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Abstract 

The human epidermal growth factors (EGFR and HER2-4) are tyrosine kinase 

cell surface receptors that play key roles in cell signalling, growth, and 

differentiation. However, HER2 and HER4 are commonly overexpressed in 

breast cancer contributing to breast cancer aggressiveness.   

Translational mechanisms such as internal ribosome entry sites (IRESs) and 

upstream opening reading frames (uORFs) can mediate translation of specific 

mRNA under cell stress conditions when global translation is inhibited. Cancer 

cells can be exposed to many cell stress conditions such as hypoxia and nutrient 

starvation, and such translational control mechanisms can contribute to 

overexpression of mRNAs. EGFR mRNA contains an IRES in the 5’ 

untranslated region (5’ UTR) that maintains expression of a firefly luciferase 

reporter in response to stress conditions such as hypoxia. However, it is not 

known if the 5’ UTRs of the other HER family members (HER 2-4) contain an 

IRES. Additionally, HER2 mRNA contains a repressive uORF in the 5’ UTR 

and a translational derepression element (TDE) in the 3’ UTR. However, it has 

not been investigated whether HER2 5’ UTR can mediate an increase in 

translation in response to glutamine or glucose starvation as seen for ATF4 and 

GCN4 mRNA. 

To screen for IRES activity in HER2 or HER4 5’ UTRs, bicistronic luciferase 

constructs were created that contained the 5’ UTR of HER2 or HER4 between 

two luciferase reporters. In contrast to EGFR 5’ UTR, there was no evidence of 

IRES activity in the 5’ UTRs of HER2 and HER4 in response to endoplasmic 

reticulum stress, oxidative stress, low serum conditions, a hypoxia mimic, 
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genotoxic stress, confluence stress, glutamine starvation and glucose starvation 

in MCF-7 breast cancer cells.  

Additionally, monocistronic constructs were created that contained the 5’ UTRs 

of HER2 or HER4 upstream to a single firefly luciferase reporter. In 

monocistronic constructs,  HER2 and HER4 5’ UTRs did not increase translation 

in response to glutamine or glucose starvation in MCF-7 cells. Finally, in 

contrast to a previous publication, the TDE in HER2 3’ UTR did not derepress 

translation under non-stressed conditions or additionally in response to 

glutamine or glucose starvation. 

The work in this thesis investigated the translational control of important 

oncogenes in stress conditions that are biologically relevant to cancer. Despite 

not identifying any translational control mechanisms in HER2 or HER4 5’ 

UTRs, the work in this thesis provides a promising approach for characterising 

the translational control of other important oncogenes that could provide 

potential therapeutic targets for cancer therapy in the future.  
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1. Summary  

The control of gene expression during translation is important for regulating the 

levels of protein synthesised from messenger RNA (mRNA) within a cell. 

Proteins are required for many crucial cellular processes such as cell growth, 

differentiation, homeostasis and responding to environmental stress. 

Translational regulation allows such processes to be tightly controlled 

(Krichevsky et al., 1999; Picard et al., 2013). Translational control is important 

to cancer cells as it allows cells to respond and adapt to stress conditions such 

as hypoxia and oxidative stress. This is achieved by the downregulation of global 

protein synthesis to reduce the energy burden on cells and the upregulation of 

specific mRNAs that can support cancer progression (Lang et al., 2002; Van 

Den Beucken et al., 2011; Xiao et al., 2022).  

1.1. Overview of mRNA co-transcriptional processes 

In eukaryotes, the mRNA transcript is initially transcribed from DNA into a pre-

mRNA transcript by RNA polymerase II during transcription in the nucleus 

(Fishburn et al., 2015). Co-transcriptionally, the pre-mRNA undergoes 

processing to produce a mature mRNA transcript. This involves the addition of 

the 7-methylguanosine (m⁷G) cap at the 5’ untranslated region (UTR), splicing 

out of introns, cleavage at the 3’ UTR (except histone mRNAs) and the addition 

of the poly(A)tail at the 3’ UTR (Ahuja et al., 2001; Moteki and Price, 2002; 

Brugiolo et al., 2013). The m⁷G cap is a binding site for eukaryotic initiation 

factors during translation initiation (Marcotrigiano and Gingras, 1997). The 

addition of the poly(A)tail at the 3’ UTR protects the mRNA from exonuclease 

degradation and increases mRNA stability (Ford et al., 1997). Alternative 

splicing events can occur and can involve certain exons being excluded or 
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certain introns being unspliced. This produces alternative isoforms of a single 

mRNA which can encode proteins with different functions (Grau-Bové et al., 

2018). 

1.2. Cap-dependent Translation 

The mature mRNA transcript is exported out of the nucleus and into the 

cytoplasm where translation takes place (Ashkenazy-Titelman et al., 2022). 

Translation is an important process as proteins produced from mRNA transcripts 

are essential for various cellular processes such as growth, metabolism, 

homeostasis, and structure. Many vital cellular molecules are proteins including 

enzymes, receptors, and transporters (Liebermeister et al., 2014).  

There are three main stages of translation: initiation, elongation, and 

termination. Initiation involves the joining of the 40S and 60S ribosomal 

subunits onto the mRNA initiation codon with the aid of eukaryotic initiation 

factors (Lee et al., 2002; Fringer et al., 2007). Elongation involves the delivery 

of amino acids by tRNA to the ribosome. The amino acids are linked together 

producing a growing polypeptide chain (Flis et al., 2018). Termination involves 

the release of the newly formed polypeptide from tRNA and the dissociation of 

the ribosomal subunits from the mRNA transcript (Trobro and Åqvist, 2007; 

Barthelme et al., 2011). 

1.2.1. Translation Initiation  

Cap-dependent translation is the most common mode of translation initiation 

and involves the binding of eukaryotic initiation factors known as the eIF4F 

complex (eIF4E, eIF4G, eIF4A) to 5’ end of mRNA (Preiss and Hentze, 2003). 

eIF4G is a scaffold protein that has two isoforms, eIF4GI and eIF4GII where the 
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latter isoform is less abundant (Imataka et al., 1998; Coldwell and Morley, 

2006). eIF4G can bind eIF4E at the eIF4G amino-terminal domain, eIF4A at the 

middle and carboxyl domains and PABP at the N-terminus (Imataka et al., 1997 

and 1998). eIF4E is known as the cap-binding protein and binds to the m⁷G cap 

at the 5’ end of mRNA (Marcotrigiano and Gingras, 1997). The RNA helicase 

eIF4A has three isoforms, eIF4A1, eIF4A2 and eIF4A3. eIF4A1 and eIF4A2 

have roles in translation initiation but eIF4A1 is the more dominant isoform 

whereas eIF4A3 has a role in RNA processing (Galicia-Vázquez et al., 2015; 

Mazloomian et al., 2019). In translation initiation eIF4A removes secondary 

structures on the mRNA transcript (Rozen et al., 1990). PABP interacts with the 

poly(A)tail at the 3’ end of mRNA which causes circularisation of the mRNA 

transcript (Kahvejian et al., 2005; Gu et al., 2022). 

Initiation factors, eIF1, eIF1A and eIF3 bind to the 40S ribosomal subunit. 

eIF2B converts GDP to GTP allowing GTP to bind to eIF2 (Adomavicius et al., 

2019). eIF2-GTP moves tRNAi Met to the peptidyl site (P-site) of the 40S 

ribosomal subunit to form the 43S preinitiation complex which also binds eIF5B 

(Passmore et al., 2007; Sokabe and Fraser, 2014). The 43S preinitiation complex 

then binds to the m⁷G cap at the 5’ end of mRNA which then scans the mRNA 

until the AUG codon is recognised (Lind and Åqvist, 2016). The anticodon on 

tRNAi Met base pairs with the AUG initiation codon which triggers the hydrolysis 

of GTP and the release of the initiation factors bound to the 40S ribosomal 

subunit. eIF5B is required for the hydrolysis of GTP which then leads to the 60S 

subunit being recruited to the 40S subunit to form the 80S ribosome (Figure 1.1) 

(Lee et al., 2002; Fringer et al., 2007).  
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Figure 1.1. Cap-dependent Translation Initiation. i) The binding of the eIF4F 

complex at the m⁷G cap, mRNA circularisation by PABP and formation of the 

43S preinitiation complex. ii) Recruitment of tRNAi Met to the P-site of the 40S 

ribosomal subunit by eIF2-GTP and 40S ribosomal scanning on mRNA. iii) 

AUG recognition, base-pairing of AUG with the tRNA anti-codon and release 

of initiation factors from the 40S ribosomal subunit (Image created by the author 

of this thesis).  
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1.2.2. Translation Elongation 

Eukaryotic translation elongation factors eEF1A and eEF2 are GTP binding 

proteins with important roles in translation elongation. eEF1B is an GTP 

exchange factor that provides GTP for the elongation process (Gromadski et al., 

2007). eEF1A and eEF1B are the two subunits that form the eEF1 complex. 

eEF1A is further classified into two isoforms which differ in expression levels 

in cells, eEF1A1 is widely expressed across cells whereas eEF1A2 is expressed 

mainly in specific cells such as muscle cells (Chambers et al., 1998; Doig et al., 

2013).  

Translation elongation starts with the elongation factor, eEF1A-GTP binding to 

an aminoacylated tRNA and recruiting it to the aminoacyl (A-site) of the 

ribosome. The anticodon on the aminoacylated tRNA base pairs with the codon 

on the mRNA at the A-site which triggers the release of a phosphate from GTP 

which releases eEF1A (Andersen et al., 2001; Dever and Green, 2012). The 

methionine joined to the tRNA in the P-site is transferred to the aminoacylated 

tRNA at the A-site and a peptide bond is formed between the methionine in the 

P-site and the amino acid in the A-site. Next, eEF2-GTP stimulates the 

translocation of the deacylated tRNA from the P-site into the exit site (E-site) 

whilst the tRNA joined to the amino acids moves to the P-site. This results in 

the ribosome moving one codon forward which allows a new aminoacylated 

tRNA to base pair with the mRNA codon in the A-site of the ribosome. The 

elongation process continues resulting in a growing amino acid chain (Dever et 

al., 2018; Flis et al., 2018; Djumagulov et al., 2021). 
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1.2.3. Translation Termination  

Translation termination starts when the A-site of the ribosome encounters one 

of the three stop codons (UAA, UAG or UGA) on mRNA (Inagaki and Doolittle, 

2000). Translation termination is carried out by two main eukaryotic termination 

factors eRF1 and eRF3. eRF1 contains a carboxyl terminal, a middle domain, 

and an amino-terminal domain. eRF3-GTP binds to the carboxyl terminal 

domain of eRF1 and then the amino-terminal domain of eRF1 recognises one of 

the three stop codon (Taylor et al., 2012). Then GTP is hydrolysed which moves 

the middle domain of eRF1 into the P-site of the ribosome which allows it to be 

in close proximity to the tRNA attached to the polypeptide chain in the P-site 

(Salas-Marco and Bedwell, 2004). The middle domain of eRF1 contains a GGQ 

motif that promotes nucleophilic attack of the ester bond of the tRNA in the P-

site leading to the release of the polypeptide chain. This releases eRF3 from the 

carboxyl domain of eRF1. (Trobro and Åqvist, 2007).  

ABCE1 known as the ATP binding cassette protein is in a ‘open’ conformation 

and binds to the carboxyl domain of eRF1 at the 40S and 60S ribosomal junction. 

Upon ATP binding, ABCE1 then enters a ‘close’ conformation and releases 

phosphates from two ATP molecules. The energy released from the ATP 

molecules causes the dissociation of the 40S and 60S ribosomal subunits and 

release of eRF1 and ABCE1 (Barthelme et al., 2011; Preis et al., 2014). eIF1 

and eIF1A remove tRNA from the P-site of the 40S ribosomal subunit whilst 

eIF3 releases mRNA from the 40S ribosomal subunit (Pisarev et al., 2007; 

Pisarev et al., 2010). Alternatively, eIF2D can trigger the release of tRNA in the 

P-site and the mRNA from the 40S ribosomal subunit. The splitting of the 

ribosomal subunits by ABCE1 allows them to be recycled for a new round of 
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translation (Young et al., 2018). Some 40S ribosomal subunits may not be fully 

recycled and instead remain associated with mRNA. These remaining 40S 

ribosomal subunits are able to reinitiate translation once a new eIF2-GTP-tRNAi 

Met binds to the 40S ribosomal subunit (Bohlen et al., 2019).  

Termination efficacy can be reduced by mechanisms such as stop codon 

readthrough. This involves translating ribosomes not recognising the stop codon 

and instead continuing translation which can result in the production of extended 

protein isoforms. The nucleotide sequence surrounding the stop codon and in 

particularly the nucleotide immediately after the stop codon (the 4th base) can 

influence the termination efficiency (Mccaughan et al., 1995). Termination 

signals with a purine as the 4th base have a stronger termination efficiency and 

are more frequently occur as a termination signal than pyrimidines bases which 

are more likely to result in stop codon readthrough (Mccaughan et al., 1995).  

Additionally, the amino acid selenocysteine is encoded by the stop codon UGA. 

mRNAs containing a selenocysteine insertion sequence (SECIS) will encode for 

selenocysteine when the UGA is encountered whereas most mRNAs without the 

SECIS recognise the UGA as a stop codon and terminate translation (Korotkov 

et al., 2002). 

1.3. Translational Control of Global Protein Synthesis 

Translation is an energy demanding process that is tightly regulated. The 

downregulation of global protein synthesis in response to environmental stress 

stimuli reduces the energy demand of the cell and helps the cell recover from 

the stress stimuli. Most translational control of global protein synthesis occurs 

at the initiation phase by the phosphorylation of eukaryotic initiation factors. 
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However, some control of general translation rates can occur during translation 

elongation and termination (Buttgereit and Brand, 1995; Segev and Gerst, 2018).  

1.3.1. Regulation of Translation Initiation Factors  

1.3.1.1. eIF2α Phosphorylation 

The phosphorylation of eIF2α is a key regulator of translation initiation. eIF2α 

is phosphorylated at serine 51 in response to cellular stress. This reduces the 

formation of the ternary complex and thus prevents the formation and 

recruitment of the 43S preinitiation complex to the mRNA 5’ UTR (Zhou et al., 

2008). There are four main kinases, protein kinase R (PKR), PKR-like ER kinase 

(PERK), general control nonderepressible 2 (GCN2) and heme-regulated 

inhibitor (HRI) that are activated by known stress signals. The activation of these 

kinases leads to eIF2α phosphorylation and inhibition of global translation 

which is important so that cells can conserve energy for essential survival 

pathways (Taniuchi et al., 2016).  

GCN2 is activated in response UV radiation, oxidative stress, viral infection and 

accumulation of uncharged tRNA in response to amino acid starvation (Dong et 

al., 2000; Zhang et al., 2002; Won et al., 2012; Anda et al., 2017). PERK is 

mainly activated in response to endoplasmic reticulum (ER) stress (Harding et 

al., 2000a). HRI is activated in response to heme deprivation, osmotic stress and 

heat shock (Fagard and London, 1981; Lu et al., 2001). PKR is mainly activated 

in response to double-stranded RNA (dsRNA) mainly in response to viral 

infections (Elde et al., 2009). 

When the α subunit of eIF2 is phosphorylated, eIF2α-(P)-GDP binds to the 

eIF2B guanine exchange factor. This inhibits the activity of eIF2B which 
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reduces the concentration of eIF2-GTP needed to form the ternary complex 

resulting in a reduction in general protein synthesis rates (Bogorad et al., 2017).  

1.3.1.2. Regulation of eIF4E  

Serine/threonine kinases, Erk 1/2 and MAPK14 activate MKNK1a and 

MKNK2a in response to stress and mitogenic stimuli (Lee et al., 1994; Graves 

et al., 1996). MKNK1a and MKNK2a interact with eIF4G which then allows 

MKNK1a and MKNK2a to phosphorylate eIF4E at serine 209 (Pyronnet et al., 

1999; Ueda et al., 2004; Shveygert et al., 2010). The phosphorylation of eIF4E 

decreases it binding to the m⁷G cap, but this is thought to take place after the 

formation of the eIF4F. Thus phosphorylation of eIF4E allows the release of the 

components of the eIF4F complex allowing these factors to be available to carry 

out translation initiation (Scheper et al., 2002). eIF4E phosphorylation can 

increase cancer cell progression by enhancing the translation of cancer 

associated genes such as MYC, the apoptosis inhibitor BIRC2 and vascular 

endothelial growth factor C (VEGFC) (Furic et al., 2010; Ruan et al., 2020). 

