayer 

may be a negligible effect in a tissue. That 3D cultures exhibit a different gene 

expression profile compared to 2D cultures highlights the problem of relying on 

conventional cell culture for drug discovery (Bissell, Hall, and Parry 1982) 

Whilst living animal and tissue models remain the most effective method for 

therapeutic development, the use of ex vivo, 3D models can reduce the gap 

between 2D and animal models. 3D cell cultures exhibit features that are more 

relevant to in vivo conditions and findings made in 3d cell culture are more likely 

to translate to animal models (Vinci et al. 2012). The subsequent increase in 

predictability of drug efficacy from 3D-based drug and toxicity screens could 

also reduce the number of animals used for drug testing (Marx 2006). 

The evaluation of drug delivery systems in 2D culture can also prove 

problematic. For instance, the lack of extracellular barriers in 2D culture can 

suggest a delivery system is more effective than it truly is (Goodman, Ng, and 
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Pun 2008). Likewise the homogenous nature of 2D culture fails to account for 

phenotypic differences among cells and gradients in pH and nutrients. Thus a 

3D model for delivery system evaluation provides more information on how 

delivery particles will interact with cells in vivo. 

3D cultures can take a number of forms, from tissue explants supported on metal 

grids (Toda et al. 2002), to artificial skin models where primary fibroblasts 

cultures are seeded onto biodegradable fibre mesh. Cellular spheroids are 

perhaps the simplest system to implement and take advantage of the tendency of 

many cell types to aggregate (Pampaloni, Reynaud, and Stelzer 2007) and are a 

good choice for studying therapeutic effectiveness and for high-throughput 

screens (Ivascu and Kubbies 2006). A number of techniques exist for creating 

3D spheroids, such as the hanging drop method, where cells are suspended in 

droplets of media on the lids of culture dishes (Del Duca, Werbowetski, and Del 

Maestro 2004), spinner flasks (Wartenberg et al. 2001) and rotary cell culture 

systems (Unsworth and Lelkes 1998). These methods come with advantages and 

disadvantages. For instance the hanging drop method is time consuming and 

makes media exchange difficult, but can be inexpensive and creates 

homogenous spheroids suitable for high-throughput experiments (Breslin and 

O'Driscoll 2013; Kim, Stein, and O'Hare 2004), whereas rotary systems require 

specialised equipment, but spheroids are much more simple to culture (Breslin 

and O'Driscoll 2013). 

Ultra-low attachment (ULA) plates allow the creation of self-forming 3D 

spheroids by blocking the cells from attaching to the surface of the plate using a 

hydrophilic coating forcing the cells to grow in suspension and form contacts 
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with each other, whilst the ‘U’ shape of the well promotes a single, centrally 

located spheroid. These plates have been shown to be successful in creating 

spheroids in a range of cell lines from many tumor types, including U87-MG 

(Vinci et al. 2012). However, some cell lines required the addition of Matrigel, 

a protein mixture containing laminin, entactin and collagen, in order to form 

spheroids (Vinci et al. 2012). Culturing using ULA plates is simple and 

reproducible and so were chosen for this project. 

In recent years there has been interest in creating 3D-based models of 

Alzheimer’s disease, although the complexity of neuroanatomy and the lack of 

true understanding of key pathogenic steps makes development challenging (Lee 

et al. 2016). Some success can be found in the creation of a 3D-differentiated 

model, exhibiting both neuronal and glial cell types, where Aβ aggregation 

occurs (Choi et al. 2014). The use of this type of model however is outside the 

scope of this project.  

The aim of this study was to create a cost-effective, easily repeatable and 

reproducible 3D model for studying translational control and to assess its 

potential as a model for testing delivery systems for therapeutics targeting 

IRESs.  
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4.1 Plasmids and Cloning 

 

To observe differences in the environment within the spheroid the fluorescent 

protein expressing plasmids, pEYFP-C1 and pDsRed-C1, which express GFP 

and DsRed respectively were used. The vector maps can be seen in figure 4.1. 

The 5’UTR of EGFR was amplified by PCR using the EGFR-AgeI F and EGFR-

AgeI R primers, digested with AgeI and ligated into the pEGFP-C1 plasmid at 

the AgeI site, 5’ to the GFP coding region, allowing GFP to be expressed through 

cap-independent translation initiation driven by the IRES within the 5’UTR. In 

the following experiments DsRed was used as a control to normalise changes in 

GFP expression.  
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Figure 4.1 Vector Maps of pEGFP-C1 (A) and pDsRed-1 (B) 

 

B 
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4.2 Generation of Stable Cell Lines 

 

Culturing cells in 3D presents difficulties for transient transfection. Cells were 

therefore transfected before spheroid formation and selection media applied to 

create a cell line which stably expresses the fluorescent protein. Stable cell line 

generation requires the use of an antibiotic effective on eukaryotic cells. 

Geneticin (G418), inhibits the elongation step of translation in both prokaryotes 

and eukaryotes. Resistance to G418 is conferred by the Neomycin resistance 

gene neo, found in both GFP and DsRed plasmids.  

In order to determine the concentration of G418 antibiotic necessary to only kill 

non-transfected cells, a dose-response experiment was performed on U87-MG 

cells. This allows identification of the optimal dose of G418, the concentration 

in which all cells are dead after 7 days of selection. U87 cells were plated at 

1x106 cells/ml into 6 well plates. After 24 hours cells were treated with varying 

concentrations of G418 (as shown in fig.4.2). Cells were observed every day for 

14 days, and the day in which all cells in each well had died was recorded. As 

shown in figure 4.3, concentrations above 700ng/μl killed all the cells within 24 

hours and concentrations below 100ng/μl did not kill cells until after 11 days. 

The optimal dose was determined to be 120ng/μl, thus this concentration was 

used in the creation of the stable cell lines. 

Two stable cell lines were created, one transfected with the DsRed plasmid and 

one with the GFP-5-UTR plasmid. Cells were transfected using Fugene 6 

following the protocol as detailed in section 2.1.6. Cells were treated with 
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120ng/μl G418 for 2 weeks, with cell death occurring to non-transfected cells. 

Cells were then allowed to grow until confluency and expanded into T150 flasks. 

After expansion, the polyclonal cell line was frozen in liquid nitrogen for further 

use. 

Attempts were made to create monoclonal cell lines to improve the consistency 

of downstream experiments, but were not successful; single cells plated into 96 

well plates failed to expand and mostly died, under optimal, low and untreated 

G418 concentrations, as well as in higher serum conditions. It is possible that 

the U87-MG cell line requires a higher degree of growth factors or cell-cell 

contact in order to grow and divide. Due to these difficulties it was decided to 

continue our investigations with a polyclonal cell line. 
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Figure 4.2. G418 Kill Curve for U87-MG cells. Cells were plated at a density of 

1x106 in a 6 well plate before addition of G418. Day of death indicates the day in 

which no living cells remain in the wells. Average of three repeats, error bars indicate 

standard deviation.  
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4.3 Stable Cell Lines in 2D Culture 

 

The stable cell lines were tested for their response to normoxic, hypoxic and 

serum starvation conditions in standard 2D cultures, under which the IRES in 

the 5’UTR of EGFR is found to be active in luciferase reporter plasmids. Cells 

were subjected to treatment for 24 hours before imaging under an EVOS FL 

microscope, as seen in figure 4.3. The average fluorescence of GFP was 

calculated and normalised against the average DsRed fluorescence in each 

treatment. Exposure times were standardised throughout. The relative 

fluorescence for each treatment can be seen in figure 4.4.  

Similar to the expression seen in pRF, GFP-5’UTR has increased relative 

expression under hypoxia and serum starvation with significant increases of 2-

fold (p = 0.0023 by t-test) and 1.8-fold (p = 0.036 by t-test) in relative expression 

recorded respectively. This is compared to the 1.5-fold and 2.7-fold increase 

recorded from the luciferase reporters, as shown in sections 3.3 and 3.6. These 

results indicate that the EGFR IRES is capable of directing translation of the 

fluorescent protein from these vectors. However, as can be seen in the bright 

field images in figure 4.3, a large proportion of cells are not expressing GFP or 

DsRed. This is most likely caused by the use of a polyclonal cell line, where 

there will be cells that either express the protein at extremely low levels or are 

resistant to the antibiotic. Whilst it is clear that GFP-5’UTR responds to 

treatments in a similar manner to the luciferase plasmids, the presence of these 

non-expressing cells is a concern for later experiments as they may possess a 

growth advantage over the expressing cells and thus may out compete them. 
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Figure 4.3. Expression of Fluorescent Reporters Under Stress Conditions. Cells 

stably expressing GFP or DsRed were plated into 6 well plates at a density of 150,000 

cells/ well. Cells were incubated at 5% CO2, 37°C for 24 hours either at 1% O2, 0.5% 

serum or normoxic conditions, before analysis under an EVOS FL microscope. 

Excitation and emission wavelengths used for capture are detailed in section 2.1.8. 

Images displayed are representatives of three repeats. 

400µm 
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4.4 Determining the Size of 3D Spheroids 

 

The size of a spheroid has a major effect on the cells at the centre of the culture. 

Necrotic cores can occur in cellular structures over 500 μm in diameter, whilst 

gradients in O2 concentrations can occur in spheroids of at least 400 μm in 

diameter, although some cell types develop gradients with a diameter as low as 

200 μm (Sutherland et al. 1986). More recent studies suggest that a zone of 

quiescent cells exists within even small spheroids of 100 μm in diameter, which 

may become necrotic with time (Langan et al. 2016). Size can also effect the 

diffusion of nutrients and oxygen into the structure. Langan et al suggests that 

spheroids with a diameter of ~100 μm have a hypoxic core of only 8μm, (Langan 
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Figure 4.4. Relative Fluorescence of GFP-5UTR in U87MG cells Under Stress 

Conditions. Average fluorescence of cells imaged were calculated in ImageJ. n = 3, 

error bars represent standard deviation of three biological replicates.  
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et al. 2016) with larger spheroids gaining an exponentially greater area of 

hypoxic cells in proportion to their total area. Spheroids incubated for longer 

periods than a week also had a larger area of hypoxic cells, with necrosis 

occurring (Langan et al. 2016). 

The aim of this study was to create spheroids that possessed necrotic, hypoxic 

and normoxic regions to simulate an environment which could be more relevant 

for Alzheimer’s disease. Cells were seeded into ULA plates at a range of 

densities, grown for 1 week and the spheroid size was assessed under an 

LSM510 confocal microscope .As shown in figure 4.5, all seeding densities led 

to a minimum diameter of 400 μm, but at the lowest density, 1000 cells (A), the 

spheroids were unstable, forming loose, non-spherical accumulations. To ensure 

spheroids would not disperse and to have substantial hypoxic regions, the 

minimum seeding density was set at 5,000 cells (C). Larger seeding densities (F 

and G) produced spheroids over 800 μm in diameter. These may contain large 

regions of necrosis (Sutherland et al. 1986), thus the maximum seeding density 

was limited to 25,000 cells. 
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Figure 4.5 Sizes of Spheroids at Different Seeding Densities. A-G - Seeding 

densities of 1000, 2000, 5000, 10,000, 25,000, 50,000 and 100,000 cells/well 

respectively. H – The average radius of spheroids after incubation for each 

seeding density. 
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4.5 pH Measurements of 3D Cultures 

 

A spheroid of a large enough size should create an inner core of cells with 

limited access to nutrients and oxygen. In order to test the spheroids for hypoxia, 

the intracellular pH was measured. A number of studies have shown that 

prolonged exposure to hypoxic conditions increases intracellular pH in cancer 

cells. In non-cancer cells pH tends to decrease due to cessation of oxidative 

phosphorylation and activation of glycolysis (Lipton 1999). In cancer cells, 

alkalinisation by Na+/H+ exchange pumps (NHE) and through carbonic acid 

uptake is key to survival (Ivanov et al. 2001). Exposure to chronic hypoxa causes 

pulmonary arterial smooth muscle cells to shift their intracellular pH above 6.8, 

towards a pH of 7.4 (Rios et al. 2005). This is through activation of NHE pumps 

in the plasma membrane which move H+ ions into the extracellular region, 

utilising the Na+ gradient, thus increasing internal pH (Madden et al. 2001). In 

glial cells, NHE pumps play an important role in preventing cell death when 

cells returning to normoxia from hypoxic conditions (Bondarenko, Svichar, and 

Chesler 2005), so it is likely that NHE pumps will be active during hypoxia in 

our cell line and cause an increase in intracellular pH.  

The seminaphthorhodafluor (SNARF)-4F 5-(and-6)-carboxylic acid, 

acetoxymethyl ester, acetate is a cell permeable dye which exhibits a significant 

pH-dependent emission shift, from yellow-orange to deep red under acidic and 

basic conditions. As such the SNARF-4F dye can be used to quantitatively 

measure a shift in intracellular pH through the ratio of the two emission 

wavelengths across the 3D culture. In order to determine the pH, SNARF-4F 
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must be calibrated in a series of pH adjusted buffers. Figure 4.6 shows the 

calibration curve, based on the work by Hunter & Beveridge (Hunter and 

Beveridge 2005). This curve can then be used to assign the ratios observed to 

the pH.  

3D cultures were incubated with SNARF-4F at a concentration of 20 μM in PBS 

for 1 hour in the plates. Cells were then analysed using an LSM510 confocal 

microscope, with an excitation of 488 nm and emissions at wavelengths of 543 

nm and 650 nm were recorded. The ratio of 543/650 nm was calculated and the 

pH assigned based on the calibration curve. Figure 4.7 shows 3D cells of plating 

density 300 stained with SNARF-4F. The image was taken at the mid z-level 

Figure 4.6 SNARF-4F pH Calibration Curve. Derived from the works by Hunter 

and Beveridge, 2005.  1mM SNARF-4F was added to pH-adjusted 50mM HEPES. 

Emission spectra were recorded in a spectrofluorometer, excitation 488 nm, emission 

543 nm and 650 nm.  The ratio of these two emission wavelengths was then calculated 

for each pH buffer. 
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point, i.e. a cross-section of the spheroid. Curiously, the centre of the spheroid 

showed no emission at either 543 nm or 650 nm. The permeability of SNARF-

4F is high, so it is believed it will penetrate the spheroid. An increase in dosage 

to 100 μg and a longer incubation time did not improve the emissions from the 

centre of the spheroid. Measuring the cells that had taken up the dye, it was 

found that there was a significant increase in pH from outer cells (>300 μm from 

centre), with an average pH of 6.7, to the cells closer to the centre of the 3D 

culture (<200 μm), with an average pH of 7.3 (p = <0.0005 by t-test), suggesting 

that cells on the surface of the spheroid experience a very different environment 

to cells adjacent to them within the structure. The unstained central region is 

approximately 300 μm in diameter. It was hypothesised that this region could be 

necrotic, and this will be discussed in later sections.  
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Figure 4.7 The Intracellular pH is Higher in Cells Closer to the Core of the 

Spheroid. 3D cultures were incubated with 20 μM SNARF-4F for 1 hour before being 

analysed for uptake using an LSM510 confocal microscope, at excitation wavelength 

of 488 nm and emissions at 650 nm (A) and 543 nm (B). The ratio of 650:543 was 

used to assign pH to cells. The change in pH in relation to the distance from the centre 

of the spheroid was calculated (C) 
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4.6 Fluorescence and Shape of 3D Cultures 

 

In order to determine how the 3D environment affects the activity of the EGFR 

IRES the GFP-5UTR and DsRed stable cell lines were seeded into ULA plates. 

Equal amounts of the GFP-5’UTR and DsRed stable cell lines were mixed and 

seeded into each well and incubated for 1 week. Five seeding densities were 

used: 25000, 20000, 15000, 10000 and 5000 cells/well, denoted as S5, S4, S3, 

S2 and S1. Spheroids were then analysed under an LSM510 confocal 

microscope with excitation wavelengths of 488 nm and 543 nm and emissions 

of 509-520 nm and >550 nm for GFP and DsRed respectively. Images were 

captured through a series of ‘z-level’ slices, which were spaced 19μm apart. 

Figure 4.8 shows an example of the fluorescence detected from both GFP and 

DsRed from the S5 spheroid, at the bottom, mid-point and top of the 3d culture. 