Additionally, eIF4E phosphorylation can increase cancer cell survival in 

response to various stress conditions such as oxidative stress, glutamine 

starvation and glucose starvation (Martínez et al., 2015). 

The mammalian target of rapamycin (mTOR) activity is regulated by growth 

factor and nutrient availability and is important for regulating translation which 

can affect cell proliferation (Sancak et al., 2008; Hsu et al., 2011). The activity 

of the translation inhibitor 4E-BP is regulated by mTOR. 4E-BP can bind to 

eIF4E blocking the recruitment of eIF4G to eIF4E (Pause et al., 1994; Poulin et 

al., 1998). Under non-stressed conditions, 4E-BP is phosphorylated by the 

mTOR which reduces the binding of 4E-BP to eIF4E which allows translation 
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initiation (Gingras et al., 1999). Under stress conditions such as viral infections, 

4E-BP phosphorylation is reduced which increases the binding of 4E-BP to 

eIF4E therefore decreasing cap-dependent translation (Haghighat et al., 1995; 

Patel et al., 2002; Salaün et al., 2003; Mazor et al., 2018).  

1.3.2. Regulation of Translation Elongation and Termination Factors 

Translation elongation can be controlled by the phosphorylation of elongation 

factors which can increase or reduce overall translation rates. Type I TGF-β 

receptor (TβR-I) can phosphorylate eEF1A at serine 3000 which prevents the 

binding of eEF1A to the aminoacylated tRNA. This prevents translation 

elongation and cell proliferation (Lin et al., 2010). Alternatively, the 

phosphorylation of eEF1 by multipotential S6 kinase splits eEF1 into its 

respective subunits (eEF1A and eEF1B) which are then able to carry out their 

roles in translation elongation (Chang and Traugh, 1998).  

eEF2 can be phosphorylated at threonine 56 by eEF2 kinase (eEF2K) which 

inhibits eEF2 translocase activity (Ovchinnikov et al., 1990). Additionally, 

phosphorylation of eEF2 by cyclin A-cyclin-dependent kinase 2 at serine 595 

enhances eEF2K activity (Hizli et al., 2013). eEF2K can be regulated by 

nutrient, growth factor and mitogenic status and is activated in response to stress 

stimuli or starvation conditions by AMP-activated protein kinase (AMPK) 

(Redpath et al., 1996; Leprivier et al., 2013; Sanchez et al., 2019). 

The expression levels of the termination release factor eRF1 has been shown to 

be controlled by an autoregulatory feedback loop in yeast and plants. The 

mechanism involves stop codon readthrough which is regulated by near cognate 

or suppressor tRNAs. For instance, high expression of eRF1 reduces stop codon 
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readthrough of eRF1 mRNA and triggers non-sense mediated decay that results 

in a lower expression of eRF1. In response to low levels of eRF1 stop codon 

readthrough can occur. This prevents non-sense mediated decay which allows 

translation of eRF1 mRNA (Stansfield et al., 1996; Betney et al., 2012; Nyikó 

et al., 2017).  

1.4. Translational Control: mRNA-specific mechanisms 

The regulation of specific mRNAs is important for various biological processes 

such as early embryotic development, cell differentiation that allows cells to be 

specialised for a particular function and for local translation in neurons that is 

important for synaptic function (Seli, 2009; Donlin-Asp et al., 2021; Martin et 

al., 2022). In addition to regulating global translation rates, cell stress can 

upregulate the translation of specific mRNAs that are needed for cells to rapidly 

respond and survive in response to stress stimuli (Xiao et al., 2022).  

The mature mRNA contains a coding sequence flanked by a 5’ and 3’ UTR 

containing the respective m⁷G cap and poly(A)tail. The translation of specific 

mRNAs can be regulated by motifs or proteins in the 5’ or 3’ UTRs such as 

internal ribosome entry sites (IRESs), RNA-binding proteins (RBPs) and 

upstream open reading frames (uORFs) (Huez et al., 1998; Cava et al., 2022; 

Nelde et al., 2022). These motifs can affect translation and mRNA stability and 

are often found in genes involved in diseases such as cancer (Guan et al., 2014).  

The average length of a 5’ UTR is 100-200 nts and it is thought that longer 5’ 

UTRs have reduced translation efficiency (Chappell et al., 2006; Paek et al., 

2015; Karollus et al., 2021). The 3’ UTR length can vary from hundreds to 

thousands of nts with an average length of ~1000 nts (Hendrickson et al., 2009; 
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Kotagama et al., 2015). In addition, different isoforms of a gene produced by 

alternative splicing or alternative polyadenylation can produce mRNA with 

different 5’ UTR or 3’ UTR lengths. Alternative isoforms can be regulated 

differently which can have an effect on translation and mRNA stability which 

can impact the function of a protein (Wang et al., 2008; Resch et al., 2009; 

Zheng et al., 2018). 

1.4.1. Internal Ribosome Entry Site-Mediated Translation  

IRESs are cis-acting RNA elements present in the 5’ UTR of certain viral or 

cellular mRNA transcripts. IRESs internally recruit the 40S ribosomal subunit 

onto the mRNA transcript which can bypass the m⁷G cap structure under stress 

conditions when global translation rates are reduced (Figure 1.2). IRESs are 

diverse in structure, sequence, and requirements for eukaryotic initiation factors 

and IRES trans-acting factors (ITAFs) (Chamond et al., 2014). IRESs were first 

discovered in viral mRNA and are important for some viruses as they allow the 

translation of viral proteins in the host cell when global translation is inhibited 

(Jang et al., 1988; Pelletier and Sonenberg, 1988). Later, IRESs were discovered 

in some cellular mRNAs and are essential for the synthesis of proteins required 

for the cell to respond to stress stimuli (Macejak and Sarnow, 1991).  

 

Figure 1.2. IRES-mediated Translation. Direct recruitment of the 40S 

ribosomal subunit bypassing the m⁷G cap structure of capped mRNAs under cell 

stress conditions with the aid of ITAFs (Image created by the author of this 

thesis).  

 



15 
 

1.4.1.1. Viral IRESs 

IRESs were first discovered in the mRNAs of poliovirus (PV) and 

encephalomyocarditis (EMCV) which belong to the picornavirus family. 

Picornaviruses do not contain the m⁷G cap structure but polioviruses do contain 

a VPg peptide bound to the 5’ UTR of their mRNA (Jang et al., 1988; Pelletier 

and Sonenberg, 1988). However, some viruses use the host cell capping 

machinery to cap their 5’ UTRs such as retroviridae viruses (Wilusz, 2013).  

Viruses also require the host cells translational machinery to produce viral 

proteins. Viruses often cleave eukaryotic initiation factors in the host cells such 

as components of the eIF4F complex, eIF4G and eIF4A. Therefore, leading to 

inhibition of protein synthesis in the host cell (Gingras et al., 1996; Belsham et 

al., 2000; Glaser and Skern, 2000; Zaborowska et al., 2012). IRESs elements 

naturally allow translation of uncapped viral mRNAs but can also allow the 

translation of capped viral mRNAs during conditions when global protein 

synthesis of the host cell is inhibited such as during viral infections (Herbreteau 

et al., 2005; Chamond et al., 2014).  

1.4.1.2. Classification of Viral IRESs 

The majority of viral IRESs are categorised into four main classes based on 

differences in structure, recruitment of the 40S ribosomal subunit and 

requirements for eukaryotic initiation factors. Class I IRESs are mainly found in 

picornavirus such as PV, human rhinovirus (HRV) and enterovirus 71 (EV71) 

and have five major domains (II-VI) (Sweeney et al., 2014). Class II IRESs are 

also found in picornavirus such as EMCV, foot-and-mouth disease virus 

(FMDV) and Theiler’s murine encephalomyelitis virus (TMEV) (Yu et al., 

2011). Class II IRESs have five major domains designated H-L. Class I and II 
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IRESs contain a Yn-Xm-AUG motif, which consists of a pyrimidine-rich tract 

that is 8-10 nts (Yn) separated by a intergenic region of 18-20 nts (Xm) (De 

Breyne et al., 2009; Yu et al., 2011).  

Class I and II IRESs require most eukaryotic initiation factors except for the cap-

binding protein eIF4E. eIF4G binds to domain V for class I IRESs and between 

domains J-K for class II IRESs and stimulates eIF4A activity which restructures 

the IRES (De Breyne et al., 2009; Yu et al., 2011; Sweeney et al., 2014). For 

class I IRESs the binding of eIF3 to eIF4G enhances IRES activity. The 40S 

ribosome is recruited upstream of the initiation codon and is required to scan 

downstream of the mRNA until the initiation codon is reached (De Breyne et 

al., 2009; Sweeney et al., 2014; Asnani et al., 2016). Whereas for class II IRESs 

the 40S ribosome is directly recruited to the initiation codon (Yu et al., 2011).  

Class III IRESs include members of the flaviviridae, hepatitis C and swine fever 

virus but also some members of the picornavirus including porcine enterovirus 

8 and porcine teschovirus type 1 (Chard et al., 2006; Friis et al., 2012). This 

class of IRESs require a smaller number of eukaryotic initiation factors, eIF2, 

eIF3 and eIF5 and contains three main domains (II, III and IV). Domain III 

contains stem-loop structures and a pseudoknot that binds eIF3 (Woo et al., 

2012). Additionally, domain III contains a triple C motif that complementary 

base pairs with the 18S ribosomal RNA on the 40S ribosomal subunit. Domain 

II then facilities direct recruitment of the 40S ribosome to the AUG codon which 

is situated in domain IV (Malygin et al., 2013).  

Class IV IRESs are members of the dicistroviridae family such as cricket 

paralysis virus (CrPV). This class of IRESs do not require eukaryotic initiation 
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factors to start translation but the IRES is contained within an intergenic region 

which directly recruits the 40S ribosomal subunit (Fernández et al., 2014; 

Murray et al., 2016). For example, the CrPV IRES is highly structured and 

contain three pseudoknots (I, II and III) as well as stem-loop structures. CrPV 

IRES undergoes translocation by eEF2 which situates pseudoknot I into the P-

site of the 40S ribosomal subunit instead of tRNAi Met. Translation then takes 

place from the mRNA codon situated in the A-site of the 40S ribosomal subunit 

(Fernández et al., 2014). 

1.4.1.3. Cellular IRESs 

After the discovery of viral IRESs, an IRES was then discovered in the cellular 

mRNA of the immunoglobulin heavy-chain binding protein (BiP) (Macejak and 

Sarnow, 1991). IRESs have been found in other cellular mRNAs that are needed 

for cell survival and cell growth and many of which are involved in cancer 

progression. IRESs have been found in the mRNA 5’ UTR of stress response 

genes (TP53 and BiP) (Macejak and Sarnow, 1991; Khan et al., 2015), growth 

factors (VEGF and fibroblast growth factors (FGF)) (Miller et al., 1998; Allera-

Moreau et al., 2007), growth factor receptors (insulin-like growth factor 1 

receptor (IGF-IR), insulin receptor (IR) and epidermal growth factor receptor 

(EGFR)) (Giraud et al., 2001; Spriggs et al., 2009; Webb et al., 2015) and genes 

involved in cell division (MYC) (Cécile Nanbru et al., 1997).  

IRESs are active in response to specific stress signals, for example, VEGF IRES 

is active in response to hypoxia and glutamine starvation (Abcouwer et al., 2002; 

Bornes et al., 2007), TP53 IRES functions in response to glucose starvation and 

genotoxic stress (Khan et al., 2015; Ji et al., 2017), FGF IRES is active in 

response to oxidative stress, hypoxia and ER stress (Conte et al., 2008; Argüelles 
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et al., 2014; Philippe et al., 2016) and MYC IRES is active in response to 

hypoxia, genotoxic stress and ER stress (Subkhankulova et al., 2001; Shi et al., 

2016). 

The RNA structure and sequence of cellular IRES lacks conservation therefore 

the presence of cellular IRESs cannot be accurately predicted based on structure 

or sequence (Xia and Holcik, 2009). For example, FGF-1 IRESs have distinct 

structure and sequences from the FGF-2 IRES. FGF-1 contains a PTB and Unr 

binding motif but FGF-2 lacks these motifs but does contain a hnRNP A1 motif 

(Bonnal et al., 2003; Conte et al., 2009).  

The structure of the well-established MYC IRES contains two highly structured 

domains. Domains one and two both contains internal loop structures but 

domain one also contains two pseudoknots. Ribosomes bind to a region 

downstream of the pseudoknots in domain one and scan along the mRNA until 

the initiation codon is reached (Cécile Nanbru et al., 1997; Le Quesne et al., 

2001).  

Bicistronic reporter constructs have been used to establish the presence of IRESs 

where translation of the downstream reporter gene can only take place if the 

inserted 5’ UTR within the intercistronic region contains an IRES (Van Eden et 

al., 2004).There have been doubts over the existence of cellular IRESs due to 

the possibility of expression of the downstream cistron occurring via alternative 

splicing or a cryptic promoter which would also produce a monocistronic mRNA 

(Kozak, 2001, 2005). After discovering a putative IRES based on the expression 

of the downstream cistron, the use of a promoterless vector is an important 

control which would rule out the possibility of a cryptic promoter. There should 
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be no expression from a promoterless vector if an actual IRES is present (Oltean 

and Banerjee, 2005; Shi et al., 2005). RNA analysis using RT-qPCR can be 

conducted to rule out alternative splicing to demonstrate that an IRES is present 

in the bicistronic transcript (Van Eden et al., 2004; Kang et al., 2013). The 

inclusion of the controls mentioned has provided strong evidence for the 

presence of IRESs in cellular mRNAs such as TP53, JUN, IR, FGF-2 and MYC 

(Nanbru et al., 1997; Stoneley et al., 1998; Créancier et al., 2001; Ray et al., 

2006; Yang et al., 2006; Audigier et al., 2008; Spriggs et al., 2009; Blau et al., 

2012).  

1.4.1.4. IRES Trans-acting Factors (ITAFs) 

ITAFs are RNA-proteins that can enhance IRES activity or in some cases inhibit 

IRES activity. Many ITAFs have additional functions in gene expression such 

as HuR and PSF, which are involved in mRNA stability and pre-mRNA splicing 

respectively. The function of an ITAF depends on the specific mRNA as well as 

the cell stress stimuli (Wang et al., 2000; Peng et al., 2006; Lin et al., 2015; 

Dave et al., 2017). 

ITAFs can alter the IRES structure to facilitate or inhibit recruitment and binding 

of the 40S ribosomal subunit as well as stabilising the preinitiation complex (Shi 

et al., 2016; Strand et al., 2021). For instance, TCP80 and RNA helicase A are 

ITAFs that unwind the TP53 IRES which increases TP53 translation in response 

to genotoxic stress (Halaby et al., 2015). Whereas, nucleolin can strengthen the 

secondary structures of the TP53 IRES preventing translation of TP53 mRNA 

(Takagi et al., 2005). Additionally, the nuclear protein, BANP is an ITAF that 

binds to TP53 and enhances its expression in response to glucose starvation 

(Khan et al., 2015).  
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Eukaryotic initiation and elongation factors are important ITAFs for class I, II 

and III viral IRESs (Section 1.4.1.2.) as well as for some cellular IRESs. For 

example, IRESs of the MYC family (MYCL, MYCN and MYC) differ in their 

requirement for eukaryotic initiation factors however, they all commonly bind 

eIF4G and eIF3 (Spriggs et al., 2009).  

1.4.2. Upstream Open Reading Frames 

Upstream open reading frames (uORFs) are short open reading frames present 

in the 5’ UTR of some mRNAs that contain a stop and start codon upstream to 

the main ORF on mRNA. uORFs usually repress translation of the downstream 

coding region thus negatively regulate translation (Vattem and Wek, 2004; 

Sundaram and Grant, 2014). uORFs commonly modulate translation of genes 

involved in the cellular response to stress (Vattem and Wek, 2004; Gameiro and 

Struhl, 2018; McGillivray et al., 2018; Moro et al., 2021). Ribosome stalling 

can occur at some uORFs which blocks scanning ribosomes from reaching the 

downstream initiation codons and causes scanning ribosomes to dissociate 

(Gaba et al., 2001; Bottorff et al., 2022). The length of the uORF can influence 

ribosome reinitiation after translation of the uORF as longer uORFs have 

reduced reinitiation efficacy than shorter uORFs (Berkhout et al., 2011).  