Two observations can be made from these images. Firstly, cells form a ring at 

the highest point in the structure, 152 μm from the bottom. There is no top to the 

spheroid. Secondly, there are no fluorescing cells within the centre of the culture, 

except for the very bottom of the structure. The structure of the 3d culture was 

investigated by reconstructing the shape from the z-levels using the ImageJ 3d 

viewer plugin (Schmid et al. 2010). Screen captures of the S5 model are shown 

in figure 4.9. The structure formed indicates that the cells may not have formed 

a spheroid; rather a ‘bowl’ shape can be seen. It is likely that the SNARF-4F 

staining seen in figure 4.7 is not due to low permeability into the core of the cell 

mass, but rather that there is no core. There are a number of possibilities to why 

this shape occurs. The most obvious is that the cells are incapable of forming a 

spheroid structure, that cell to cell contacts cannot be made. This seems unlikely 
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however as observations in our lab of 2d cultured U87 cells suggest that at high 

confluency cells grow on top of each other readily, whilst U87-MG cells have 

been used previously in both ULA plates (Vinci et al. 2012) and in hanging drop 

methods (Howes et al. 2007). However, aggregates of U87-MG cells do disperse  

Figure 4.8 Fluorescence Detected Through Z-levels of the S5 Spheroid.  GFP-

5UTR and DsRed stable cell lines were seeded together into ULA plates at equal 

seeding densities. The ‘S5’ spheroid had a seeding density of 25000 cells After 1 

week cells were analysed in an LSM510 confocal microscope with excitation 

wavelengths of 488nm and 543nm and emissions of 509-520 nm and >550 nm for 

GFP and DsRed respectively. Images were captured through Z slices 19 μm apart 

to image the entire spheroid. 
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Figure 4.9 Shape of 3d Cultures. Image slices captured by LSM510 confocal microscope 

were analysed by 3D viewer plugin for ImageJ. (A+C) Top and side view of S3 culture, 

(B+D) Top and side view of S5 culture, (E+F) Top and side view of S1 culture. 
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quickly to form monolayers (Sabari et al. 2011) and disperse at a much higher  

velocity than other glioblastoma lines, suggesting that cell-cell cohesion may be 

low in this cell line.  It is also possible that the surface of the well is not in fact 

inhibitory to cell growth and the cells are simply growing along the curvature of 

the well, however cells remained tightly packed and not dispersing widely as 

seen in 2d culture. This method of spheroid formation itself may not be adequate 

for some cell types. In the hanging drop method, cells float freely, making no 

contact with the plate. This means that the seeded cells will become the centre 

of the spheroid. Conversely, in the ULA method the seeded cells form the 

bottom of the spheroid. Making contact with the well bottom reduces the growth 

potential of the seeded cells and may reduce access to nutrients at the beginning 

of the growth period. If cells with fewer contacts are more likely to proliferate 

this may mean faster proliferation at the sides over the centre. This would not be 

a problem for the hanging drop method as the seeded cells will always form a 

core. Whilst the cells are not directly attaching to the plate they may be resting 

on the curved surface, ultimately resulting in a bowl structure with weak 

cohesion. It might be possible to improve spheroid formation by addition of 

Matrigel to wells before seeding, providing an extracellular matrix (ECM) 

analogue for cells to bind to. Matrigel based culture could be considered closer 

to in vivo conditions, but may differ significantly in composition to neuronal 

ECM.  

Despite the shape, GFP and DsRed fluorescence readings were taken from cells 

at the bottom of the well and from the sides through the z-levels and determined 

the GFP/DsRed ratio at each z-level. As shown in figure 4.10 and 4.11, in the 
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largest structure, S5, relative GFP fluorescence gradually decreases with 

distance from the bottom of the well. At 150 μm from the bottom relative GFP 

fluorescence is significantly reduced by 30% (p = 0.042 by t-test). The same is 

true for the S4 and S2 cultures, with reductions of 23% (p = 0.006 by t-test) at 

114 μm and 30% (p = 0.05 by t-test) at 76μm respectively, although the highest 

z-level in these structures show reductions that are not significant. A non-

significant reduction is seen in the S3 structure, with a reduction of 24% at 100 

μm. The smallest structure, S1, did not show a reduction, with relative GFP 

fluorescence remaining fairly constant throughout. This suggests a gradient 

exists within the culture medium, in which the bottom of the well experiences a 

stressed environment lacking in nutrients or oxygen in which the IRES is 

favoured over cap-dependent translation and the development of this 

environment may be dependent on the size of the structure. Whether this is 

through hypoxia, lowered nutrient concentration or other stress conditions was 

not verified.  
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Figure 4.10 Relative GFP Fluorescence Across the S5, S4 and S3 3D Cultures. 

GFP and DsRed fluorescence intensities were measured using ImageJ. The ratio 

of GFP to DsRed intensity was measured for each Z-slice (average of 10 

readings). Error bars are standard deviation. ‘*’ represent p <0.05 against the 

bottom layer value. 
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Figure 4.11 Relative GFP Fluorescence Across the S2 and S1 3D Cultures. 

GFP and DsRed fluorescence intensities were measured using ImageJ. The ratio 

of GFP to DsRed intensity was measured for each Z-slice (average of 10 

readings). Error bars are standard deviation.  ‘*’ represent p <0.05 against the 

bottom layer value. 
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4.7 Discussion 

 

The results presented here demonstrate that the 5’UTR of EGFR exhibits IRES 

activity in hypoxic and serum starved conditions. Fluorescent plasmids were 

successfully transfected into U87-MG cells to create stably expressing cell lines, 

although attempts to create monoclonal cell lines failed. Seeding individual cells 

by limiting dilution proved difficult and cells that were successfully plated either 

did not grow or died shortly after. Fluorescence-activated cell sorting (FACS) 

could aid in seeding more fluorescing clones and increasing the likelihood of 

generating a growing monoclonal culture. If a minimum number of 

neighbouring cells are required for growth in U87MG cells, FACS could be used 

to select high GFP expressing clones and seed them into the same well, creating 

a polyclonal line with a greater number of highly expressing cells. 

Although initial experiments appeared to show colonies grew and resembled 

spherical structures in ultra-low attachment plates, analysis of these structures 

using confocal microscopy revealed a “bowl” shaped culture. Previous studies 

have used ultra-low attachment plates to create 3d spheroids of U87-MG cells 

(Vinci et al. 2012) but attempts to do so in this project failed. The structures 

created appeared to consist largely of monolayers. This suggests that the cells 

fail to form extensive cell-cell contacts, preferring to lie along the surface of the 

well. It has been shown that U87-MG cells disperse from aggregates quickly 

(Sabari et al. 2011) and high invasiveness may be a characteristic of the cell line. 

Future experiments could utilise Matrigel to create an ECM similar to that found 

in vivo which may aid in cell cohesion.  
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A significant difference in relative GFP fluorescence between the bottom and 

the top of the 3D structures was demonstrated in structures generated from a 

seeding density over 10000 cells/well. The smallest structure showed no 

difference in relative GFP fluorescence. This indicates that a size-dependent 

gradient may exist in the culture medium, starving the cells at the bottom of the 

structure of nutrients or oxygen, activating the IRES activity in the 5’UTR of 

EGFR. Thus whilst the model is perhaps not representative of tumour masses, it 

does display cells experiencing different environments within close proximity 

of each other and could still be used in testing gradients of stress. 
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5. Translational Profile of EGF Stimulation 

 

Stimulation by EGF causes the activation of number of signalling cascades 

resulting in an increase in transcription of genes involved in proliferation, 

differentiation and cell survival. Perturbations in the transcriptional control of 

expression of these genes is well known to be important in cancer but over the 

last several years the importance of translational control in cancer has come to 

light (Truitt and Ruggero 2016). The role of EGFR in Alzheimer’s disease has 

already been discussed, and it is therefore no surprise that its ligand, EGF, may 

affects genes and proteins involved in AD. It has been reported that EGF 

stimulation causes a rapid release of APP, which is thought to be through 

activation of protein kinase C (PKC) (Slack et al. 1997; Tang, Guan, et al. 2010). 

Additionally, elevated plasma EGF have been reported in AD (Marksteiner et 

al. 2011), although this is disputed by studies which show the opposite to be true 

(Chen-Plotkin et al. 2011; Bjorkqvist et al. 2012). Whilst the transcriptional 

effects of EGF stimulation has received wide attention, data regarding the effects 

on the translatome are lacking. Whilst certain biochemical changes are known 

to occur, such as a rapid increase in intracellular calcium concentration 

(Cheyette and Gross 1991), how these changes are mediated is not known. 

Knowledge of EGF’s effect on the translation of specific mRNAs will aid in our 

understanding of its role in disease and identifying new therapeutic targets. A 

study on the translational and transcriptional effects of EGF stimulation in HeLa 

cells suggests a disconnect between the transcriptome and translatome, with 

90% of the variation in expression found to be through translational control only; 
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just 5% of genes were both transcriptionally and translationally upregulated 

(Tebaldi et al. 2012). Thus it would be erroneous to presume an increase in 

transcription would correlate with an increase in protein expression and thus a 

direct role in Alzheimer’s disease.  

There is little information on the effects of EGF stimulation on translational 

efficiency. Of the reports that do exist, these usually regard expression of a 

single protein, such as the translational upregulation of Aurora-A by the 

activation of the PI3K/Akt/mTOR and MEK/ERK pathways (Lai et al. 2010). 

The advent of next generation sequencing coupled with polysome profiling 

offers us an opportunity to study the pathways and groups of genes which are 

translationally upregulated or downregulated by EGF signalling and may aid our 

understanding of its role in disease.  

Our aim in this study was to reveal the translatome of EGF stimulation, by 

assessing those mRNAs which are have a greater translational efficiency 

following treatment. 

5.1 Polysome Profiling EGF Stimulated Cells 

 

The number of ribosomes associated with an mRNA can be used as a measure 

of translational efficiency. A higher number of attached ribosomes indicates that 

an mRNA has a higher level of protein synthesis. Thus under a given condition 

those mRNAs which have more bound ribosomes than in control can be 

regarded as being translationally upregulated in response to the stimulus.  
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In order to separate mRNAs based on the number of ribosomes attached, a 

sucrose density gradient is used. Cell lysates are applied to the column and, 

under high speed centrifugation, will sediment into different layers of the 

gradient depending on their density, such that ‘heavier’, highly translated 

mRNAs with more ribosomes will move to the lower fractions, whilst ‘lighter’, 

less translationally active mRNAs with few associated mRNAs won’t migrate 

as far, appearing in higher fractions. This principle is shown in Figure 5.1. 

Cell preparation for fractionation is described in section 2.2.12. Briefly, U87-

MG cells were serum starved for 24 hours before being stimulated with 

200ng/ml of EGF for 1 hour before lysis. Lysates were loaded onto sucrose 

gradients and centrifuged for 2 hours at 38000rpm (182106 x g), 4°C. 

Figure 5.1 Measurement of Translational Efficiency by Sucrose Density 

Gradient Centrifugation. Highly translated transcripts are associated with 

more ribosomes, making these transcripts ‘heavier’. ‘Heavier’ transcripts can be 

separated from ‘lighter’ transcripts by centrifugation in a sucrose density 

gradient. 
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By measuring the absorbance of the fractions at 260 nm a polysome profile is 

created; a plot showing the distribution of ribosomal subunits throughout the 

gradient. This plot can then be used to guide the division of the 1 ml fractions 

into subpolysomal and polysome pools. As shown in figure 5.2, the profile 

follows a typical pattern of three large peaks, representing the binding of 40S, 

60S and 80S ribosomes, followed by a series of smaller peaks which represent 

increasing numbers of ribosomes. Thus those mRNAs that fall in fractions 1-5 

have at most 1 whole ribosome bound, and are ‘sub polysomal’, whilst those 

from 6-12 have >1 ribosome, and are thus polysomal. The RNA samples are 

then purified, with LiCl2 washes, to remove contaminating heparin, and ethanol 

washes as described in section 2.2.13.  

Figure 5.2 Polysome Profiling of EGF Stimulated Cells. RNA was 

fractionated using sucrose density gradients and the ribosomal content was 

quantified by reading the optical density of each fraction at 254nm. Fractions 

were pooled into subpolysomal (1-5) and polysomal (6-10) samples.  
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5.2 RNA Sequencing 

 

High-throughput mRNA sequencing, RNA-seq, allows for the quantification of 

the entire transcriptome. Unlike microarray methods, the sequencing approach 

directly determines cDNA sequence, allowing the generation of a much larger 

data set and removes the inherent bias of probe selection. However RNA-seq is 

not free from bias (Finotello et al. 2014). Such bias include fragment bias, read 

mapping uncertainty and base composition. The Cufflinks program used in this 

project includes solutions to some of these biases (Roberts et al. 2011). 

RNA-seq was performed on the pooled fractions by the University of 

Nottingham’s DeepSeq facility using the NextSeq500 system (Illumina) and 

TruSeq LT adapters, generating 30 million reads for each library. Briefly, the 

fractions were submitted to ribosome depletion, removing ribosomal RNA 

(rRNA) to make optimal use of sequencing capacity. RNA was then fragmented 

and transcribed into cDNA with addition of adapters. Reads of 75bp paired ends 

were generated. 

The sequencing reads were analysed for quality using the FastQC program 

(Andrews 2010). FastQC checks the per-base sequence quality of reads, per-

sequence GC content and shows any over-represented sequences. The quality of 

reads in all samples was found to be of good quality and did not further 

processing. Adapter sequences, however, were removed from reads using the 

Trimmomatic program (Bolger, Lohse, and Usadel 2014).  
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The sequencing reads were then aligned to the reference genome. The reference 

genome and annotation used in this project was the most recently updated human 

genome from USCS, hg38 (Rosenbloom et al. 2015). The Bowtie program is 

regarded as one of the most efficient alignment programs, using an FM (full text 

minute space) index to store the reference genome sequence and allow for rapid 

searches (Langmead et al. 2009). Alignment with this FM index allows reads to 

be aligned at a rate of tens of millions per CPU hour. However, Bowtie in 

isolation cannot map reads with large gaps, thus it cannot align reads that span 

introns. The TopHat program was created to get past this limitation and uses 

Bowtie as an alignment engine (Trapnell, Pachter, and Salzberg 2009). First, 

TopHat uses Bowtie to map all reads to the reference genome. TopHat allows 

Bowtie to report more than one alignment for each read, up to 10. Any reads that 

align more than this are regarded as low complexity reads and are excluded. 

TopHat can find splice junctions without a reference annotation by mapping 

reads to the genome and identifying potential exons. TopHat then builds a 

database of possible junctions from this initial mapping information and maps 

the reads to the splice junctions to confirm them.  

The Cufflinks suite of programs takes the aligned reads generated from TopHat 

and quantifies them (Trapnell et al. 2010). Cufflinks filters out background and 

artificial transfrags using a rigorous statistical model of RNA-seq. Expression 

levels are calculated from reads based on reads counts are directly proportional 

to the. As part of library construction to optimise output, cDNA fragments are 

generally size-selected, meaning that a transcript that is twice as long as another 

will produce twice as many reads despite a similar abundance. Cufflinks 
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normalises the read count to the length of transcript they are mapped to (Roberts 

et al. 2011). Counts are also normalised to the total yield to allow comparison 

between runs where different volumes of sequencing reads may occur. 

Incorporating these two normalisation steps gives the unit ‘fragments per 

kilobase of transcript per million mapped fragments’, or FPKM. 

In order to assess the samples for differential expression in the Cuffdiff program 

(Trapnell et al. 2013), they must be merged together into a single, larger index. 

This was executed using the Cuffmerge program. The subpolysomal and 

polysomal transcripts for each condition were merged together, creating an EGF 

and a DMSO master transcriptome. The transcriptomes were also merged with 

the reference annotation from UCSC. Genes were then assessed for differential 

expression through the Cuffdiff program. Differential expression was calculated 

first between the two transcript lists, subpolysomal and polysomal. The change 

in this subpolysomal-polysomal ratio for each gene was then calculated between 

DMSO and EGF conditions to generate a value which represented the fold 

change in polysomal shift after treatment with EGF. 
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As only 1 biological replicate for each condition and sub/polysomal fraction was 

used, we sought to reduce false positives in the differential expression. To 

achieve this, firstly only genes with a log2 fold change of +/- 1 were included in 

the upregulated and downregulated transcript lists. Secondly, transcripts with 

low abundance were removed. To set this limit the abundances, which were 

determined from the combined FPKM values of all samples for each gene, were 

analysed in a histogram. As seen in figure 5.3, most genes fall within the 

boundaries of the -2 and 1 bins, with a long tail of genes of higher abundancies 

from the 4 to 11 bins. Relatively fewer genes are found in the -3 to -6 bins. Thus 
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Figure 5.3. Distribution of Abundancies of Upregulated and 

Downregulated Genes. The abundance of each gene was calculated from the 

sum of the subpolysomal and polysomal FPKM values of both treatments 

(DMSO and EGF). The Log2 of this value was then used to place the data into 

bins with intervals of 1. 
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a lower boundary for inclusion in the gene lists at -3 log2 FPKM. This produced 

a list of 557 upregulated mRNAs and 639 downregulated mRNAs.  