Additionally, uORFs have been found within some cellular IRESs such as 

VEGFA and cationic amino acid transporter (SLC7A1) mRNA. VEGFA has two 

IRESs and a uORF located within the first IRES that negatively regulates 

translation of the VEGFA-121 isoform (Bastide et al., 2008; Arcondéguy et al., 

2013). Alternatively, SLC7A1 contains an uORF located within its IRES that 

modulates the structure of the 5’ UTR to enable IRES-mediated translation 

(Fernandez et al., 2001, 2005; Yaman et al., 2003).  
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A classic example of uORF mediated regulation is the translation of GCN4 that 

encodes a transcription factor in the yeast species, Saccharomyces cerevisiae in 

response to amino acid starvation. There are four uORFs in GCN4 5’ UTR. In 

non-stressed conditions ribosomes translate the first uORF on GCN4 mRNA and 

then ribosomes reinitiate translation at the second to fourth uORFs on GCN4 

mRNA which inhibits translation at the downstream GCN4 coding region. In 

particularly, the 10 nts downstream of the stop codon on GCN4 uORF4 are 

important for the inhibitory effects on translation (Miller and Hinnebusch, 

1989). In nutrient stress conditions such as glucose or glutamine starvation, there 

is a general decrease in global translation which results in the phosphorylation 

of eIF2α (Yang et al., 2000; Mcfarland et al., 2020). This decreases the 

availability of the ternary complex which results in ribosomes taking longer to 

acquire and bind to the ternary complex therefore are likely to scan pass the 

second-fourth uORFs on GCN4 mRNA. This leads to ribosomes to reinitiate at 

the GCN4 coding region leading to an increase in GCN4 translation (Figure 1.3) 

(Sundaram and Grant, 2014; Anda et al., 2017). 

The regulation of human ATF4 mRNA by uORFs is a well-known example of 

uORF regulation in mammalian cells in response to nutrient starvation. ATF4 

mRNA contains two uORFs which regulate the translation of the gene. The first 

uORF encodes a three amino acid polypeptide whereas the second uORF 

encodes a 59 amino acid polypeptide that overlap the first 83 nucleotides of the 

ATF4 coding sequence. Reinitiation occurs at the second uORF of ATF4 after 

translation of the first uORF under normal conditions. Similar to GCN4, ATF4 

translation is regulated by its uORFs in response to glucose or glutamine 

starvation (Siu et al., 2002; Chen et al., 2014; Han et al., 2021b; Chen et al., 
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2022). In glucose or glutamine starvation conditions, the reduction in the ternary 

complex results in ribosomes bypassing the second uORF and translating the 

ATF4 coding region which increases translation of ATF4 mRNA (Figure 1.3) 

(Vattem and Wek, 2004; Martín-Pérez et al., 2014; Sundaram and Grant, 2014).  
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Figure 1.3. Translational control via uORFs. Translation of the main open reading frame (ORF) of GCN4 and ATF4 in response 

to nutrient starvation. Translation of GCN4 and ATF4 is repressed under non-stressed conditions when eIF2α-GTP is high and eIF2α 

phosphorylation is low (eIF2α-P). Under nutrient deprivation when eIF2α-GTP is low and eIF2α-P is high, the translation of GCN4 

and ATF4 is increased (Image created by the author of this thesis). 
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1.4.3. RNA Binding Proteins 

RBPs have various roles in gene expression including regulating translation and 

RNA stability. RBPs contain RNA binding domains (RBDs) which enables 

RBPs to recognise RNA sequences in the 5’ or 3’ UTR and sometime in the 

coding region of mRNAs. RNA recognition motif (RRM) is one of the most 

common RBD that contains approximately 90 amino acids (Nowacka et al., 

2019; Liu et al., 2021a). Examples of other RBDs include, K-homology domain 

(KH) (Grishin, 2001), zinc finger domain (Krishna et al., 2003), DEAD-helicase 

domain and the double-stranded RNA binding motif (Vukovic et al., 2014; 

Talwar et al., 2017).  

RBPs that interact with IRESs in the 5’ UTR of mRNA are called ITAFs. Some 

can increase or decrease translation depending on the specific mRNA and the 

cellular conditions. For example, the polypyrimidine tract-binding protein 

(PTB) contains four RRM domains and can remodel the RNA structure and can 

increase translation of mRNAs such as TP53 and APAF1 or decrease translation 

of certain mRNA such as BiP (HSPA5) (Kim et al., 2000; Mitchell et al., 2003; 

Grover et al., 2008).  

1.4.4. Iron Response Elements 

Iron-response elements (IREs) are ~30 bp RNA structures present in the 5’ UTR 

or 3’ UTR of mRNAs involved in iron metabolism for example IREs are found 

in the 5’ UTR of ferritin and the 3’ UTR of transferrin. IREs have a conserved 

stem-loop structure and are recognised by iron regulatory proteins (IRP), IRP1 

and IRP2. The iron status of the cell is important for determining the translation 

of mRNAs containing a IRE in the 5’ UTR (Philpott et al., 1994; Addess et al., 

1997).  
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For example, in low iron conditions, IRP can bind to the IRE located in the 5’ 

UTR of ferritin mRNA. This blocks the binding of the 43 preinitiation complex 

onto mRNA thereby reducing translation of ferritin which increases iron uptake 

in cells (Gray and Hentze, 1994). When iron levels are plentiful, iron binds to 

IREs which induces a conformational change in the mRNA which enhances the 

binding of eIF4F to the IRE leading to an increase in the translation of ferritin 

to store excess iron (Ma et al., 2012; Garza et al., 2020).  

1.4.5. MicroRNAs 

MicroRNAs (miRNAs) are small non-coding RNAs that most commonly 

interact with the 3’ UTR of a gene to inhibit translation and reduce mRNA 

stability by inducing mRNA degradation (Iliopoulos et al., 2009). Although 

some miRNAs can interact with the mRNA 5’ UTR or coding regions 

(Kloosterman et al., 2004; Ørom et al., 2008). 

The mature miRNAs are produced from primary miRNAs in the nucleus (Lee et 

al., 2004). A common pathway for the biogenesis of miRNAs involves the 

recognition of primary miRNAs by a protein called DGCR8. The ribonuclease 

III enzyme, Drosha can then associate with DGCR8 and cleaves the primary 

miRNA at the RNA hairpin site producing a 2 nt 3’ overhang on the primary 

miRNA (Han et al., 2004; Zeng et al., 2005). The precursor miRNA is then 

transported to the cytoplasm by exportin 5 where the miRNA is recognised by 

Dicer which cleaves the stem-loop of the miRNA into a shorter miRNA. 

Argonaute2 (AGO2) interacts with Dicer and unwinds the miRNA and one 

strand is released. The remaining guide strand of the miRNA and AGO2 form 

part of the RNA-induced silencing complex (RISC). The miRNA guides the 
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RISC to the target mRNA by partial complementary base-pairing (Yi et al., 

2003; Han et al., 2004; Okamura et al., 2004).  

GW182 is a scaffold protein that is recruited to RISC and recruits other proteins 

such as PAN2-PAN3, CCR4-NOT and PABP (Braun et al., 2011; Huntzinger et 

al., 2013). In the context of translation, CNOT1 a component of CCR4-NOT 

can interact with eIF4A2 (Wilczynska et al., 2019). eIF4A2 can bind to the 5’ 

UTR of target mRNAs and induce inhibition of translation initiation. 

Additionally, a reduction in global translation can be carried out in a miRNA-

mediated manner. For instance, CNOT1 can also bind to DDX6 which can 

associate with the 4E-transporter. The 4E-transporter can bind to eIF4E 

preventing the interaction of eIF4E and eIF4G that is required for translation 

initiation (Kamenska et al., 2016).  

1.5. Breast Cancer 

Breast cancer is one of the most prevalent cancers and one of the world’s leading 

causes of death in women (Wild et al., 2020). Breast cancer arises from 

uncontrolled cell division of the epithelial cells in the breast tissue that form a 

malignant lump with the potential to metastasise to other areas of the body 

(Elenbaas et al., 2001).  

The hormone oestrogen can bind to oestrogen receptors (ESR1 and ESR2) in 

breast cells which dimerise and bind to oestrogen responsive elements in the 

DNA of oestrogen response genes. This can activate transcription factors and 

mediate cell growth signalling (Powell and Xu, 2008; Sanchez et al., 2010). 

Oestrogen can activate cell growth signalling via the mitogen-activated protein 

kinase pathway (MAPK) and in addition this pathway can increase oestrogen 
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signalling. Dysregulation of oestrogen signalling, and increased oestrogen levels 

can contribute to breast cancer (Atanaskova et al., 2002).  

Women have a higher risk of developing breast cancer due to females having 

higher oestrogen levels than males (Al-Ajmi et al., 2018). There are several risk 

factors for developing breast cancer including obesity due to adipose tissue 

releasing high amounts of oestrogen, high alcohol consumption as alcohol can 

increase oestrogen metabolism and germline mutations in the tumour suppressor 

genes, BRCA -1 and -2 (Savolainen-Peltonen et al., 2014; Jung et al., 2016; 

Wang et al., 2018b; Laforest et al., 2020). In addition, to obesity and high 

alcohol consumption, other environmental causes such as exposure to toxic 

chemicals, pollutants and ionising radiation can increase the risk of breast cancer 

(Wolff and Weston, 1997). Additionally, the risk of breast cancer can increase 

with age due to an increased potential to accumulate somatic mutations over 

time, however breast cancer is still detected in many women below the age of 

40 for example due to germline mutations (Brinton et al., 2008; Milholland et 

al., 2015).  

1.5.1. Molecular Subtypes 

Breast cancer can be categorised into four main molecular subtypes, luminal A, 

luminal B, HER2-positive and triple-negative breast cancer (TNBC) (TNBC is 

also referred to as basal-like). Luminal A is the most common breast cancer 

subtype and is positive for ESRs and progesterone receptors (PR) and has low 

or negative expression of the growth factor receptor, HER2 (Poudel et al., 2019). 

However, high oestrogen signalling can increase HER2 expression in MCF-7 

breast cancer cells that is classified as luminal A (Lattrich et al., 2008). Luminal 

B is also positive for ESRs, PRs and contains elevated HER2 levels. The luminal 
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B breast cancer cells have higher proliferation rates than luminal A breast cancer 

cells (Ahn et al., 2015; Jääskeläinen et al., 2020). TNBCs are negative for ESRs, 

PRs and HER2 (Perou, 2011). A high proportion of TNBCs are mutant for TP53 

caused by missense mutations. Additionally, TNBCs frequently contain high 

expression of receptor tyrosine kinases, EGFR, HER3 and KIT (Keam et al., 

2011; Darb-Esfahani et al., 2016; Ogden et al., 2020). TNBCs are very 

aggressive and have poor prognosis as they cannot be treated by hormone or 

HER2-targeted therapies (Perou, 2011). HER2-positive breast cancer accounts 

for 15-20% of breast cancer cases and is an aggressive form of breast cancer 

with a poor prognosis. HER2-positive breast cancers contain high levels of the 

HER2 protein and MYC (Guarneri et al., 2010). MYC and other oncogenes are 

also commonly detected in the other breast cancer subtypes (Singhi et al., 2012). 

In addition, the angiogenesis mediator, VEGF is highly expressed in luminal B, 

TNBCs and HER2-positive breast cancers (Liu et al., 2011).  

1.5.2. Examples of stress-induced translational control in cancer 

Cancer cells are exposed to various stress conditions such as hypoxia, oxidative 

stress, nutrient starvation, and ER stress. As mentioned previously (Section 

1.3.1.1.), eIF2α is phosphorylated in response to cell stress conditions causing a 

reduction in global translation (Taniuchi et al., 2016). However, the translation 

of mRNAs containing IRESs or uORFs can trigger stress response pathways to 

allow cancer cells to adapt and survive in response to stress therefore such 

translational control mechanisms can support breast cancer cell progression 

(Braunstein et al., 2007; Sundaram and Grant, 2014). However, depending on 

the severity of the stress and if the stress response is ineffective then apoptosis 

can be triggered (Cano-González et al., 2018).  
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For example, ER stress is caused by the accumulation of misfolded and unfolded 

proteins which can be triggered by various stress conditions such as hypoxia, 

oxidative stress, glucose starvation and glutamine starvation. ER stress activates 

the unfolded response pathway (UPR) and PERK is one of the main proteins of 

the UPR. PERK phosphorylation of eIF2α causes a decrease in global protein 

synthesis which helps reduce the ER workload and the further accumulation of 

unfolded proteins (Shi et al., 2016; Han and Wan, 2018). Additionally, PERK 

activates ATF4 whose translation is mediated by uORFs in the ATF4 5’ UTR 

(Section 1.4.2.). ATF4 coordinates the cells response to stress by upregulating 

genes involved in amino acid uptake and metabolism (Harding et al., 2003; 

Torrence et al., 2021). ATF4 can increase cell proliferation and migration in 

some HER2-positive breast cancers (Zeng et al., 2019). However, ATF4 has 

also been shown to induce pro-apoptosis proteins TRAIL-R2 and capase-8 in 

some HER2-positive breast cancers (Martín-Pérez et al., 2014).  

HIF-1α 5’ UTR contains an IRES that can allow it to be translated in hypoxic 

conditions when global translation is downregulated. HIF-1α dimerises with 

HIF-1β in the nucleus to form HIF-1. HIF-1 then binds to hypoxia responsive 

elements (HREs) and induces the transcription of hypoxia responsive genes 

(Ebert and Bunn, 1998). HIF-1 can upregulate many genes that promote cancer 

cell growth and progression. For example, HIF-1 can bind to the promoter of 

VEGF (Yoshiji et al., 1997; Konecny et al., 2004; Hu et al., 2016a). 

Furthermore, VEGF 5’ UTR contains two IRESs that also stimulate translation 

of VEGF mRNA during hypoxic conditions. VEGF helps provide cancer cells 

with new blood vessels to help supply nutrients and oxygen to cancer cells to 

aid their growth and survival (Liu et al., 2011).  
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1.6. Human Epidermal Growth Factor Receptors 

The human epidermal growth factor receptors (HERs), HER2 (EGFR2/ERBB2) 

and HER4 (EGR4/ERBB4) are tyrosine kinases cell surface receptors. They are 

members of the epidermal growth factor family which also includes EGFR 

(HER1/ERBB1) and HER3 (EGFR3/ERBB3). The HERs are responsible for 

healthy cell signalling, growth, and differentiation. They transduce extracellular 

signals to promote cell proliferation and survival via two main downstream 

signalling pathways which are the MAPK and the phosphoinositide 3-kinase 

(PI3K) pathways. Dysregulation of the HER receptors are commonly seen in 

many cancers including breast cancer (Zhou and Hung, 2003; Wolf-Yadlin et 

al., 2006).  

1.6.1. Structure  

HERs contain an extracellular region, a transmembrane domain that spans the 

plasma membrane, an intracellular domain containing a juxtamembrane, 

tyrosine kinase domain and a carboxy-terminal region (Martin-Fernandez et al., 

2019). The extracellular domain contains four subdomains (I-IV). Domains I 

and III of the extracellular regions are ligand binding domains and domains II 

and IV are cysteine rich regions (Ogiso et al., 2002). The juxtamembrane region 

contains receptor trafficking signals and a calmodulin binding site (Martín-Nieto 

and Villalobo, 1998; Choowongkomon et al., 2005). The tyrosine kinase domain 

contains a N-terminal and C-terminal region that contain ATP binding sites (Lee 

et al., 2006; Galdadas et al., 2021). The C-terminal tail contains tyrosine kinase 

residues that are phosphorylated upon receptor activation (Kovacs et al., 2015).  
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1.6.2. Isoforms 

There are multiple mRNA transcript variants of HER2 (ERBB2), Figure 1.4 

shows the schematics of multiple human HER2 transcripts that includes the 5’ 

UTR, exon regions and 3’ UTR. A number of HER2 isoforms have been 

described in the literature and are produced by alternative splicing, alternative 

initiation of translation or proteolytic cleavage. These include delta-16-HER2, 

HER2-p100, herstatin, HER2-pI9, HER2-pI12 and HER2 carboxyl-terminal 

fragments (CTFs) also referred to as p95-HER2 (Figure 1.5) (Pedersen et al., 

2009; Yang et al., 2022) . Delta-16-HER2 is produced from the deletion of exon 

16 in the extracellular domain. This results in unpaired cysteine residues that 

lead to increased strength of HER2 dimers (Volpi et al., 2019). p100-HER2 

results from inclusion of intron 15 that contains a premature termination codon 

resulting in a HER2 protein with only an extracellular domain. p100-HER2 

interferes with dimer formation and is associated with inhibition of cancer cell 

growth (Aigner et al., 2001). Herstatin is produced from the inclusion of intron 

8 that contains a premature termination codon which generates a HER2 

extracellular domain and a novel C-terminal region. Herstatin can bind to the 

extracellular domain of the full length HER2 via its C-terminal region and is 

associated with inhibition of cancer growth (Silipo et al., 2017). HER2-pI9 

contains partial inclusion of intron 9 and HER2-I12 retains the full intron 12. 