5.3 Analysis of Enriched Genes in Relation to Alzheimer’s 

Disease 

 

Analysis of the gene lists was completed through the Database for Annotation, 

Visualisation and Integrated Discovery (DAVID), a web-based program which 

clusters genes into various categories including, but not limited to, function, 

pathway and tissue expression, according to the Gene-Ontology (GO) 

annotations attributed to them (Dennis et al, 2003).  

Caution must be used when assessing RNAseq data for evidence of disease 

involvement. Validation of expression by quantitative PCR is necessary in order 

to draw firm conclusions. However, analysis of the pathways and function lists 

can aid in formation of hypotheses and influence the direction of further 

research. The major functional groups and pathways which correlate with the 

gene lists of discussed below.  

5.3.1 Alzheimer’s Disease  

With the GAD_DISEASE annotation, it can be seen that among the genes in the 

upregulated list, 27 of them are associated with Alzheimer’s disease, whilst 2 

Alzheimer’s related genes are found in the downregulated list. These genes are 

shown in table 5.1.  
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A number of the genes found on the list have been shown to be regulated by 

EGF in other studies. These include 5-lipoxygenase activating protein 

(ALOX5AP), matrix metallopeptidase 9 (MMP9), apolipoprotein E (ApoE) and 

cystatin C (CST3). ALOX5AP is necessary for the activation of ALOX5, a non-

heme iron dioxygenase which plays a key role in the synthesis of leukotrienes 

and in mounting inflammatory responses. The increase in ALOX5AP by EGF 

correlates well with the observation of EGFR-mediated transcriptional 

upregulation of ALOX5 (Lee et al. 2010) and with EGF activation of calcium 

channels through ALOX5-mediated leukotriene production (Peppelenbosch et 

al. 1992).  Polymorphisms of both the ALOX5 and ALOX5AP genes have also 

been suggested as being involved in AD (Qu, Manev, and Manev 2001) (Manev 

and Manev 2006). ALOX5 is found to be elevated in post-mortem brains of AD 

patients (Ikonomovic et al. 2008), and has been proposed to be involved in the 

production of Aβ (Firuzi et al. 2008). MMP9 is a matrixin, involved in the 

degradation of the extracellular matrix and operating during angiogenesis and 

wound repair. In Alzheimer’s, MMP9 levels are increased in the plasma of AD 

patients (Lorenzl et al. 2003) and inhibition of MMP9 in mice improves 

cognitive impairment caused by Aβ (Mizoguchi et al. 2009). Tau is a substrate 

of MMP9 and is cleaved in a manner that facilitates aggregation (Nubling et al. 

2012). The EGF signalling pathway has been implicated in upregulation of 

MMP9 in NSCLC (Cox, Jones, and O'Byrne 2000), increasing MMP9 mRNA 

levels and protein expression through the JAK/STAT pathway, primarily JAK3 

(Kim et al. 2009).  
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Table 5.1. Enriched Genes Associated With Alzheimer’s Disease. Ontological 

clustering performed by DAVID web-tool. Poly/Sub = FPKM of polysomal fraction 

divided by FPKM of subpolysomal fraction. Log2 fold change of 

Polysomal:Subpolysomal ratio between EGF treatment and DMSO treatment.  
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LRP5 is of interest as there are conflicting reports of its role in AD. LRP5 is one 

of several low density lipoprotein receptor related proteins (LRPs) which are 

involved in the Wnt pathway. LRP5 is a transmembrane receptor and acts as a 

co-receptor with LRP6 to the Frizzled receptor, which transduce canonical WNT 

signals.  Early reports suggested LRP expression is reduced in the brains of AD 

patients (Kang et al. 2000) and is neuroprotective through the binding of soluble 

and cell surface APP (Kounnas et al. 1995; Knauer, Orlando, and Glabe 1996) 

as well as binding and internalising ligands which form complexes with Aβ such 

as ApoE (Yang et al. 1999), lactoferrin and α2-macroglobulin (α2M) (Qiu et al. 

1999). Thus LRP seems to modulate Aβ deposition by increasing its clearance. 

Yet LRP, which is only expressed in neurons in normal brains, is found to be 

upregulated in reactive astrocytes, associated with mature amyloid plaques, in 

AD (Rebeck et al. 1993). It has also been found that restoring LRP function to 

LRP-deficient cells increases Aβ synthesis and that blocking LRP with the LRP 

antagonist receptor-associated protein (RAP) significantly lowers Aβ 

production (Ulery et al. 2000).  

Interestingly, just two genes associated with Alzheimer’s disease appear on the 

downregulated list; ApoE and CST3. Both ApoE and CST3 have allelic risk 

factors, and both are regarded as possible therapeutic targets and are found to be 

low in AD. The ApoE4 isoform is known to be the major genetic risk factor for 

AD, whilst it is generally regarded that increasing the expression of any of the 

ApoE isoforms improves Aβ clearance, although some dispute this. Two studies 

have shown that removing one copy of either ApoE3 or E4 isoforms actually 

reduces Aβ levels (Kim et al. 2011; Bien-Ly et al. 2012). Yet the majority of 
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published literature suggests ApoE aids in clearance either through proteolytic 

degradation (Jiang et al. 2008) or more recently by indirect means through 

receptor binding (Zlokovic et al. 2010; Verghese et al. 2013). Thus these results 

might indicate a pathway by which Aβ clearance becomes impaired through a 

reduction in available ApoE proteins, caused by an increase in EGF signalling. 

However a 1997 study suggests the opposite, that EGF increases ApoE secretion 

and treatment with EGF could ameliorate ApoE deficiencies (Baskin et al. 

1997). EGF treatment in this study lasted for 48 hours, as opposed to the 1 hour 

treatment, so it is possible effects seen in that study are caused by alterations in 

transcriptional control and a sustained exposure to high levels of EGF in serum.  

CST3 is a cysteine protease inhibitor and is often used as a biomarker of kidney 

function. The data herein suggests EGF reduces CST3 expression, and other 

studies support this, with activation of EGFR reducing CST3 levels in 

nasopharyngeal carcinoma cells (Tang, Guan, et al. 2010). There are conflicting 

reports for the role of CST3 in AD, with primary reports showing CST3 

colocalising with plaques, suggesting a role in plaque growth (Steinhoff et al. 

2001). However, subsequent reports disagree with this view. Reduced levels of 

CST3 in the serum of elderly men was associated with development of AD 

(Sundelof et al. 2008) and CST3 inhibits Aβ oligomerisation in vitro (Tizon et 

al. 2010). CST3 binds the Aβ region of APP, increasing the levels of secreted 

APP but not the levels of secreted Aβ (Pawlik et al. 2004). This association 

inhibits Aβ fibril formation (Sastre et al. 2004). Along with this, a polymorphism 

of CST3 (commonly referred to as CST3 B) is a risk factor for AD and causes a 

reduction in CST3 levels (Benussi et al. 2003). This polymorphism has also been 
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linked to a greater risk of AD when combined with the APOE4 allele (Beyer et 

al. 2001; Cathcart et al. 2005). 

Aside from genes that are regarded as being directly or indirectly involved in 

Alzheimer’s disease pathology, there are number of conditions associated with 

the disease.  

5.3.2 Inflammation 

Eighteen genes related to inflammation are found in the upregulated list, and are 

listed in table 5.2. Inflammation has been long associated with Alzheimer’s 

disease, yet whether it is involved in the cause of the disease is still uncertain. 

More recent evidence points to a contributing role (Heppner, Ransohoff, and 

Becher 2015). The neuroinflammation which occurs in AD pathology differs to 

that of neuroinflammatory diseases such as encephalitides in that it is driven by 

innate immune cells rather than adaptive immune cells (Prinz et al. 2011). Thus 

glial cells, such as astrocytes and microglial cells contribute highly to this 

response. EGF and its receptor EGFR are known to be involved in eliciting the 

inflammatory response. EGFR drives the expression of a number of proteins 

involved in the innate immune response to skin injury (Sorensen et al. 2006). 

The action of  the EGF signalling pathway has also been found to be involved 

in the development of the inflammatory microenvironment in hepatocellular 

carcinoma (Berasain et al. 2009) and it is likely that this is through the ERK 

signalling pathway, stimulating interleukin-8 (Huang et al. 2014). In neuronal 

inflammation, inhibition of EGFR signalling reduces the inflammatory response 

of microglial cells and reduces the secondary damage associated with 
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inflammation in spinal cord injury (Qu et al. 2012). Inhibition of EGFR also 

reduces astrocyte activation and pro-inflammatory cytokine secretion in reactive 

astrocytes (Li et al. 2014). Indirectly, EGFR can be attributed to 

neuroinflammation through the MAPK/ERK pathway, with MAPK regulating 

pro-inflammatory cytokines in a post-transcriptional manner (Clark et al. 2009). 

The p38 MAPK class of MAPKs is also responsible for IL-1, IL-5 and IL-8 

production, and chemokine ligand 2 (CCL2) (Brook et al. 2000; Winzen et al. 

1999), which may be involved in AD (Kiyota et al. 2013; Sheng et al. 2001).  

6 of the 16 genes on the inflammatory list are also found on the Alzheimer’s 

disease list, highlighting their association. One of these 6, interleukin 18 (IL-18) 

has been shown to be upregulated in the frontal lobe of AD patients (Ojala et al. 

2009) and increases the production of Aβ through the induction of BACE-1 and 

increased APP processing in neuronal cells (Sutinen et al. 2012).  SERPINC1 

and F1 are also found on both lists. The SERPIN superfamily is a large group of 

extracellular and intracellular protease inhibitors, and are involved in a wide 

array of processes, one of which is inflammation. SERPINF1 is unusual as it is 

a non-inhibitory SERPIN, is a regulator of angiogenesis and thought to be 

neurotrophic (Irving et al. 2000), thus SERPINF1 may mediate the proliferative 

signal induced by EGF stimulation (Yamada, Ikeuchi, and Hatanaka 1997). In 

inflammation, SERPINF1 appears to be anti-inflammatory, reducing both 

tumour necrosis factor alpha (TNF) as 



 

181 

 

Table 5.2. Enriched Genes Associated With Inflammation. Ontological 

clustering performed by DAVID web-tool. Poly/Sub = FPKM of polysomal 

fraction divided by FPKM of subpolysomal fraction. Log2 fold change of 

Polysomal:Subpolysomal ratio between EGF treatment and DMSO treatment.  
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well as IL-18 in mouse models (Zhou et al. 2009), and SERPINF1 -/- mice 

produce a proinflammatory phenotype (Shin, Sorenson, and Sheibani 2014). 

However, SERPINF1 is also known to interact with proteins involved in APP 

processing (De Jager et al. 2014). SERPINC1, also known as antithrombin is a 

small protein involved in the inhibition of coagulation enzymes. Curiously, one 

of its targets, thrombin, is thought to be elevated in AD brains (Akiyama et al. 

1992; Yin et al. 2010) and has been suggested to act as a mediator of 

inflammation and ROS production (Tripathy et al. 2013). For these reasons, 

thrombin has been identified as a possible target for treatments (Rami 2012; 

Tripathy et al. 2013). Yet SERPINC1 itself has been found in amyloid deposits, 

neurofibrillary tangles and hippocampus in AD brains, and in some cases within 

astrocytes, along with an increased level of mRNA within astrocytes (Kalaria et 

al. 1993). 

5.3.3 Calcium Ion Transport and Homeostasis 

Twelve genes involved in calcium ion transport are translationally upregulated 

in response to EGF stimulation, as shown in table 5.3.  EGF is known to activate 

calcium signalling, and cause an increase intracellular Ca2+ concentration 

(Bryant et al. 2004). Increases in intracellular calcium concentration have been 

well documented in AD. The calcium hypothesis of AD suggests that sustained 

disruption to calcium homeostasis is causative of neurodegeneration 

(Khachaturian 1987), but how calcium levels cause the development of lesions 

and plaques is unknown. However, a key prerequisite of the calcium hypothesis 

is the early dysregulation of calcium homeostasis. This has been seen in a 

number of mouse models (Larson et al. 1999; Leissring et al. 2000) as well as 
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samples from high risk humans, where calcium signalling is altered months 

before extracellular Aβ is detected (Etcheberrigaray et al. 1998). Of the genes 

involved in calcium ion transport or homeostasis, a few have been directly linked 

to Alzheimer’s disease. For instance, S100A1, a calcium sensor, is elevated in a 

number of neurological disorders (Zimmer et al. 2005), binding to ryanodine 

receptors (RYR) in AD brains (Afanador et al. 2014). Alterations to RYR 

binding and function may be important in the early stages of AD (Kelliher et al. 

1999). Inhibition of S100A1 has been postulated as a potential strategy for 

reducing abhorrent Ca2+ signalling in AD (Afanador et al. 2014). The cysteine 

protease, calpain 3 (CAPN3) also has links to AD, with calcium-dependent 

activation implicated in the cleavage of APP (Liu et al. 2005). Activated calpain 

is also thought to increase tau protein aggregation (Yang and Ksiezak-Reding 

1995; Jin et al. 2015). EGF signalling is required for calpain activation, (Glading 

et al. 2000) and is thought to occur through the ERK pathway even in the absence 

of increased cellular calcium (Glading et al. 2004). Calpain is also known to 

cleave and inactivate the sodium-calcium exchanger, preventing calcium efflux 

from the cell (Atherton et al. 2014). 

Twenty three downregulated genes are associated with calcium homeostasis, 

including ApoE. The ApoE4 isoform has been shown to be associated with a 

higher intracellular calcium concentration following brain injury than other 

isoforms (Jiang et al. 2015), but the mechanism by which this occurs is 

unknown. In the same study, cells that lack ApoE entirely have even higher 

levels of intracellular calcium than those treated with ApoE4, suggesting that it 
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Table 5.3. Enriched Genes Associated With Calcium Ion Transport. 

Ontological clustering performed by DAVID web-tool. Poly/Sub = FPKM 

of polysomal fraction divided by FPKM of subpolysomal fraction. Log2 fold 

change of Polysomal:Subpolysomal ratio between EGF treatment and 

DMSO treatment.  
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could be a loss of function, not gain, that causes E4 carriers to have higher 

intracellular calcium levels. With this in mind, a reduction in ApoE in general 

would result in an increase in intracellular calcium concentration. Thus our data 

suggest that EGF stimulation could mediate dysregulation of calcium regulation 

through reducing the expression of proteins important for calcium ion 

homeostasis and by upregulating proteins which cause an increase in 

intracellular calcium concentration. 

 In conclusion, although an upregulation in translation of a single protein 

identified as being involved in Alzheimer’s disease may not be justification for 

attributing EGF stimulation as a protagonist in AD progression, the combination 

of genes affected and their associated functions constructs a scenario which have 

many characteristics found in Alzheimer’s disease. Validation of the 

upregulation and downregulation of these genes should be completed before 

further investigations into EGF’s role in Alzheimer’s disease, but these 

preliminary data suggests that EGF signalling could represent an important area 

of research for therapeutics. 
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Table 5.4. Enriched Genes Associated With Calcium Homeostasis. 

Ontological clustering performed by DAVID web-tool. Poly/Sub = FPKM 

of polysomal fraction divided by FPKM of subpolysomal fraction. Log2 fold 

change of Polysomal:Subpolysomal ratio between EGF treatment and 

DMSO treatment.  
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5.3.4 Diabetes 

Diabetes is generally accepted to be a risk factor for development of Alzheimer’s 

disease. Some studies show that type II diabetes can increase the risk of dementia 

by 50-150% (Li, Song, and Leng 2015). The mechanisms involved in this 

association are unknown, but several have been proposed including insulin 

resistance and deficiency, vascular inflammation and metabolic syndromes.  

Both AD and type II diabetes have been shown to have insulin signalling 

abnormalities (de la Monte and Wands 2005). Defective insulin signalling 

increases Aβ production and its aggregation (Wang et al. 2010; Yamamoto et al. 

2012). Similarly, high levels of cholesterol have been seen in AD and is known 

to increase Aβ synthesis through APP processing by modulating gamma 

secretase activity. (Cole et al. 2005). Hyperglycaemia can damage the brain 

through oxidative stress (Biessels et al. 2002).  

One of the most prominent links between diabetes and AD is ApoE. In diabetes, 

ApoE is poorly lipidated as the cholesterol transporter ABCA1 is reduced (Tang, 

Kanter, et al. 2010). ABCA1 deficiency is associated with impaired ApoE 

secretion in the brain (Hirsch-Reinshagen et al. 2004) and exacerbates Aβ 

deposition in ApoE4 carries, suggesting that poor lipidation of ApoE reduces 

clearance of Aβ (Fitz et al. 2012). ApoE4 is also risk factor for diabetes (El-

Lebedy, Raslan, and Mohammed 2016), associated with poor clearance of 

cholesterol (Knouff et al. 1999). Insulin resistance is associated with 

inflammation. Expression of interleukins are particularly noted to be 
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Table 5.5. Selected Upregulated Transcripts Associated With Diabetes. 