HER2-pI9 has low phosphorylation activity whilst HER2-I12 can activate 

downstream signalling (Hart et al., 2021). HER2 CTFs are produced by 

alternative initiation of translation at methionine 611 or 687.  (Yuan et al., 2003; 

Anido et al., 2006; Pedersen et al., 2009). In addition, HER2 CTFs can be 

produced by proteolytic cleavage of the full length HER2 by alpha-secretase 
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producing CTFs that contain a transmembrane domain and nuclear localisation 

signal. Proteolytic cleavage of the full length HER2 by gamma-secretase can 

generate HER2 CTFs lacking the transmembrane domain but retaining the 

nuclear localisation signal (Godfrey et al., 2022). HER2 CTFs that retain the 

transmembrane domain are active and can dimerise and induce downstream 

signalling (Parra-Palau et al., 2010). They are also detected in 30 % of HER2-

positive breast cancer cases (Sáez et al., 2006).  
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Figure 1.4. Multiple Human HER2/ERBB2 isoforms. Schematics of 31 human HER2/ERBB2 isoforms showing the 5’ UTR, exons and 3’ UTR 

on chromosome 17 from the UCSC genome browser. Black arrows: transcript variant 1 mRNA (HER2/ERBB2 isoform used in this project). Red 

arrows: 5’ UTR, green arrows: an exon region and purple arrow: 3’ UTR. (Nassar et al., 2023).
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Figure 1.5. HER2 isoforms produced by alternative splicing, alternative initiation of translation or proteolytic cleavage. A) Wildtype HER2 

(WT). B) Delta-16-HER2 produced by the deletion of exon 16. C) p100-HER2 and D) Herstatin, are generated by the retention of intron 15 and 8 

respectively that contains a pre-mature stop codon. E) HER2-pI9 contains partial retention of intron 9. F) HER2-I12 produced by the full retention 

of intron 12. G) HER2 CTFs 611 and 687 produced by alternative translation at exons 15 and 17 respectively. H) HER2 CTFs generated by the 

proteolytic cleavage by alpha (α) starting at 645 or 648 which contain a TMD and NLS. HER2 CTFs cleaved by gamma (γ) secretase, producing 

CTFs starting at 676 lacking the TMD. TMD= transmembrane domain. TKD= tyrosine kinase domain. NLS= nuclear localisation signal. Exons 

are indicated as a blue box. Introns are indicated as a red box. (Image created by the author of this thesis).   

G) 

H) 
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HER4 has four main isoforms produced from alternative splicing of the 

juxtamembrane domain (JM) and cytoplasmic domain (CYT); JM-a/CYT1, JM-

a/CYT2, JM-b/CYT1 and JM-b/CYT2. JM-a is encoded by exon 16 whilst JM-

b is encoded from exon 15b. Figure 1.6. shows the mRNA 5’ UTR, exons and 

3’ UTR of the JM-a/CYT1 and JM-a/CYT2 isoforms from the UCSC genome 

browser. The difference between the JM isoforms is that JM-a can be cleaved 

by tumour necrosis factor-α converting enzyme (TACE) and γ-secretase (Rio et 

al., 2000; Strunk et al., 2007). CYT1 is produced from inclusion of exon 26 that 

contains 16 amino acids that include a binding site for the p85 subunit of PI3K, 

and for proteins containing WW domains that can bind to proline-rich 

sequences. CYT1 can therefore trigger the PI3K/AKT pathway and is associated 

with increased cancer progression whilst CYT2 is produced from the exclusion 

of exon 26 and lacks the 16 amino acid residue (Elenius et al., 1999; Tan et al., 

2010).  

However, there has been conflicting reports that have shown CYT2 to increase 

the growth of mammary epithelial cells whilst CYT1 is associated with 

decreased growth of some mammary epithelial cells. CYT1 has a lower stability 

than CYT2 and can interact with the WW domain of E3 ubiquitin ligase leading 

to degradation of CYT1 (Muraoka-Cook et al., 2009). However, both CYT1 and 

CYT2 have been identified in breast cancer cells (Junttila et al., 2005).



39 
 

 

 

Figure 1.6. Human HER4/ERBB4 JM-a isoforms. Schematics of the human HER4/ERBB4 JM-a isoforms (CYT1/CTY2). Human HER4/ERBB4 

JM-a isoforms showing the 5’ UTR, exons and 3’ UTR on chromosome 2. The JM-a isoforms are the two HER4/ERBB4 isoforms available from 

the UCSC genome browser. Black arrow: transcript variant JM-a/CVT-1 mRNA (HER4/ERBB4 isoform used in this project). Red arrow: 5’ UTR, 

green arrow: an exon region and purple arrow: 3’ UTR (Nassar et al., 2023).
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1.6.3. Mechanism of Action  

HER family members transduce extracellular signalling to trigger intracellular 

cell proliferation pathways. Apart from HER2,  ligand binds to the extracellular 

domain of the receptors (Arkhipov et al., 2013). EGFR binds EGF, betacellulin, 

epiregulin, heparin-binding EGF-like growth factor, TGF-alpha and 

amphiregulin. HER3 and HER4 bind neuregulin (NRG). HER4 also binds 

betacellulin, epiregulin and heparin-binding EGF-like growth factor 

(Komurasaki et al., 1997; Sanders et al., 2013; South et al., 2013; Huang et al., 

2021).    

A ligand binds between extracellular domains I and III, this brings these domains 

into closer contact. Then a conformational change takes place where the 

dimerisation arm of domain II is uncoupled from domain IV. This exposes 

domain II and allows it to be accessible to form a dimer with another receptor 

of the same type (homodimer) or a heterodimer with another HER (Liu et al., 

2012). HER2 extracellular domains exist in an open conformation making it a 

preferred dimerisation partner for other HERs (Alvarado et al., 2009). The 

conformational change that takes place upon ligand binding, allows ATP to bind 

to the intracellular cytoplasmic tyrosine kinase domains (Honegger et al., 1987). 

Dimerisation allows two receptors to be in close proximity thereby allowing 

each receptor to phosphorylate and activate the cytoplasmic domain of its 

dimerisation partner through an autophosphorylation process. Alternatively, 

receptor kinase activity can be activated by transphosphorylation from other 

kinases such as SRC (Yarden and Schlessinger, 1987; El-Hashim et al., 2017). 

HER3 has weak kinase activity due to differences in the amino acid residues of 

the HER3 cytoplasmic domain (Sierke et al., et al., 1997; Shi et al., 2010). 
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1.6.4. Main Signalling Pathways  

1.6.4.1. Mitogen-Activated Protein Kinase Pathway 

The MAPK pathway is activated by the phosphorylation of the tyrosine kinase 

domains of the HERs which creates binding sites for adaptor proteins such as 

GRB and SRC to bind to via their sequence homology 2 (SH2) domains. These 

adaptor proteins also contain SH3 domains that can bind to other proteins. For 

example, the SH3 domain of GRB can then bind to the SH3 domain of sons of 

sevenless (SOS) which converts GDP to GTP (Lemmon et al., 1994; Jadwin et 

al., 2018). SOS activates RAS-GTP which then activates the serine/threonine 

kinase RAF. RAF phosphorylates MEK which triggers a series of 

phosphorylation reactions of MAPKs leading to the activation of ERK 

(Kamioka et al., 2010). ERK can move to the nucleus and activate transcription 

factors such as AP-1 (JUN and FOS) (Hu et al., 1997; Monje et al., 2005).  

AP-1 can then bind to 12-O-tetradecanoylphorbol-13-acetate (TPA) response 

elements or cAMP response elements (CRE) on target genes such as cyclin 

genes involved in the cell cycle (Lee et al., 1987; Ghee et al., 1998).  

1.6.4.2. Phosphoinositide 3-Kinase Pathway 

Class I PI3K contains a p85 regulatory subunit and a p110 catalytic subunit. The 

SH2 domain within the p85 subunit of PI3K binds to the phosphorylated tyrosine 

kinase residues of the HERs this results in activation of the p110 catalytic 

domain (Geltz and Augustine, 1998; Jiménez et al., 2002).  

PI3K then phosphorylates phosphatidylinositol 4,5-bisphosphate (PIP2) to 

phosphatidylinositol-3,4,5-triphosphate (PIP3) (Zhang et al., 2019b). 



42 
 

Phosphatase and tensin homolog (PTEN) can dephosphorylate PIP3 to PIP2 

thereby regulating the PI3K pathway (Chen et al., 2016).  

PIP3 can bind to proteins containing pleckstrin homology (PH) domains such as 

PDK1 (Ziemba et al., 2013). AKT is then phosphorylated by PDK1 and 

mTORC-RICTOR at threonine 308 and serine 473 respectively (Hresko and 

Mueckler, 2005; Dangelmaier et al., 2014). AKT can then phosphorylate and 

inhibit target proteins such as the tumour suppressor TSC2 an inhibitor of mTOR 

therefore increasing mTOR activity (Inoki et al., 2002). Additionally, AKT can 

promote cell survival by phosphorylating and inhibiting many proteins involved 

in apoptosis such as forkhead box O (FOXO) transcription factors, glycogen 

synthase kinase 3 (GSK3) and Bad (Datta et al., 1997; Bloedjes et al., 2020).  

1.6.5. Role in Breast Cancer 

HER2 and HER4 are commonly overexpressed in breast cancers. HER2 is 

overexpressed in 30% of breast cancers and high HER2 expression is indicative 

of HER2-positive breast cancers (Carlsson et al., 2004). HER4 is expressed in 

ESR1-positive and HER2-positive breast cancers (Czopek et al., 2013; Morrison 

et al., 2013; Nafi et al., 2014; Wege et al., 2018).  

Although, HER4 can increase breast cancer survival it can also induce apoptosis 

in cancer cells and decrease cancer cell survival. The conflicting effects of HER4 

activity depends on the release and localisation of the HER4 soluble intracellular 

domain (4ICD) produced from the proteolytic cleavage of the JM-a domain by 

TACE (Junttila et al., 2005; Naresh et al., 2006; Lanotte et al., 2020). In the 

nucleus 4ICD can act as a transcriptional activator by interacting with various 

proteins such as ESR1, yes-associated protein (YAP) and STAT5A (Komuro et 
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al., 2003; Zhu et al., 2006; Han et al., 2016). For example, 4ICD interacts with 

ESR1 at oestrogen response elements on the promoters of oestrogen response 

genes including PR and stromal cell-derived factor 1 (SDF-1) contributing to 

breast cancer cell growth (Zhu et al., 2006). However, the localisation of the 

4ICD to the cytoplasm is associated with decreased cancer cell survival. This is 

due to the 4ICD accumulating in the mitochondria and activating BAK via the 

4ICD BH3 domain. This leads to the efflux of cytochrome c from the 

mitochondria and apoptosis. However, the activity of BCL2 can inhibit the 

interaction of the 4ICD BH3 domain and BAK which can prevent apoptosis in 

some breast cancers containing the cytoplasmic 4ICD (Naresh et al., 2006).  

Overexpression of HER2 and HER4 results in constitutive activation of the 

receptors and an increase in downstream growth factor signalling contributing 

to cancer progression. HER2 activation of MAPK and PI3K downstream 

signalling pathways can stimulate MYC phosphorylation at serine 62 leading to 

increase in MYC stability which enhances cell growth of breast cancer cells 

(Risom et al., 2020).  

A small portion of the overexpression of the HERs is due to gene amplification. 

HER2 gene amplification accounts for 15-20% of HER2 overexpression 

(Yamashita et al., 2020). However, translational upregulation is thought to 

account for a proportion of HERs overexpression as observed for EGFR. For 

instance, EGFR gene amplification accounts for only ~6% of EGFR 

overexpression (Bhargava et al., 2005). Additionally, EGFR proteins levels have 

shown to increase under hypoxia with no change in EGFR mRNA levels in 

cancer cell lines (Franovic et al., 2007).  
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Mutations in the HER2 and HER4 proteins can also contribute to cancer 

progression. The L755S mutation is the most prevalent HER2 mutation that 

occurs in the tyrosine kinase domain. The L755S mutation stabilises the tyrosine 

kinase residues into an active state resulting in an increase in phosphorylation of 

the tyrosine kinase residues (Xu et al., 2017; Li et al., 2019; Gaibar et al., 2020). 

HER4 E563K and E872K mutations in the tyrosine kinase domain increase 

phosphorylation of the tyrosine kinase residues (Canfield et al., 2015; Kawahara 

and Simizu, 2022). 

1.6.6. Translational Regulation  

1.6.6.1. EGFR 5’ UTR IRES 

EGFR which is a closely related family member of HER2 and HER4, contains 

an IRES in the EGFR 5’ UTR that directly recruits the 40S ribosome between 

23 and 56 nts upstream to the initiation codon (Webb et al., 2015). EGFR IRES 

has a requirement for the RNA helicase eIF4A which is needed to unwind 

secondary structures. EGFR IRES activity has been observed in SH-SY5Y, 

MCF-7, HeLa and Huh7 cells (Webb et al., 2015; Smalley, 2016). Additionally, 

luciferase reporters have been used to show that EGFR IRES can maintain 

expression in response to stress conditions such as hypoxia (Webb et al., 2015; 

Smalley, 2016; Alamoudi, 2020). 

1.6.6.2. HER2 coding region IRES 

Recently, it has been shown that HER2 CTFs are produced by IRES-mediated 

translation from the HER2 coding region (Godfrey et al., 2022). This study 

found that although HER2 CTFs are more efficiently translated in a cap-

dependent manner, HER2 CTFs can also be produced by cap-independent 

translation. Insertion of a hairpin that is proposed to inhibit cap-dependent 
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translation reduced the expression of the full length HER2 but the expression of 

HER2 CTFs maintained at least half its expression. This study also ruled out the 

possibility of HER2 CTFs produced by alternative splicing or a cryptic promoter 

activity (Godfrey et al., 2022).  

1.6.6.3. HER2 uORF 

HER2 5’ UTR contains a 21 nucleotide uORF that causes translational 

repression of the HER2 coding region (Child et al, 1999a, 1999b). The 

translational repression by the uORF is due to ribosomes being unable to 

reinitiate translation after translating the uORF. The repression of translation is 

independent of the peptide sequence of the uORF despite the sequence being 

conserved amongst mammalian species. The translation inhibition is due to the 

short length of the five nucleotide intercistronic region between the HER2 uORF 

and the HER2 main ORF. Increasing the intercistronic regions alleviates the 

uORF inhibitory effects as it allows ribosomes more time to reinitiate translation 

downstream from the uORF. Translation of the HER2 gene can take place via 

leaky scanning or some ribosomes reinitiating despite the intercistronic gap 

(Child et al, 1999b). Additionally, HER2 mRNA is translated more efficiently 

in transformed cells (MCF-7, BT474 and COS-7 cells) this is due to the over 

expression of the cap-binding protein, eIF4E enhancing ribosomal scanning 

(Child 1999b, 1999a; Spevak et al., 2006).  

It has been shown that the HER2 3’ UTR can derepress translation of the HER2 

uORF. HER2 3’ UTR derepression activity has shown to be higher in breast 

cancer cell lines that have a higher expression of the HER2 protein such as 

SKBR-3 and BT474 cells and has moderate activity in MCF-7 cells (Mehta et 

al., 2006). Additionally, HER2 3’ UTR has shown to derepress translation of 



46 
 

other mRNAs such as SHIP-2 uORF however derepression activity was greater 

for HER2 uORF. The region on HER2 3’ UTR responsible for the derepression 

activity in the Mehta 2006 study, is a 73 nt translational derepression element 

(TDE). HuR, hnRNP A1, hnRNP C1/C2 and PABP were detected in SKBR-3 

cells and have found to be TDE RBPs that may be important for derepression 

activity (Mehta et al., 2006). The TDE PBPs complex has also been detected in 

other breast cancer cells such as AU565, BT474 and MCF-7 cells (Mehta et al., 

2006). 