Ontological clustering performed by DAVID web-tool. Poly/Sub = FPKM of 

polysomal fraction divided by FPKM of subpolysomal fraction. Log2 fold change 

of Polysomal:Subpolysomal ratio between EGF treatment and DMSO treatment.  
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common between AD and diabetes, with elevated IL-18 associated with greater 

risk of development of type II diabetes (Thorand et al. 2005). 

The role of EGF in diabetes is not fully understood. There are contradictory 

reports of EGF levels in diabetes. Early reports found low levels of EGF in the 

plasma of genetically diabetic mice (Kasayama, Ohba, and Oka 1989), whilst 

treatment with EGF “cures” chronic diabetes in mice by regeneration of beta 

cells in the pancreas (Baeyens et al. 2014). However, inhibition of EGFR 

signalling attenuates kidney enlargement in experimental diabetes (Wassef, 

Kelly, and Gilbert 2004), and deletion of EGFR in podocytes attenuates diabetic 

nephropathy (Chen, Chen, and Harris 2015). It could be the case that EGF’s role 

in diabetes is tissue specific. 

59 genes associated with diabetes are translationally upregulated following EGF 

stimulation, however 74 genes associated with diabetes are downregulated. 

Selected enriched genes can be seen in table 5.5 and 5.6. Of the upregulated 

genes, 35% are also found on either the inflammation or Alzheimer’s disease 

lists. The downregulated lists contains a diverse range of genes. Some of these 

have been shown to be downregulated in diabetes, such as the apolipoproteins 

APOE and APOA5, involved in triglyceride storage and whose reduction is 

linked to obesity, (Zheng, Zhao, and Yan 2013) and also genes related to insulin, 

including Acyl-CoA dehydrogenease (ACADS) (Hornbak et al. 2011), 

oncostatin M, whose deficiency results in obesity, adipose inflammation and 

insulin resistance (Komori et al. 2014) and cathespin H, which regulates β-cell 

function with deficiency causing low insulin levels (Floyel et al. 2014).  But 

many of the downregulated genes are thought to be important in diabetes 



 

190 

 

progression, such as MMP10, which contributes to the inflammatory response 

in type I diabetes (Toni et al. 2013) and found elevated in corneal epithelium of 

diabetic patients (Matsumura et al. 2015; Saghizadeh et al. 2001), and pleckstrin 

(PLEK), another protein involved in inflammation, which has been shown to be 

commonly phosphorylated in diabetes, increasing cytokine secretion (Ding et al. 

2007). That some inflammatory genes are upregulated but others are 

downregulated suggests that either EGF stimulation operates a specific 

inflammatory pathway, not just an inflammatory response, or possibly that the 

effect is tissue specific. Thus this data suggests that EGF’s main role in diabetes 

is through promoting pro-inflammatory signalling, with potential for causing 

insulin resistance.  
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Table 5.6. Selected Downregulated Transcripts Associated With Diabetes. 

Ontological clustering performed by DAVID web-tool. Poly/Sub = FPKM of 

polysomal fraction divided by FPKM of subpolysomal fraction. Log2 fold change 

of Polysomal:Subpolysomal ratio between EGF treatment and DMSO treatment.  
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5.4 Analysis of Sequence  

 

The 5’UTR, 3’UTR, coding region and full mRNA sequence of each gene in the 

upregulated and downregulated lists was assessed in Biomart (Durinck et al. 

2005) and the length and nucleotide composition of each transcript was 

quantified using a linux based program. The nucleotide composition of the 

5’UTR of a transcript can reveal the likelihood of structures being presented 

based on the GC content. Figure 5.4 displays the sequence composition among 

the 5’UTRs, 3’UTRs, coding regions and full length sequences of the genes in 

the upregulated and downregulated lists. As can be seen, there is no significant 

difference in nucleotide content between the upregulated (UP) and 

downregulated (DOWN) genes in any of the groups (p = 0.95, by chi squared 

test). To further test the presence of structures within the 5’UTRs, the 5’UTR 

sequences were submitted to the ViennaRNA program to determine the 

minimum free energy structure for each 5’UTR (Lorenz et al. 2011). Genes 

which have lower free energies can be considered to be more structured. Figure 

5.5 shows a boxplot of the minimum free energies of genes in the UP or DOWN 

lists. UP genes have a median of -56.6 kcal/mol, whilst DOWN genes have a 

median of -54.2 kcal/mol. An overlap in the 95% confidence intervals of the two 

medians suggesting that there is no significant difference in minimum free 

energy between the upregulated and downregulated sets. This correlates well 

with the similar GC content between the UP and DOWN genes, as shown in 

figure 5.4 and suggests that structural regions within the 5’UTR do not play a 

key role in the translational control of transcripts following EGF stimulation. 
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Lastly, the sequence lengths of the mRNAs were measured. Figures 5.6 and 5.7 

display the Log10 sequence length of the 5’UTRs, 3’UTRs, coding regions and 

full length transcript for genes on the upregulated and downregulated lists, 

against their Log2 fold change. This data is also shown in figures 5.8 and 5.9 in 

boxplot format for easier analysis. For the 5’UTR, as shown in figure 5.8, the  

upregulated genes have a higher median sequence length (188 vs. 160) and third 

qurartile (326 vs. 282.5) than the list of downregulated genes although the 

interquartile distance (IQR) for the UP genes is larger (220 vs 201), indicating a 

larger spread of 5’UTR lengths among the upregulated genes. The 95% 

confidence intervals of the median values do not overlap (177 vs 167), 

suggesting there is a significant difference in the distribution of lengths between 

the datasets. The length of the 3’UTR does not appear to differ between the two 

datasets. As seen in figures 5.6b and 5.8b, the upregulated genes exhibit a higher 

third quartile than the downregulated genes, yet the medians are identical, with 

the lengths of the upregulated genes having a greater spread, as shown through 

the IQR. The downregulated genes meanwhile, contain a much greater number 

of outliers (3 x IQR + third quartile). The 95% confidence intervals of the 

median overlap considerably, and thus it is unlikely to be a significant difference 

between the two datasets.  No significant difference is found for the coding 

region, as shown in figures 5.7a and 5.9a, whilst the length of the cDNA in 

upregulated genes (figure 5.7b and 5.9b) shows a right skew but no significant 

difference from the median of the downregulated genes. Taken together, this 

data suggests that the length of the 5’UTR is an important factor in those genes 

upregulated under EGF stimulation. 
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Figure 5.5. Average Minimum Free Energies of 5’UTR Sequences of 

Genes Upregulated and Downregulated by EGF Stimulation. Minimum 

free energy was calculated by the ViennaRNA program. Error bars represent 

95% confidence intervals.  



 

196 

 

 

 

 

-7

-5

-3

-1

1

3

5

7

1 10 100 1000 10000

Lo
g2

 F
o

ld
 C

h
an

ge

Log10 Sequence Length

-7

-5

-3

-1

1

3

5

7

1 10 100 1000 10000

Lo
g 

2
 F

o
ld

 C
h

an
ge

Log 10 Sequence Length

A 

B 

Figure 5.6. UTR Sequence Length of Genes Upregulated and Down 

Regulated by EGF Stimulation. Blue dots represent genes upregulated by 

EGF, orange dots those that are downregulated. (A) 5’UTR length, (B) 

3’UTR length.  
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Figure 5.7. Sequence Length of Genes Upregulated and Down Regulated 

by EGF Stimulation. Blue dots represent genes upregulated by EGF, orange 

dots those that are downregulated. (A) coding region length, (B) cDNA 

length.  
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and sets in motion a toxic pathway where Aβ oligomers continue activation of 

the EGFR signalling pathway.   
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Figure 5.8. UTR Sequence Length of Genes Upregulated and Downregulated by EGF 

Stimulation, Represented by Boxplot. (A) 5’UTR length, (B) 3’UTR length. Boxplot 

represents 1st quartile, median and 3rd quartile. Error bars show the inner fence, representing 1.5 

x interquartile distance (IQR). Dots represent outliers > 3x IQR. Dashes within the boxplot 

represent 95% confidence intervals of the median. 
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Figure 5.9. Sequence Length of Genes Upregulated and Downregulated by EGF 

Stimulation, Represented by Boxplot. (A) coding region, (B) cDNA. Boxplot represents 1st 

quartile, median and 3rd quartile. Error bars show the inner fence, representing 1.5 x interquartile 

distance (IQR). Dots represent outliers > 3x IQR. Dashes within the boxplot represent 95% 

confidence intervals of the median. 
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5.5 Discussion 

 

The results presented here demonstrate that EGF stimulation increases the 

translation of a network of genes associated with Alzheimer’s disease. EGF 

signalling activates a group of transcripts which are associated with the 

increased production and oligomerisation of Aβ, aggregation of tau and 

conditions thought to exacerbate AD progression – inflammation, increased 

intracellular calcium and insulin resistance. Analysing the sequence 

composition of these upregulated transcripts showed that on average they had 

longer 5’UTRs, suggesting that they would be inefficiently translated in resting 

conditions, but that EGF stimulation removes the inhibitory effect. Long 

5’UTRs are usually associated with a greater degree of secondary structure. 

However, greater secondary structure usually requires a higher GC content 

which, as has been discussed, is not the case. Long 5’UTRs may also contain 

upstream AUGs and uORFs and are particularly common in growth factors and 

their receptors and DNA binding proteins (Davuluri et al. 2000). Thus these 

mRNAs may have poor translational efficiency under resting conditions, but 

growth signals increase their efficiency. A model of the transcripts differentially 

translated by EGF stimulation and their roles in AD can be seen in figure 5.10.  

An important question is whether EGF levels are increased in AD or not. Wang 

et al showed that inhibition of EGFR removes memory loss in mice, but their 

findings suggest that oligomeric Aβ was responsible for EGFR activation in AD 

conditions (Wang et al. 2012). The transgenic mice used in the study however 

were overexpressing the Swedish mutant of APP, APPswe and PS1dE9 
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producing Aβ plaques within 4 months of age. Although regarded as a good 

model for studying AD, it is unlikely to exhibit the effects seen in the early 

phases of the disease. If inflammation occurs early in the disease then it is quite 

likely that EGF secretion occurs as part of the innate immune response. 

However, there is a lack of reports of high EGF levels in the disease. It is 

possible that EGF is secreted at a high level at the very early stage of the disease,  

The next step in studying this pathway is to validate the upregulation in 

expression of these transcripts through quantitative PCR. Further analysis could 

investigate how inhibiting the activity of each of these proteins affects Aβ 

production.  
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6. Discussion 

 

The objectives of this thesis were three-fold; to characterise the structure and the 

activation of the EGFR IRES and its potential as a therapeutic target, to analyse 

the translational profile of EGF stimulation and to create a 3-dimensional cell 

culture model for studying delivery systems for anti-sense oligonucleotides.  

 

 

Figure 5.10. Model of EGF’s Role in Alzheimer’s Disease. Green line depicts 

activation of protein.  
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6.1 The characteristics and secondary structure of the EGFR 

IRES 

 

In order to investigate the EGFR IRES, it was inserted into a bicistronic vector, 

which allows the expression of two luciferase genes from a single promoter. 

Insertion of the EGFR IRES between the two ORFs meant that the latter gene 

could only be expressed from the mRNA through ribosome binding to the IRES. 

The EGFR IRES was found to be active under serum starvation stress in U87MG 

cells but not MCF7, suggesting that IRES activation is tissue specific. 

Differential ITAF expression between the cell lines could affect IRES 

effectiveness, in a similar manner to the HIV-1 IRES (Plank, Whitehurst, and 

Kieft 2013), where ITAF binding modulates the IRES structure, allowing it to 

adopt a conformation favourable to ribosome binding.  Further evidence that 

IRES activity differs among cell types was found through deletion analysis, 

where the first 57 nts of the EGFR 5’UTR had 20% of the activity of full length, 

whereas in MCF7 the fragment had only 7% the activity. Yet it was concluded 

that the IRES is not a modular IRES, as removal of small sequences from the 5’ 

or 3’ ends of the 5’UTR reducing IRES activity significantly. In this regard, the 

EGFR IRES is similar to the L-myc IRES (Jopling et al. 2004) 

Anti-sense oligonucleotides have been utilised to block ribosomal access to the 

IRES of the hepatitis C virus (Tallet-Lopez et al. 2003) and have potential as a 

means of reducing overexpression of EGFR in disease. Targeting the EGFR 

IRES with 2’OMe oligonucleotides was found to be moderately successful, with 

a 50% reduction in expression when oligonucleotides were targeted to the 
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ribosome entry site. Unexpectedly, an oligonucleotide targeted upstream of this 

region also reduced expression, leading to the hypothesis that binding of 

oligonucleotides to any region of the 5’UTR disrupts structural arrangements 

necessary for ribosomal binding. Further tests are necessary to verify this and in 

order to rule out disruption of cap-dependent initiation. Resolving the structure 

of an IRES is important for determining its overall function and regulation and 

can be exploited to create new therapeutics. Using SHAPE, nucleotides in 

double stranded or single stranded conformations were identified and the data 

used to improve structure prediction models. A potential regulatory loop close 

to the start codon was identified, as well as a possible structural switch that may 

be regulated by binding proteins. Future experiments should evaluate the 

function of these structures, any regulatory proteins that bind to them and their 

role in IRES-mediated translation.  

 

6.2 A 3D model for studying translational control 

 

Three dimensional cell culture can bridge the gap between traditional 2d cell 

culture and animal models. Many features found in vivo, such as  extracellular 

matrices and cell to matrix interactions, are lost in 2d cell culture but can be 

better replicated using 3d cell culture systems (Pampaloni, Reynaud, and Stelzer 

2007; Mazzoleni, Di Lorenzo, and Steimberg 2009). 3d systems are also better 

models for observing the effectiveness of drug delivery systems (Marx 2006). 
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Stable cell lines expressing fluorescent transcripts with the EGFR 5’UTR 

inserted were successfully created, although only as polyclonal lines. Initial 

experiments appeared to show spherical cultures were created using ultra-low 

attachment plates but analysis revealed that cells conformed into a ‘bowl’ shaped 

culture, which appeared to consist primarily of  monolayers. Studies had 

previously shown that ultra-low attachment plates could create spheroid cultures 

from U87-MG cells (Vinci et al. 2012). Characteristically, U87-MG cells are 

highly invasive and disperse from aggregates at a rapid rate, which may explain 

the inability to create spheroids with them in this study (Sabari et al. 2011). An 

ECM analogue, such as Matrigel, may improve cell-cell cohesion and aid in 

future attempts in creating spheroids. Despite this, it was found that a stress 

gradient existed between the top and the bottom of the cell mass, with the cells 

at the bottom of the mass having less access to nutrients or oxygen, leading to 

higher EGFR IRES activity. This could make the model developed useful for 

future experiments investigating stress gradients. 

6.3 The translational profile of EGF stimulation  

 

High-throughput mRNA sequencing RNA-seq, allows for the quantification of 

the entire transcriptome for a given condition. By fractionating the mRNA 

according to their sub-polysomal or polysomal location through polysome 

profiling, differentially expressed genes could be identified. These pools of 

RNA were used as a template for reverse transcription before sequencing. There 

is little information on the effects of EGF stimulation on translational efficiency. 

The transcriptional effects of EGF stimulation have been well studied, but the 
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effects on translation have received little attention. Identifying genes that are 

translationally upregulated by EGF will aid in understanding the role of EGF in 

disease. Polysome fractionation allows for the separation of transcripts 

according to their ribosome association and can be used as a measure of 

translational activity. The functional groups enriched by EGF were identified 

through ontological clustering. EGF signalling increased the ribosomal 

association of transcripts associated with Alzheimer’s disease, as well as 

transcripts associated with conditions thought to exacerbate AD progression, 

namely: inflammation, high intracellular calcium levels and insulin resistance. 

Some of these genes have been directly connected to the production and 

oligomerisation of Aβ, and aggregation of tau. Thus our data suggests EGF 

stimulation can cause a number of the conditions associated with AD. Studies 

on whether EGF levels are increased in AD is inconclusive. (Marksteiner et al. 

2011), (Chen-Plotkin et al. 2011; Bjorkqvist et al. 2012), but oligomers of Aβ 

can activate EGFR (Wang et al. 2012) and the activation could in theory generate 

similar translational effects as EGF stimulation. If inflammation occurs early in 

the disease then EGF secretion may occur as part of the innate immune response 

(Sorensen et al. 2006). EGF stimulation may lead to overproduction of Aβ which 

could continue the signalling through EGFR binding and activation. Validation 

of this data through quantitative PCR will be necessary before further analysis 

can begin.  
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