1.7. Breast Cancer Therapeutics 

1.7.1. Overview of current therapeutics 

Most breast cancer patients undergo a lumpectomy or mastectomy to remove the 

cancer in the breast. Surgery is often combined with radiation therapy which 

uses X-rays or radioactive particles to damage the DNA of cancer cells. This can 

kill remaining cancers cells as well as preventing cancer reoccurrence (Admoun 

and Mayrovitz, 2021). 

Anti-cancer medicines are given as an adjunctive therapy with the aim to further 

treat the cancer cells, prevent metastasis or cancer reoccurrence. The type of 

anti-cancer medicine used generally depends on the molecular subtype of the 

breast cancer. Endocrine therapy (e.g. tamoxifen) are generally used to treat 

hormone receptor positive breast cancers (Furr et al., 1984; Liu et al., 2014). 

Chemotherapy and biological therapy are usually given to breast cancer with 

low or negative ESR expression and HER2-positive breast cancers (Ferraro et 

al., 2013; Modi et al., 2020; Weisman et al., 2022). 
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Breast cancer cells can develop intrinsic resistance to anti-cancer drugs prior to 

treatment or cancer cells can acquire resistance during treatment reducing 

efficacy of treatment and often leading to reoccurrence and metastasis (Wander 

et al., 2020). Multi-drug resistance is a key driver of cancer cell resistance and 

can result in the resistance of cancer cells to anti-cancer drugs via several 

mechanisms such as increased drug efflux, decrease in drug uptake, changes in 

expression levels or activity of the target protein, induction of DNA repair 

mechanisms, changes in the tumour microenvironment, activation of enzymes 

targeting drugs and genetic heterogeneity (Shen et al., 2000; Fedier et al., 2001; 

Huang et al., 2003; Reim et al., 2009; Martinez-Outschoorn et al., 2011; 

Nanayakkara et al., 2018; Baslan et al., 2020; Wiegmans et al., 2021). 

1.7.2. HER2-positive Breast Cancers Therapies  

There are different therapies that are used to treat HER2-positive breast cancers 

such as antibodies, small molecule tyrosine kinase inhibitors and antibody drug 

conjugates. Trastuzumab is a monoclonal antibody that is used to treat breast 

cancers overexpressing HER2 and it targets the HER2 protein present at the 

plasma membrane. Trastuzumab binds to the extracellular domain IV of HER2 

preventing ligand independent homodimerisation and thus blocking intracellular 

MAPK and PI3K signalling pathways (Ghosh et al., 2011). Additionally, upon 

binding to HER2 extracellular domain, trastuzumab can trigger an immune 

response resulting in cancer cell apoptosis (Arnould et al., 2006). The 

monoclonal antibody pertuzumab binds to the extracellular II domain of HER2 

and prevents HER2 heterodimers and thus downstream signalling (Franklin et 

al., 2004). 
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Tyrosine kinase inhibitors target members of the HER family and are used for 

the treatment of HER2-positive breast cancer. Pyrotinib and neratinib target 

EGFR, HER2 and HER4 whilst lapatinib targets EGFR and HER2 (Rabindran 

et al., 2004; Wood et al., 2004; Dai et al., 2020; Chilà et al., 2021; Wang et al., 

2021). Additionally, tucatinib is a specific inhibitor of HER2 (Debusk et al., 

2021). Tyrosine kinase inhibitors bind to the ATP binding site at cysteine 

residues of the intracellular tyrosine kinase domain. This prevents ATP binding 

to the receptors which blocks autophosphorylation of the tyrosine kinase 

residues therefore preventing downstream signalling (Fang et al., 2020).  

Antibody drug conjugates involve the binding of a cytotoxic drug to an antibody 

that is delivered to the cancer cells upon antibody-receptor binding. 

Trastuzumab emtansine contains trastuzumab covalently bound by a thioether 

linker to the cytotoxic compound, emtansine (Park et al., 2021). In addition to 

inhibiting HER2 dimerisation, trastuzumab delivers emtansine specifically to 

HER2-positive breast cancer cells. The binding of trastuzumab to HER2 

extracellular domain IV results in endocytosis of trastuzumab emtansine into 

endosomes which is subsequently delivered to lysosomes. Trastuzumab is 

degraded in the lysosomes whilst emtansine is released. Emtansine then binds to 

microtubules preventing their polymerisation leading to inhibition of mitosis 

which triggers apoptosis (Lewis Phillips et al., 2008; Erickson et al., 2012; 

Baselga et al., 2016).   

Trastuzumab deruxtecan is also used for the treatment of HER2-positive breast 

cancer. Trastuzumab delivers deruxtecan in a similar mechanism to trastuzumab 

emtansine. However, when deruxtecan is release from lysosomes it enters the 

nucleus where it inhibits the activity of topoisomerase I which leads to DNA 
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damage and interferes with breast cancer DNA replication leading to apoptosis 

(Modi et al., 2020b; Yin et al., 2021).  

Somatic mutations in various domains of HER2 can lead to drug resistance of 

HER-targeted therapies, for example, mutations in exons 19, 20 or 21 of HER2 

tyrosine kinase domain blocks the binding of several tyrosine kinase inhibitors 

which allows phosphorylation of the tyrosine kinase domain that triggers 

downstream signalling (Wen et al., 2015; Robichaux et al., 2018). The L755S 

HER2 mutation causes resistance to trastuzumab and lapatinib (Li et al., 2019). 

A common S310F mutations in the extracellular domain II of HER2 prevents 

pertuzumab from binding to the HER2 extracellular domain (Zhang et al., 

2019c). The truncated HER2 CTF (p95-HER2) isoform lacks an extracellular 

domain and has shown to be resistant to trastuzumab but lapatinib is still 

effective in targeting HER2 CTFs (Scaltriti et al., 2007, 2010).  

1.7.3. Emerging Therapeutics  

Cancer vaccines are active immunotherapies that are being tested for the 

treatment of HER2-positive breast cancers. Nelipepimut-S is a cancer vaccine 

that is in phase III clinical trial which targets breast cancer cells expressing 

HER2 protein (Mittendorf et al., 2019). Nelipepimut-S is a peptide derived from 

the extracellular domain of HER2 which is used in conjunction with granulocyte 

macrophage-colony stimulatory factor (GM-CSF) which stimulates T 

lymphocytes (Groenewegen and De Gast, 1999). Nelipepimut-S is recognised 

by helper CD4+ and memory CD8+ T-lymphocytes. Cytotoxic CD8+ T-

lymphocytes then trigger apoptosis of cancer cells (Bailur et al., 2015).  
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Protein degraders conjugated to HER2 targeting antibodies have been developed 

to specifically target HER2-positive cells. For example, ORM-509 has recently 

been developed and contains a protein degrader called SMol006 conjugated to 

pertuzumab that bind to HER2-positive cells. SMol006 targets the G1 to S phase 

transition protein 1 (GSPT1) in the cytosol of cells. Upon release into cells, 

pertuzumab is degraded by lysosomes whilst SMol006 targets and degrades 

GSPT1 causing cell death of HER2-positive cells. ORM-509 has shown strong 

efficacy in HER2 expressing cells and in vivo xenograft models (Palacino et al., 

2022; Swain et al., 2023).  

Engineered toxin bodies (ETBs) combined with HER2 targeting antibodies can 

be used to target HER2-positive breast cancers. MT-S111 is an ETB currently 

in phase 1 clinical trial for the treatment of HER2-positive tumours including 

breast cancer. The ETB contains a deimmunised Shiga-like Toxin A 

subunit fused to a HER2 targeting antibody. MT-S111 induces cell toxicity by 

permanently inactivating ribosomes. In addition, MT-S111 targets a different 

epitope of HER2 than other HER2 targeting antibodies such as trastuzumab. 

Therefore, MT-S111 could be used in conjunction with current HER2-positive 

breast cancer therapeutics. The mechanism of action of MT-S111 is distinct 

from conventional HER2-positive breast cancer therapies, so may be used to 

target breast cancer cells resistant to current therapeutics (Van Tine et al., 2022; 

Swain et al., 2023).  

Antisense oligonucleotides have been used to treat some rare disease; but none 

have currently been approved for cancer treatment. However, antisense 

oligonucleotides have shown promising results as a future therapy for cancer 

(Chi et al., 2000). Antisense oligonucleotides are usually single-stranded short 
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nucleotide sequences that have a complementary nucleotide sequence to the 

target mRNA. Antisense oligonucleotides can bind to mRNA and act as a steric 

block of the translation machinery and the 40S ribosomal subunit or induce 

mRNA degradation by endonuclease, RNAase H which recognises DNA-RNA 

duplexes (Liang et al., 2017; Holgersen et al., 2021).  

Antisense oligonucleotides with a 2′-O-methyl modification have shown to 

reduce IRES mediated translation of hepatitis C virus. The 2′-O-methyl 

antisense oligonucleotides can bind to the IIId domain of the IRES which blocks 

40S ribosomal binding (Tallet-Lopez et al., 2003). Antisense oligonucleotides 

with a phosphorothionate and 2′-O-methyl modifications have been designed 

against EGFR 5’ UTR. They have shown to reduce EGFR IRES activity in 

luciferase assays as well as reducing EGFR protein levels via a RNAase H 

dependent mechanism in MCF-7 and MDA-MB-231 breast cancer cells 

(Alamoudi, 2020).  
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1.8. Aims and Objectives 

HER2 and HER4 are overexpressed in breast cancer due to gene amplification 

and somatic mutations within the HER proteins (Canfield et al., 2015; Gaibar et 

al., 2020; Yamashita et al., 2020; Kawahara and Simizu, 2022). However, 

translational regulation has been thought to play a role in their overexpression 

in breast cancer cells that are exposed to various cell stress conditions (Yang et 

al., 2000). An IRES in EGFR 5’ UTR has previously been identified and shown 

to maintain expression in response to stress conditions such as hypoxia in 

various cell lines such as MCF-7 breast cancer cells (Webb et al., 2015). 

However, an IRES has not currently been identified in the 5’ UTRs of the other 

HER family members which may contribute to their overexpression in breast 

cancer cells. Additionally, HER2 5’ UTR may mediate an increase in translation 

under glutamine or glucose starvation as previously seen for other mRNAs 

containing uORF such as ATF4 and GCN4 (Gameiro and Struhl, 2018; Zhang et 

al., 2018; Chen et al., 2022). 

The first aim of this thesis was to investigate whether HER2 or HER4 contain 

an IRES in their 5’ UTR. To test this, bicistronic luciferase constructs were used 

to screen for IRES activity under various cancer-associated cell stress conditions 

in MCF-7 breast cancer cells (Chapter 3). The second aim was to test if HER2 

and HER4 5’ UTRs could mediate an increase in translation in response to 

glutamine starvation (Chapter 4) or glucose starvation (Chapter 5) using 

monocistronic luciferase constructs. Finally, the effect of HER2 3’ UTR on 

derepressing the translational inhibition caused by the HER2 5’ UTR was tested 

in response to glutamine starvation (Chapter 4) and glucose starvation (Chapter 

5). 
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Chapter 2 - Materials and Methods
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2.1. Cell Culture  

2.1.1. Solutions and Reagents  

Phosphate buffered saline (PBS): 4.3mM disodium hydrogen phosphate, 1.5mM 

potassium dihydrogen phosphate, 137mM sodium chloride, 2.7mM potassium 

chloride, pH 7.4. 

High Glucose Dulbecco’s Modified Eagle Medium (DMEM) (Sigma Aldrich) 

Gibco Opti-MEM reduced serum media (Thermofisher Scientific)  

Foetal bovine serum (Thermofisher Scientific) 

L-Glutamine (Sigma-Aldrich) 

Trypsin-EDTA (FisherScientific)  

2 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

solution (Sigma-Aldrich) 

2.1.2. Cell lines and Maintenance 

MCF-7 human breast adenocarcinoma cells were provided by the Spriggs lab 

and grown in cell culture grade T75 flasks in DMEM supplemented with 10% 

Gibco foetal bovine serum (FBS) and 2 mM L-Glutamine. The cells were 

maintained at 37°C under a humidified atmosphere containing 5% CO₂. Cells 

were grown to 70-80 % confluence then were subcultured by removing 

exhausted media, washing with 5 ml of PBS, and detaching the cells from the 

flask with 1ml of 1x trypsin. Cells were diluted in fresh media and seeded 1:5 

(cells: media) in a T75 flask. 
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2.1.3. Transient Transfection 

MCF-7 cells were seeded at a density of 1x10⁴ cells per well in a 24-well plate 

unless stated otherwise. 3 µg of polyethylenimine (PEI) (provided by 

Abdulmohsin Alamoudi, University of Nottingham) was added to 1 µg of 

plasmid DNA at a 1: 3 ratio of DNA to PEI in 50 µl per well of Gibco Opti-

MEM reduced serum media. The PEI/DNA solution was left to incubate for 20 

minutes whilst the exhausted cell media was removed from the cells and 

replaced with 1 ml of fresh DMEM. After the 20 minutes incubation, the 

PEI/DNA solution was added to cells. MCF-7 cells were left to incubate at 37˚C, 

5% CO₂ for 24 hours before being treated or assayed for luciferase activity.  

2.1.4. Cell Stress Treatments  

24 hours after transfection, MCF-7 cells were exposed to the cell stress 

treatments described in this section. MCF-7 cells were treated with the following 

chemical reagents (Table 2.1); different concentrations of cobalt (II) chloride 

hexahydrate (CoCl₂) made up in fresh media or an untreated DMEM control, 

different concentrations of thapsigargin in DMSO or untreated controls 

containing the equivalent DMSO percentage to treated cells, and hydrogen 

peroxide (H₂O₂) made up in DMEM or an untreated DMEM control. The 

concentrations of CoCl₂, thapsigargin and H₂O₂ applied to cells are specified in 

Chapter 3. To induce genotoxic stress MCF-7 cells were exposed to a UV-B 

light 280-315 nm (UVM-57 lamp, UVP Inc) for 10 seconds or 20 seconds. To 

expose MCF-7 cells to low serum conditions cells were incubated with DMEM 

containing 0.5% FBS (Thermo Fisher Scientific) or control media containing 

10% FBS for 24 hours. To induce glutamine or glucose starvation, MCF-7 were 

incubated with DMEM glutamine-free/sodium pyruvate-free media or glucose-
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free/sodium pyruvate-free media respectively (Thermo Fisher Scientific), 

supplemented with 10% dialysed FBS (Merck Life Science Ltd) at various 

timepoints (specified in Chapters 4 and 5). 

Table 2.1. Chemical stress inducers  

Reagent Solute Stock 

Concentration 

Supplier  Duration 

of 

treatment 

Stressor 

Cobalt (II) 

chloride 

hexahydrate 

(CoCl₂) 

DMEM 5mM  Sigma 24 hours Hypoxic 

mimic 

Thapsigargin DMSO 1 µM Sigma 24 hours Endoplasmic 

reticulum 

stress (ER) 

Hydrogen 

peroxide 

(H₂O₂) 

DMEM 30% w/v VWR 

Chemicals 

BDH 

24 hours Oxidative 

stress 

 

2.1.5. Dual-Luciferase Assay  

After transfection with luciferase plasmids and exposure to cell stressors for the 

specified duration of time (described in Section 2.1.4 and Chapters 3-5), the 

media was removed from MCF-7 cells then cells were washed once with PBS. 

PBS was removed completely before cells were lysed with 50 µl of 1x passive 

lysis buffer (Promega) which was added to each well of a 24 well plate. Cells 

were dissociated from the wells by scraping and 5 µl of cell lysate was added to 

a black rounded 96 well plate. Luciferase activity was measured using a dual-

luciferase assay kit (Promega). 25 µl of each luciferase reagent, LarII (firefly 

luciferase) followed by Stop&Glo (Renilla luciferase) was added to each well 
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and the luminescence was measured using a Glomax luminometer (Promega) 

over a 10 second integration time after the addition of each reagent. 

2.1.6. MTT Assay  

MCF-7 cells were seeded into a 96 well plate at a density of 1x10³ cells per well. 

Plates were incubated at 37˚C, 5% CO₂ for 24 hours before being treated. Cells 

were treated with cell stress inducers (Section 2.1.4.). After treatment, 2 mg/ml 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma-

Aldrich) dissolved in PBS solution was added to each well. Plates were then 

shaken for five minutes at 150 RPM using a gyratory rocker then incubated at 

37 ˚C, 5% CO₂ for 2.5 hours. Media was aspirated, then 150 µl of DMSO was 

added to each well to resuspend the formazan product. The plate was then shaken 

for five minutes at 150 RPM using a gyratory rocker to allow the formazan 

product to mix into the solvent. Then the optical density was read at 560 nm 

using a Microplate Plate Reader (BioTek).  
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2.2. Molecular Biology Techniques  

2.2.1. Reagent and Solutions 

1X TAE: 40 mM Tris base, 40 mM acetic acid, 1 mM EDTA pH 8.0 

RIPA buffer: 140Mm sodium chloride, 25mM Tris (pH 7.4), 1mM EGTA, 1mM 

EDTA, 1% Triton X-100, 10% glycerol, 0.1% sodium dodecyl-sulfate (SDS), 

0.5 % sodium deoxycholate 

1X Tris-Glycine Buffer: 55 mM Tris Base, 1.92 M Glycine, 5% methanol  

10X SDS-PAGE Buffer: 250 mM Tris base, 1.93 M glycine and 1% SDS  

10X TBS: Tris base 0.2 M, 1.5M sodium chloride, pH adjusted to 7.4 with 

hydrogen chloride 

TBST: 1X TBS supplemented with 0.1% Tween 20 detergent (Sigma) 

1X CutSmart Buffer: 50 mM potassium acetate,20 mM Tris-acetate,10 mM 

magnesium acetate ,100 µg ml BSA, pH 7.9 at 25°C (NEB) 

1X NEBuffer 2.1: 50 mM sodium chloride, 10 mM Tris-hydrochloric acid, 10 

mM magnesium chloride, 100 µg ml BSA, pH 7.9 at 25°C (NEB) 

2.2.2. Overview of luciferase constructs used in this thesis 

The luciferase plasmids pRF (Renilla/firefly luciferase) (Stoneley et al., 2000), 

p15 (firefly luciferase) and p80 (Renilla luciferase) (Webb, 2012) were provided 

by the Spriggs lab and used as controls in the luciferase experiments. The CMV-

LUC2CP/ARE plasmid was provided by the De Moor lab (Younis et al., 2010). 

In addition, pRF-β-tubulin-5’ UTR, pRF-EGFR 5’ UTR (Smalley, 2016) and 
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p15-EGFR 5’ UTR (Webb, 2012) were provided by the Spriggs lab. Constructs 

made for this thesis are in Table 2.2 and were stored at -20°C. 

Table 2.2. Constructs made for this project. Constructs made during this 

thesis, the template DNA source and the template DNA concentration used for 

cloning. All plasmids were stored at -20°C. 

Construct  Luciferase Cloning 

modification  

Template DNA 

source and 

concentration 

used in PCR 

reactions 

pRF-HER2 5’ 

UTR 

Renilla/Firefly Addition of HER2 

5’ UTR into pRF  

200 ng of HER2 5’ 

UTR 

oligonucleotide 

DNA  

pRF-HER4 5’ 

UTR 

Renilla/Firefly Addition of HER4  

5’ UTR into pRF 

200 ng of HER4 5’ 

UTR 

oligonucleotide 

DNA  

p15-HER2 5’ 

UTR 

Firefly Addition of HER2  

 5’ UTR into p15 

1 ng of pRF-HER2 

5’ UTR 

p15-HER4 5’ 

UTR 

Firefly Addition of HER4  

 5’ UTR into p15 

1 ng of pRF-HER4 

5’ UTR 

Destabilised 

p15 

Firefly Addition of hCl-

hPEST into p15 

1 ng of CMV-

LUC2CP/ARE 

Destabilised 

p15-HER2 5’ 

UTR 

Firefly Addition of hCl-

hPEST into p15-

HER2 5’ UTR 

1 ng of CMV-

LUC2CP/ARE 

Destabilised 

p15-HER2 5’ 

UTR + 3’ UTR 

Firefly Addition of HER2 

3’ UTR into 

destabilised p15-

HER2 5’UTR 

50 ng of HER2 3’ 

UTR g-block 

(Figure 2.4) 
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2.2.3. Bicistronic reporters  

The pRF plasmid is the bicistronic reporter used in this thesis (Section 2.2.2).  

pRF contains a SV40 promoter and two luciferase reporter genes, Renilla and 

firefly luciferase (vector map-Figure 3.1). The intercistronic region between the 

luciferase ORFs contains restriction sites for cloning of a 5’ UTR sequence 

(Figure 2.1) (schematics showing the specific 5’ UTR sequences used in this 

project are shown in Figure 3.2). The SV40 promoter allows transcription of 

pRF which produces a bicistronic mRNA containing both Renilla and firefly 

luciferase (Figure 2.2). Translation of Renilla luciferase occurs in a cap-

dependent manner. However, firefly luciferase can only be translated if the 5’ 

UTR cloned into the intercistronic region contains an IRES that would allow 

translation of firefly luciferase in a cap-independent manner. The F/R ratio is the 

raw firefly luminescence signal divided by the Renilla luminescence signal. The 

F/R ratio normalises the firefly luminescence signal to account for variations in 

transfection efficiency among replicates.   

Figure 2.1. The multiple cloning site sequence in the pRF bicistronic 

plasmid. The sequence showing the end of Renilla luciferase, the intercistronic 

region containing SpeI, PvuII, EcoRI and NcoI restriction sites, and the start of 

firefly luciferase. Start codons are underlined green and stop codons are 

underlined red. The black arrow indicates the restriction enzyme cutting 

location. AmpR= ampicillin resistance gene (Image created by the author of this 

thesis). 
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Figure 2.2. Transcription of the pRF plasmid produces a bicistronic mRNA. 

(Image created by the author of this thesis). 
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2.2.4. Polymerase Chain Reaction 

DNA templates were added to the following PCR for amplification according to 

the manufacturer’s instructions (NEB) (see Table 2.2. for specific concentrations 

of each DNA template used) to produce the following PCR reaction; 1x Phusion 

GC Buffer, 10 mM dNTPs, 3% DMSO, 0.5 µM of each forward and reverse 

primer (primers: Table 2.5) and 1 unit of Phusion high-fidelity DNA polymerase 

which was made up to a final volume of 50 µl. A touch-down PCR method was 

used to increase the specificity of the PCR reaction and to avoid amplifying non-

specific sequences. DNA was initially denatured at 98-°C for 30 seconds. Then 

the DNA entered a cycle of denaturation at 98-°C for 10 seconds, annealing that 

lasted for 20 seconds per cycle and started at 72-°C for the first cycle only then 

the annealing temperature was decreased by 0.5-°C every cycle until 66 -°C was 

reached and an extension at 72-°C for 40 seconds. 35 cycles were completed 

before the final extension at 72-°C for 20 seconds. For amplification of hCL1-

hPEST (obtained from the CMV-LUC2CP/ARE plasmid) the same PCR setting 

were used as described above except an annealing temperature of 55°C for 20 

seconds was used for all 35 cycles. The PCR products were stored at -20°C until 

required.  

2.2.5. Creating 5’ UTRs from synthetic oligonucleotides 

HER2/ERBB2 5’ UTR (accession number; NM_004448.3) (indicated in Figure 

1.4) and HER4/ERBB4 5’ UTR (accession number; NM_005235.2) (indicated 

in Figure 1.6) (referred to as HER2 and HER4 in this thesis) were amplified from 

synthetic oligonucleotides (Tables- 2.3 and 2.4).  
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The oligonucleotides were first resuspended in distilled water to 100 mM. HER2 

5’ UTR was synthesised from 3 oligonucleotides (Table 2.3 and Figure 2.3a). 

There was 22 bp of complementarity between oligonucleotides 1 and 2, and 20 

bp of complementarity between oligonucleotides 2 and 3. First, 0.3 µl of 

oligonucleotides 1 and 2 were annealed together with 1x Phusion GC Buffer, 

3% DMSO and distilled water in a PCR machine at 60 °C overnight. The 

annealed oligonucleotides were extended from the oligonucleotide sequences 

without primers using 10 mM dNTPs and 1 unit of Phusion high-fidelity DNA 

polymerase to a total volume of 25 µl using the PCR settings described in 

Section 2.2.4. Then 0.6 µl of oligonucleotide 3 was added to the same reaction 

mixture and annealed to the product of oligonucleotides 1 and 2 at 60 °C 

overnight. The sequences were subsequently extended again without primers as 

described above. Then the product of the 3 oligonucleotides was amplified with 

forward and reverse primers (Table 2.5) using the PCR settings described in 

section 2.2.4 (Figure 2.3b). The PCR product was then visualised by agarose gel 

and purified (described in sections 2.2.8-2.2.9).   

For HER4 5’ UTR only one synthetic oligonucleotide was used as a template 

due to the short 5’ UTR sequence of HER4 5’ UTR. HER4 5’ UTR 

oligonucleotide was then amplified with forward and reverse primers (Table 2.5)  

using the PCR settings described in section 2.2.4. The PCR products of both 

HER2 and HER4 5’ UTRs were then re-amplified to obtain more template DNA 

with the PCR settings described in section 2.2.4 but with a 100 µl reaction 

volume (DNA concentrations: Table 2.2). The PCR products were then 

visualised on an agarose gel, purified, digested, and ligated into the pRF plasmid 

(described in sections 2.2.8-2.2.11.) and screened via colony PCR (section 
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2.2.12.). Then successfully sequencing was confirmed by Sanger sequencing 

(Appendix Figures 37-38). 

Table 2.3. Oligonucleotides for synthesis of HER2 5’ UTR. Three 

oligonucleotides annealed together to produce HER2 5’ UTR template DNA for 

cloning into pRF. Region showing complementarity to the forward primer and 

reverse primer (primers: Table 2.5). 

 HER2 5’ UTR DNA oligonucleotide sequences (5’-3’) 

1 GCTTGCTCCCAATCACAGGAGAAGGAGGAGGTGGAGGAGGAG

GGCTGCTTGAGGAAGTATAAGAATGAAGTTGTGAAGCTGAGAT

TCCCCTCCATTGGGACC 

2 GCGCAGTAAAGGGCCCCGTGGGAAGGGGCGCGCGGCTGCCCG

GGGGGCTCCCCTGGTTTCTCCGGTCCCAATGGAGGGGAATCTC 

3 CATGGTGCTCACTGCGGCTCCGGCCCCATGGCTCCGGCTGGAC

CCGGCTGGGAGGGCGCGGGGCGCGGGGTGCTGCGAGGGGTGG

GGGCCGGGCGCGCGGCGCAGTAAAGGGCCCCGTG 

 

 

 

HER2 5’ UTR oligo 1 

5’-

GCTTGCTCCCAATCACAGGAGAAGGAGGAGGTGGAGGAGG

AGGGCTGCTTGAGGAAGTATAAGAATGAAGTTGTGAAGCT

GAGATTCCCCTCCATTGGGACC-3’ 

 

HER2 5’ UTR oligo 2 

5’-

GCGCAGTAAAGGGCCCCGTGGGAAGGGGCGCGCGGCTGCC

CGGGGGGCTCCCCTGGTTTCTCCGGTCCCAATGGAGGGGAA

TCTC-3’ 

 

HER2 5’ UTR oligo 3 

5’-

CATGGTGCTCACTGCGGCTCCGGCCCCATGGCTCCGGCTGG

ACCCGGCTGGGAGGGCGCGGGGCGCGGGGTGCTGCGAGGG

GTGGGGGCCGGGCGCGCGGCGCAGTAAAGGGCCCCGTG-3’ 

 

A 
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Figure 2.3. HER2 5’ UTR synthesis from three oligonucleotides. A) DNA 

sequence of 3 oligonucleotides. Blue = sequence of complementarity to primers, 

red= sequence of complementarity between oligonucleotides 1 and 2, and 

green= sequence of complementarity between oligonucleotides 2 and 3. B) 

Schematic showing the synthesis of HER2 5’ UTR from three oligonucleotides. 

Black small arrows= forward and reverse primers. Oligo= oligonucleotide. 

 

  

 

  

 

 

B 
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Table 2.4. Oligonucleotides for synthesis of HER4 5’ UTR. A single 

oligonucleotide used as a template for cloning into pRF. Region showing 

complementarity to the forward primer and reverse primer (primers: Table 2.5). 

HER4 5’ UTR oligonucleotide sequence (5’-3’) 

CACGCGCGCCCGGCTGGGGGATCTCCTCCGCGTGCCCGAAAGGG

GGATATGCCATTTGGACATGTAATTGTCAGCACGGGATCTGAGAC

TTCCAAAAAATG 

 

2.2.6. HER2 3’ UTR g-block cloning 

500 ng of g-block containing the sequence of HER2 3’ UTR (Integrated DNA 

Technologies) (Figure 2.4) was resuspended and diluted with nuclease-free 

water to a final concentration of 50 ng/µl. HER2 3’ UTR sequence was amplified 

from the 50 ng of the g-block using a forward primer containing a PmlI 

restriction site and a reverse primer containing a FseI restriction sites. The PCR 

was performed using the settings described in  Section 2.2.4. The HER2 3’ UTR 

sequence was then digested using PmlI and FseI before being cloned into 

destabilised p15-HER2 5’UTR using these restriction sites. Successful cloning 

was confirmed by Sanger sequencing (Appendix-Figure 43).
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Figure 2.4. HER2 3’ UTR sequence cloned into destabilised p15-HER2 5’ UTR plasmid . Sequence shows the last 20 nt of firefly luciferase 

ORF, vector sequences between ORFs, hCL1 and hPEST sequence,  PmlI restriction site, HER2 3’ UTR sequence and FseI restriction site.
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2.2.7. Primer Sequences  

Table 2.5. PCR primers 

Primers for cloning into pRF 

Primer Name Sequences (5’-3’) 

HER2 5’ UTR 

EcoRI forward 

ATGCTGAATTCGCTTGCTCCCAATCACAG 

HER2 5’ UTR 

BspHI reverse 

ATGCATCATGATGCTCACTGCGGCTCCGG 

HER4 5’ UTR 

EcoRI forward 

ATGCTGAATTCCACGCGCGCCCGGCTGG 

HER4 5’UTR 

NcoI reverse 

ATGCACCATGGTTTGGAAGTCTCAGATCC 

Primers for subcloning into p15 

HER2 5’ UTR 

HindIII 

forward 

TCACTAGTCAGCTGAAGCTTGCTTGCTCCC 

HER2 5’ UTR 

HindIII reverse 

GTTTTTGGCGTCTTAAGCTTGGTGCTCACT 

HER4 5’ UTR 

HindIII 

forward 

TCACTAGTCAGCTGAAGCTTCACGCGCGCC 

HER4 5’ UTR 

HindIII reverse 

GTTTTTGGCGTCTTAAGCTTTTTTTGGAAG 

Primers for subcloning into p15 and p15-HER2 5’ UTR 

hCL1-hPEST 

EcoRI forward 

GCCGTGAATTCTGCTTGCAAGAACTGGTTCAG 

hCL1-hPEST 

FseI reverse 

GTACAGGCCGGCCATCTAGACTGCACGTGGACG 

TTGATCCTGGCGCTGGTAA 

Primers for cloning into destabilised p15-HER2 5’ UTR 

HER2 3’ UTR 

PmlI forward 

GTGTGACACGTGACCAGAAGGCCAAGTC 
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HER2 3’ UTR 

FseI reverse 

GTAATGGCCGGCCAGCTGTTTTCCAAAATATATTT 

GCAAATGG 

 

Table 2.6. qPCR primers 

Primer Name Sequences (5’-3’) 

GAPDH forward TCGGAGTCAACGGATTTGGT 

GAPDH reverse TTCCCGTTCTCAGCCTTGAC 

β-actin forward AGCACAGAGCCTCGCCTTT 

β-actin reverse TCATCATCCATGGTGAGCTG 

HER2 forward GACTCTGGAAGAGATCACAGGTTA 

HER2 reverse CTTGCAGGGTCAGCGAGT 

HER4 forward TGCAGACACCATTCATTGGC 

HER4 reverse TATGGCAACGTCCACATCCT 
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2.2.8. Agarose Gel Electrophoresis  

DNA was separated according to its molecular weight by electrophoresis from 

an agarose gel. A 1% w/v agarose gel was melted in 1X TAE buffer in a volume 

of 50 ml and cast in a plastic tray after the addition of 2 µl of 10mg/ml ethidium 

bromide solution (Sigma-Aldrich) or 1X SYBR safe DNA gel stain (Thermo 

Fisher Scientific). DNA was mixed with 6X loading dye (NEB) and loaded onto 

wells alongside a 1 kb or 1kb plus DNA ladder (NEB). The gel was submerged 

in 1X TAE buffer and a voltage of 100 V was applied to the DNA for 1 hour. 

Then the DNA was visualised using a UV transilluminator.  

2.2.9. Purification of DNA from Agarose Gel  

DNA was excised from gels using a scalpel and purified using the Monarch Gel 

Extraction kit (NEB) following manufacture’s protocol. Adaptations to the 

manufacture’s protocol included eluting the DNA with 12 µl of DNA Elution 

Buffer (NEB). The DNA concentration was determined using a Nanodrop 1000 

spectrophotometer (Thermo Scientific) by measuring optical absorbance at 260 

nm. The 280/260 and 260/230 ratios were used to check the DNA purity. 

2.2.10. Restriction Digest  

1 µg of DNA was digested with restriction enzymes in the appropriate restriction 

digestion buffer according to the manufacturer’s instructions (NEB). 50 µl 

reactions were performed at 37°C for 1 hour. Calf Intestinal Alkaline 

Phosphatase (NEB) was added 30 minutes into the reaction containing the 

plasmid DNA, to dephosphorylate the plasmid DNA and prevent re-ligation. 

After the restriction digestion, enzymes were heat inactivated. Table 2.7 
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provides details of the enzymes and buffers and conditions used for the 

restriction digestion reactions.  
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Table 2.7. Restriction enzymes and the conditions used in the study. The 

restriction enzyme, the reaction buffer, reaction temperature and the deactivation 

temperature and duration used in this project. According to manufacturer’s 

instructions, NEB.  

Enzyme 

Name 

Buffer Reaction 

Temperature 

Deactivation 

Temperature 

and Time 

Plasmid/Insert 

the enzyme 

digested 

Plasmid 

the insert 

(s) were 

cloned into 

BspHI 1X 

CutSmart 

Buffer 

37°C 80°C for 20 

minutes 

Insert: HER2 

5’ UTR  

pRF 

EcoRI 1X 

NEBuffer 

2.1 

37°C 

 

65°C for 20 

minutes 

Plasmids: pRF, 

p15, p15-HER2 

5’ UTR 

N/A 

Inserts: HER2 

5’ UTR, HER4 

5’ UTR  

pRF 

Insert: hCL1-

hPEST 

p15, p15-

HER2 5’ 

UTR 

NcoI 1X 

NEBuffer 

2.1 

37°C 80°C for 20 

minutes 

Plasmid: pRF N/A 

Insert: HER4 

5’ UTR  

pRF 

HindIII 1X 

NEBuffer 

2.1 

37°C 80°C for 20 

minutes 

Plasmid: p15 N/A 

Inserts: HER2 

5’ UTR, HER4 

5’ UTR 

p15 

FseI 1X 

CutSmart 

Buffer 

37°C 65°C for 20 

minutes 

Plasmids: p15, 

p15-HER2 5’ 

UTR and 

destabilised 

p15-HER2 5’ 

UTR 

N/A 

Insert: hCL1-

hPEST  

p15, p15-

HER2 5’ 

UTR 

 

 

Insert: HER2 

3’UTR 

destabilised 

p15-HER2 

5’ UTR 

PmlI 1X 

CutSmart 

Buffer 

37°C 65°C for 20 

minutes 

Plasmid: 

destabilised 

p15-HER2 5’ 

UTR 

N/A  

Insert: HER2 

3’ UTR 

destabilised 

p15-HER2 

5’ UTR 
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2.2.11. Ligation 

DNA fragments were ligated into DNA plasmids using T4 DNA ligase (NEB). 

Reactions consisted of 2 µl of 10X DNA ligase buffer (NEB), 1 µl T4 DNA 

ligase and a ratio of 7:1 insert to vector at a total volume of 20 µl. The reactions 

were incubated at 16°C overnight in a PCR machine. The reactions were 

transferred to ice and 5 µl of ligation reaction was transformed into typically 50 

µl of competent DH5α E.coli cells (Section 2.3.3.). 

2.2.12. Polymerase Chain Reaction Colony Screening 

A single colony of DH5α E.coli (originally supplied from Invitrogen) was 

picked from the agar plates using a pipette tip (Section 2.3.3.) and used as a 

template for the PCR reaction. The single colony was mixed into the following 

reaction mixture according to the manufacturer’s instructions (NEB); 1x 

Phusion GC Buffer, 10 mM dNTPs, 3% DMSO, 0.5 µM of each forward and 

reverse primer and 0.4 units of Phusion high-fidelity DNA polymerase to a final 

volume of 20 µl.  

The reactions were performed in a PCR machine and the initial denaturation 

temperature was 98 °C for 5 minutes to burst open and release the DNA from 

the bacterial cells. Then the DNA entered a cycle of denaturation at 98 °C for 10 

seconds, annealing at 66.5°C 20 seconds and an extension at 72 °C for 40 

seconds. 35 cycles were completed before the final extension at 72 °C for 20 

seconds. The DNA produced from the PCR was then visualised by gel 

electrophoresis. 
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2.2.13. Protein Extraction 

MCF-7 cells were seeded at a density of 0.3 x10⁶ in a 6-well plate for protein 

extractions. Following glutamine or glucose starvation (Section 2.1.4.) cells 

were scraped in PBS. Then cells were centrifuged at 4000 RPM for 30 minutes 

and the supernatant was discarded. The cell pellet was lysed in RIPA buffer 

(RIPA buffer recipe-2.2.1) supplemented with cOmplete Mini Protease Inhibitor 

Cocktail (Roche) diluted to 1X, and phosphatase inhibitors; 20 mM sodium 

fluoride and 5 mM sodium orthovanadate. Lysed cells were incubated on ice for 

10 minutes before being centrifuged at 13,000 RPM for 10 minutes and the 

supernatant was collected. Protein lysates were stored at -80°C until required.  

 2.2.14. Bradford Protein Assay  

A Bradford assay was performed to measure the protein concentration of each 

sample. This was carried out by mixing 2µl of protein sample, 798 µl of dH₂0 

and 200 µl of Bradford Reagent (BioRad). The samples were left to incubate for 

10 minutes then the optical density of each sample was measured at 595 nm. The 

protein concentration of each sample was calculated from a standard curve that 

was made from a blank (no BSA) and a series of BSA standards (Thermo 

Scientific) with concentrations of 2 µg/ml, 4 µg/ml, 6 µg/ml,8 µg/ml and 10 

µg/ml. All protein samples and BSA standards were carried out in triplicate.  

2.2.15. Sodium Dodecyl Sulfate–Polyacrylamide (SDS-PAGE) 

Sodium dodecyl sulfate–polyacrylamide gel was made from a 10% resolving 

gel and a 5% stacking gel according to the components in Tables- 2.8 and 2.9. 

~15 ml of resolving gel was poured between two 1.5 mm glass plates (~7.5 ml 

per gel) immediately after the addition of TEMED. Isopropanol was layered 
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over the top and the gel was left to set for 20 minutes. Isopropanol was poured 

off each plate and then ~2.4 ml of stacking gel was poured to each 1.5 mm glass 

plate immediately after the addition of TEMED. The gel lane comb was placed 

on top of the 1.5 mm glass plates and the stacking gel was left to set for 20 

minutes.  

10-30µg of protein was denatured in 1X SDS loading dye (200 mM Tris-Cl (pH 

6.8), 400 mM DTT, 8% SDS, 0.4% bromophenol blue and 40% glycerol) at 100 

ºC for 5 minutes. Protein samples were separated onto a 10% SDS-PAGE gel in 

1X SDS running buffer at 150 V until the dye front reached the bottom of the 

gel.  

Table 2.8. SDS-PAGE 5% Stacking gel components 

Reagents Reagent volume  

H₂O 3.4 ml 

30% w/v Acrylamide 0.83 ml 

1.0 M Tris pH 6.8 0.63 ml 

10% w/v SDS 0.05 ml 

10% w/v APS 0.05 ml 

TEMED 0.005 ml 

 

Table 2.9. SDS-PAGE 10% Resolving gel components 

Reagent  Reagent volume 

H₂O 5.9 ml 

30% w/v Acrylamide 5 ml 

1.5 M Tris pH 8.8 3.8 ml 

10% w/v SDS 0.15 ml 

10% w/v APS 0.15 ml 

TEMED 0.006 ml 
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2.2.16. Western Blotting 

Proteins were transferred onto a nitrocellulose membrane soaked in 1X Tris-

Glycine Buffer (recipe 2.2.1) at either 60 V for 2 hours or 30 V overnight using 

a wet-transfer machine (Bio-Rad). Membranes were stained with Ponceau S 

staining solution (0.1% w/v Ponceau S in 5% acetic acid) to confirm successful 

transfer of proteins. Then Ponceau S staining solution was removed from the 

membranes using TBS. Membranes were blocked in TBST (TBS supplemented 

with 0.1% Tween, Sigma) containing 5% BSA powder (Fisher Scientific). 10 

mM sodium fluoride and 1 mM sodium orthovanadate were supplemented to the 

blocking and primary antibody solutions. Primary antibodies were incubated 

overnight in TBST at 4 °C. Membranes were washed 3x for 5 minutes in TBST 

then incubated in appropriate secondary antibody for 1 hour at room 

temperature. Membranes were washed 3x for 5 minutes then were incubated in 

developing solution (Pierce ECL Western Blotting Substrate, Thermo 

Scientific) for 1 minute. Images were detected via chemiluminescence signals 

using a Western Blot imager, LAS-4000 Fujifilm. 

2.2.16.1. Antibodies 

The anti-HER2 rabbit polyclonal antibody (Cell Signalling, Cat# 2242) was used 

at a 1:1000 dilution, eIF2α rabbit polyclonal antibody (Cell Signalling, Cat# 

9722) was used at a 1:1000 dilution, Phospho-eIF2α rabbit polyclonal antibody 

(Ser51) (Cell Signalling, Cat# 9721) was used at a 1:500 dilution, anti-lamin 

A/C (4C11) mouse monoclonal antibody (Cell Signalling, Cat# 4777) served as 

a loading control and was used at a 1:1000 dilution, anti-rabbit IgG HRP-linked 

secondary antibody (Cell Signalling, Cat# 7074) was used at a 1:3000 dilution 
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and anti-mouse IgG HRP-linked secondary antibody (Cell Signalling, Cat# 

7076) was used at a 1:3000 dilution. 

2.2.17. RNA Extraction 

Total RNA was isolated from confluent MCF-7 cells plated on a 6-well plate by 

first detaching cells from the wells using 1x trypsin. Then cells were pelleted at 

2,000 RPM for 5 minutes. RNA was extracted using RNeasy Plus Mini Kit 

(Qiagen) following the manufacturer’s protocol. RNA was eluted with 50 µl of 

RNase free water for 1 minute at 10,000 rpm. RNA concentration was measured 

using Nanodrop 1000 spectrophotometer (Thermo Scientific) by measuring 

optical absorbance at 260 nm. RNA samples were stored at -80˚C until required. 

2.2.18. Reverse Transcriptase reaction  

RNA was diluted to 100 ng/ µl with ddH20 and was reverse transcribed into 

cDNA using GoScript Reverse Transcriptase Kit (Promega). According to the 

manufacture’s protocol, 1 µl of 100 ng/µl RNA and 0.5 µl of 0.5 ng/µl Random 

Primers were made up to 5 µl with ddH20. Then the reaction mix was then 

heated at 70 °C for 5 minutes. The RNA/Random Primer Mix were chilled on 

ice for 5 minutes, then centrifuged and chilled on ice for a further 10 minutes. 

Then the reverse transcriptase mix was made with the following reagents: 4 µl 

of 5X Go Script Reaction Buffer, 4 µl of 3.2 mM MgCl₂, 1µl of 0.5 mM of PCR 

Nucleotide Mix and 1µl of GoScript Reverse Transcriptase (RT enzyme; M-

MLV) which was made up to 15 µl with nuclease-free water. Then the 15 µl 

reverse transcriptase mix was added to the 5 µl RNA/Random Primer Mix 

producing a final volume of 20 µl and the sample was reversed transcribed using 

the thermocycler setting in Table 2.10.  
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Table 2.10. cDNA synthesis reaction settings. The reaction temperature and 

duration for each segment used for cDNA synthesis 

Segment  Temperature 

(°C) 

Time (mins) 

Anneal 25 05:00 

Extend 42 59:00:00 

Inactivation of reverse 

transcriptase 

75 15:00 

Hold 4 N/A 

 

2.2.19. Quantitative Polymerase Chain Reaction  

qPCRs reactions were carried out using GoTaq qPCR Master Mix (Promega) 

using the Rotorgene machine (Qiagen). Primers were designed using NCBI 

Primer3 and BLAST (Figure 2.5). A master mix was made using 0.2 µl of each 

forward and reverse primer (100mM) (Table 2.6), 20 µl of GoTaq Master Mix 

and 17.4 µl of nuclease-free water to a total volume of 38 µl per reaction. 9.5 µl 

of mastermix was added per tube then 0.5 µl of cDNA was added to each tube. 

The reaction was carried out using the following settings: initial denaturation for 

10 minutes at 95˚C; 40 cycles at 95 ˚C for 10 seconds, 58 ˚C for 15 seconds and 

72 ˚C for 20 seconds. The fold change of each sample was calculated using the 

-ΔΔCt method relative to GAPDH house-keeping gene. No reverse transcriptase 

(-RT) and non-template controls were conducted to check for genomic DNA and 

reagent contamination respectively (Appendix-Figures 14-19, 28 and 30).  



79 
 

Product size  

181 bp 

Product size  

69 bp 

Product size  

137 bp 
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Figure 2.5. Schematic showing the location of the qPCR primer on the 

exons. The location of the qPCR primers in Table 2.5, on exons of GAPDH 

(accession number: NM_002046.7), β-actin (accession number: NM_001101.5 

) HER2 (accession number: NM_004448.3) and HER4 (accession number: 

NM_005235.2).  

 

2.3. Bacterial Techniques  

2.3.1. Reagents and Solutions 

TFB1:30mM KOAc, 10mM CaCl2, 50mM MnCl2, 100mM RbCl, 15% 

glycerol 

TFB2:10mM MOPS pH 6.5, 75mM CaCl2, 10mM RbCl, 15% glycerol 

2.3.2. Preparing competent E.coli cells 

A single colony was used to grow a 5 ml culture of DH5α E.coli cells overnight. 

The 5 ml culture was used to inoculate 250 ml culture of LB supplemented with 

20 mM of MgSO₄. This was grown in a shaker incubator at 37°C until the optical 

density measured at A600 was between 0.4 and 0.6. The remaining steps were 

all performed at 4°C. Cells were pelleted by centrifuging at 4000 RPM for 10 

minutes and resuspended in 100 ml of ice cold TBF1 and incubated on ice for 5 

Product size  

101 bp 

https://www.ncbi.nlm.nih.gov/nucleotide/1519316078?report=gbwithparts
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=1519311456
https://www.ncbi.nlm.nih.gov/nucleotide/584277099?report=gbwithparts
https://www.ncbi.nlm.nih.gov/nucleotide/1519245003?report=gbwithparts
https://www.ncbi.nlm.nih.gov/nucleotide/1519245003?report=gbwithparts


81 
 

minutes. Cells were pelleted again at 4000 RPM for 10 minutes and resuspended 

in 6 ml of ice-cold TBF2 and incubated on ice for 60 minutes. The cells were 

aliquoted (200µl) then snapped frozen in liquid nitrogen and stored at -80 until 

required.  

2.3.3. Transformation  

5 µl of ligation mixture was added to 50 µl of competent DH5α E.coli cells and 

the mixtures were incubated on ice for 30 minutes. Then the mixture was heat-

shocked at 42°C for 45 seconds, then was recovered on ice for 5 minutes. The 

mixture was then added to 750 µl of LB and incubated in a shaking incubator 

(215 RPM) at 37°C for 1 hour. Cells were then pelleted by centrifuging at 7,000 

RPM for 2 minutes. The supernatant was removed, and cells were resuspended 

in 50-100 µl of LB and spread evenly onto agar plates containing ampicillin (100 

µg/ml). Plates were incubated upside down at 37°C overnight.  

2.3.4. Purification of Plasmid DNA from a Miniprep/Maxiprep 

Kit 

A single colony of DH5α E.coli cells were used to start a culture in 10 ml of LB 

containing 10 µl of 100 µg/-ml ampicillin. Plasmid DNA was isolated and 

miniprepped using the NucleoSpin Plasmid Quick Purekit (Macherey-Nagel) 

following the manufacturer’s instructions. DNA was eluted in 50 µl of nuclease-

free water. Large-scale isolation of plasmid DNA was carried out using Plasmid 

Maxiprep Kit (Qiagen) following the manufacturer’s instructions and DNA was 

eluted in 200 µl of nuclease-free water.  
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2.4. Statistical Analysis  

Luciferase and MTT data was conducted using a t-test with Bonferroni-Dunn’s 

correction. The Renilla luciferase and F/R p-values are stated in the Results 

chapters. qPCR analysis was conducted using a Mann-Whitney t-test with 

Bonferroni-Dunn’s correction to compare two groups. All error bars represent 

the standard deviation. p<0.05 was determined statistically significant. All 

statistical analysis was conducted using GraphPad Prism (version 9.4.1, 

GraphPad Software, Inc). 

Densitometric analysis was conducted for the western blots. The intensity of a 

given band was measured as the total volume under the peak in Image J v1.53e. 

Background values were obtained by measuring the total volume under the peak 

of an area where no protein was loaded. Then the background intensity was 

subtracted from each protein intensity. The values for the protein of interest was 

divided by lamin a/c loading control or total eIF2α levels.  
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Chapter 3 - HER2 and HER4 5’ UTRs 

did not mediate IRES-dependent 

translation in response to cell stress 
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3.1. Introduction 

As mentioned in Chapter 1, Section 1.3.1.1, translation is regulated in response 

to cellular stress due to the phosphorylation of eIF2α. The phosphorylation of 

eIF2α leads to a reduction in cap-dependent translation but translation of specific 

mRNAs can take place via IRES-mediated translation (Zhou et al., 2008). This 

is important for cancer cells as many cellular mRNAs containing IRESs often 

encode for growth factors, growth factor receptors and transcription factors that 

are commonly overexpressed in many cancers and aid cancer cell survival (Stein 

et al., 1998; Webb et al., 2015; Li et al., 2016). IRESs are active in response to 

specific cellular stress conditions (Smalley, 2016). IRES activation can be cell-

type specific and can be dependent on the presence of certain ITAFs (Créancier 

et al., 2001; Cobbold et al., 2008).  

Many cellular stress conditions such as hypoxia and oxidative stress are 

commonly observed in cancers and can aid cancer cell progression 

(Mahalingaiah and Singh, 2014; Hoffmann et al., 2018; Zenin et al., 2022). 

HER2 and HER4 have been upregulated in response to some cellular stress 

conditions (discussed in this chapter) and have increased the expression of some 

genes involved in cell stress pathways such as HIFα, leading to an increase in 

cancer cell growth and survival (Paatero et al., 2014; Jarman et al., 2019).  

The aim of this chapter was to determine whether HER2 and HER4 5’ UTRs 

contain an IRES present in non-stressed conditions or in response to ER stress, 

oxidative stress, hypoxia, low serum conditions, genotoxic stress and confluence 

stress. These stress conditions are observed in many cancers and some of these 

stress conditions have shown to affect the translation of other cellular IRESs 

(Lewis et al., 2008; Riley et al., 2010; Argüelles et al., 2014; Halaby et al., 2015; 
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Webb et al., 2015; Yan et al., 2020). Each stress condition was tested on MCF-

7 breast cancer cells using bicistronic luciferase reporters containing HER2 or 

HER4 5’ UTRs inserted into the intercistronic region. The identification of an 

IRES in the 5’ UTR of HER2 and HER4 could be an important therapeutic target 

for cancer therapy.  

3.2. Generating HER2 and HER4 5’ UTR bicistronic luciferase 

constructs  

To assess whether HER2 and HER4 5’ UTRs contain an IRES, each 5’ UTR was 

cloned into a bicistronic luciferase plasmid, pRF (Figure 3.1). Bicistronic 

reporter systems containing firefly (Photinus pyralis) -luciferase downstream of 

a Renilla reniformis luciferase open reading frame are widely used for assessing 

IRES activity (Stoneley et al., 2000; Allera-Moreau et al., 2007). Renilla 

luciferase is translated in a cap-dependent manner whereas firefly luciferase is 

only produced if an IRES is present in the intercistronic region (Nanbru et al., 

1997; Stoneley et al., 2000). The Renilla luciferase activity is used to normalise 

the firefly luciferase expression and acts as an internal control to account for 

differences in transfection efficiency. The firefly luciferase expression is divided 

by the Renilla luciferase expression and referred to as the F/R ratio. Successful 

cloning of HER2 and HER4 5’ UTRs was confirmed by Sanger sequencing 

described in Chapter 2 (plasmids-Table 2.2 and primers-Table 2.5). EGFR 5’ 

UTR was previously shown to contain an IRES and was used as positive control 

(Smalley, 2016). β-tubulin 5’ UTR is known to not contain IRES activity and 

was used as a negative control (Smalley, 2016). A pRF vector containing no 5’ 

UTR inserted into the intercistronic region was also used as a negative control 
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(Stoneley et al., 2000). All the constructs used in this chapter are shown in Figure 

3.2. 

 

Figure 3.1. Bicistronic luciferase construct-pRF vector map. pRF plasmid 

contains a SV40 promoter upstream to luciferase open reading frames. The 5’ 

UTRs were cloned in the intercistronic region in pRF between the Renilla 

luciferase and firefly luciferase open reading frames. 
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i) 

ii) 
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iii) 
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iv) 
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Figure 3.2. Schematics of the bicistronic constructs used in this project. i) pRF plasmid containing no 5’ UTR inserted into the intercistronic 

region was used as a negative control. Renilla and firefly luciferase start and stop codons are underlined green or red respectively. The Renilla and 

firefly luciferase ORF sequences are the same for all the bicistronic constructs. ii) pRF-β-tubulin 5’ UTR was used as a negative control. iii) EGFR 

5’ UTR IRES (EGFR IRES highlighted purple, source: Webb, 2012) was used as positive control and referred to as pRF-EGFR-5’ UTR. The 5’ 

UTRs of HER2 and HER4 were cloned in the intercistronic region in pRF between the Renilla luciferase and firefly luciferase open reading frames 

and referred to as iv) pRF-HER2 5’ UTR (HER2 uORF is highlighted purple) and v) pRF-HER4 5’UTR respectively. Start codons are underlined 

green and stop codons are underlined red.

v) 
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3.3. HER2 and HER4 5’ UTRs are unable to induce firefly 

luciferase expression under non-stressed conditions  

Initially, the bicistronic constructs were transfected into unstressed MCF-7 cells 

to determine if there was evidence of IRES activity mediated by HER2 and 

HER4 5’ UTRs under non-stressed conditions. It was found that there was some 

background firefly luciferase and F/R expression from pRF (Appendix Figure 1 

and Figure 3.3). The Renilla luciferase expression of the bicistronic constructs 

were at similar levels except for bicistronic constructs containing β-tubulin 5’ 

UTR which had a slightly higher expression. This could be due to variation in 

cell numbers (Appendix Figure 1). However, the firefly luciferase and the F/R 

expression mediated from β-tubulin 5’ UTR was still at background levels 

(Appendix Figure 1 and Figure 3.3). EGFR 5’ UTR showed a 5.5-fold increase 

in the F/R expression compared to pRF (Figure 3.3). This was due to EGFR 

IRES increasing the translation of firefly luciferase (Appendix Figure 1). 

However, the firefly luciferase and the F/R expression mediated from HER2 5’ 

UTR was 4.7- folds lower than pRF indicating that HER2 5’ UTR blocked 

readthrough signals. HER4 5’ UTR mediated background firefly luciferase and 

F/R levels similar to the negative controls (Appendix Figure 1 and Figure 3.3). 
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Figure 3.3. HER2 and HER4 5’ UTRs are unable to mediate cap-

independent translation in contrast to EGFR IRES under non-stressed 

conditions. MCF-7 cells were transfected with bicistronic constructs containing 

both Renilla and firefly luciferase open reading frames. 24 hours post-

transfection cells were lysed and the F/R activity was measured. Data represents 

one independent experiment taken in triplicate. All error bars represent the 

standard deviation.  
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3.4. The effect of endoplasmic reticulum stress on the 

translational control by HER2 and HER4 5’ UTRs  

After establishing in contrast to EGFR, that HER2 and HER4 5’ UTRs do not 

show IRES activity under unstressed conditions, next it was investigated 

whether they might contain IRESs that only become active in response to 

cellular stress. The first cellular stress tested was ER stress which has shown to 

maintain the translation of other cellular IRESs such as MYC in response to ER 

stress. Furthermore, MYC expression can be regulated by HER2 (Park et al., 

2005; Nair et al., 2013; Shi et al., 2016). In addition, Nuclear Factor Erythroid 

2 (NFE2) is activated by PERK and can aid the survival of HER2-positive breast 

cancer cells in response to ER stress by degrading misfolded proteins (Cullinan 

et al., 2003; Singh et al., 2015; Chen et al., 2017). NFE2 can also increase the 

expression of HER2 and HER4 (Khalil et al., 2016; Kankia et al., 2021).  

To determine if HER2 or HER4 5’ UTRs contain an IRES that is active under 

ER stress, MCF-7 cells were transfected with bicistronic luciferase reporters and 

were exposed to different concentrations of ER stress inducer thapsigargin (0.5 

µM, 1 µM and 2 µM) or the equivalent percentage of DMSO as a control. First, 

the Renilla luciferase expression was assessed to determine if thapsigargin could 

reduce cap-dependent translation and induce cell stress. Overall, it was found 

that the Renilla luciferase expression was not reduced in response to 

thapsigargin indicating that cells were not sufficiently stressed. The exception 

to this was a reduction in the Renilla luciferase expression in response to 1 µM 

of thapsigargin from pRF (p<0.001) and bicistronic constructs containing EGFR 

5’ UTR (p=0.051) demonstrating it reduced cap-dependent translation in this 

condition for these two constructs at 1 µM of thapsigargin treatment (Figure 
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3.4). There was an unexpected increase in the Renilla expression from pRF in 

response to 2 µM of thapsigargin (p=0.006) (Figure 3.4). However, more 

replicates are needed as variations could be due to other factors such as 

differences in cell numbers.  

The firefly luciferase and the F/R expression from pRF was overall not affected 

by thapsigargin treatment at concentrations of 0.5 µM (p= 0.605) and 2 µM 

(p=0.142) except for an unexpected increase in the F/R expression in response 

to 1 µM of thapsigargin (p<0.001)  (Figure 3.5). However, there was a decrease 

in the firefly luciferase expression from pRF in response to 1 µM of thapsigargin 

treatment (Appendix 2). This is unlikely to be biologically relevant given that 

the firefly luciferase and the F/R expression was at background levels (Appendix 

Figure 2 and Figure 3.5). The EGFR IRES had no effect on the firefly luciferase 

and the F/R expression in response to 0.5 µM (p=0.137) of thapsigargin 

(Appendix Figure 2 and Figure 3.5). However, EGFR IRES induced a 

statistically significant decrease on the firefly luciferase and the F/R expression 

in response to 1 µM (p=0.012) and 2 µM (p= 0.047) of thapsigargin (Appendix 

Figure 2 and Figure 3.5). This is consistent with previous reports that found that 

EGFR IRES reduced firefly luciferase activity in response to 1 µM of 

thapsigargin (Smalley, 2016). There was no change in the firefly luciferase and 

the F/R expression mediated from bicistronic constructs containing HER2 or 

HER4 5’ UTRs in response to 0.5 µM (p=0.920 and p=0.309), 1 µM (p=0.443 

and p=0.923) and 2 µM (p=0.870 and p=0.611) of thapsigargin respectively 

(Appendix Figure 2 and Figure 3.5). This suggests that there was no evidence of 

IRES activity in HER2 or HER4 5’ UTRs in response to thapsigargin.  
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Figure 3.4. The Renilla luciferase expression in response to thapsigargin. MCF-7 cells were transfected with bicistronic 

constructs. 24 hours post-transfection MCF-7 cells were exposed to either 0.5 µM, 1 µM or 2 µM of thapsigargin (black) or 

respective DMSO controls (orange). 24 hours later cells were lysed and the Renilla luciferase expression was measured. Data 

represents the average of two-three independent experiments each carried out in triplicate. All error bars represent the standard 

deviation. p<0.05 was determined statistically significant using a t-test with Bonferroni-Dunn’s correction.
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Figure 3.5. Thapsigargin had no effect on translation mediated by HER2 and HER4 5’ UTRs but EGFR IRES activity was 

decreased. MCF-7 cells were transfected with bicistronic constructs containing both Renilla luciferase and firefly luciferase open 

reading frames. 24 hours post-transfection MCF-7 cells were exposed to either 0.5 µM, 1 µM or 2 µM of thapsigargin (black) or 

respective DMSO controls (orange). 24 hours later cells were lysed and the F/R activity was measured. Data represents the average 

of two-three independent experiments each carried out in triplicate. All error bars represent the standard deviation. p<0.05 was 

determined statistically significant using a t-test with Bonferroni-Dunn’s correction. 
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As the Renilla luciferase expression was not efficiently reduced in response to 

thapsigargin (Figure 3.4), next it was investigated whether thapsigargin 

treatment could reduce the cell viability of MCF-7 which would give an 

indication to whether thapsigargin induced ER stress.  

The results from the MTT data found that there was a 50.2%, 18.6% and 55.3% 

decrease in the cell viability of MCF-7 cells in response to 0.5 µM, 1 µM and 2 

µM of thapsigargin respectively, from the average of two independent 

experiments (Figure 3.6). This indicates that thapsigargin treatments did reduce 

the cell viability of MCF-7 cells. However, one experimental repeat showed a 

low cell viability at the 0.1% DMSO control which was compared with the 1 

µM of thapsigargin condition. This may be due to low cell numbers at this 

replicate. Additional repeats should be conducted to see if there is a similar 

percentage decrease at 1 µM of thapsigargin like the other concentrations of 

thapsigargin.  Previous experiments shown that 1 µM of thapsigargin caused a 

39% reduction in the cell viability of MCF-7 cells (Smalley, 2016).  
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Figure 3.6. The effect of thapsigargin on the cell viability of MCF-7 cells. 

MCF-7 cells were exposed to either 0.5 µM, 1 µM or 2 µM of thapsigargin 

(black) or respective controls containing the equivalent percentage of DMSO 

(%) (orange). After 24 hours the cell viability was measured by MTT assay. T0= 

time-zero readings taken at the start of treatment. Data represents the average of 

two independent experiments from at least four technical replicates. Percentage 

decrease was calculated from the average of two independent experiments and 

was compared to the respective % DMSO control. Error bars represent the 

standard deviation.  
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3.5. The effect of oxidative stress on the translational control by 

HER2 and HER4 5’ UTRs 

NFE2 a regulator of HER2 and HER4 can also protect cancer cells from 

oxidative stress by upregulating antioxidant genes (Chen et al., 2017; Zhang et 

al., 2019a). Breast cancer patients overexpressing HER2 have shown to have an 

increase in oxidative stress in comparison to HER2 negative patients, together 

this suggests that HER2 may be translated in response to oxidative stress 

(Victorino et al., 2014). In addition, oxidative stress has shown to activate the 

IRESs of some cellular mRNA such as FGF and XIAP (Argüelles et al., 2014). 

Next, it was investigated if HER2 and HER4 5’ UTRs contain an IRES active in 

response to oxidative stress. To assess this bicistronic luciferase reporters 

containing the 5’ UTRs were tested in response to 250 µM of hydrogen peroxide 

treatment. 

The Renilla luciferase expression was assessed to check if hydrogen peroxide 

decreased cap-dependent translation. The Renilla luciferase expression was  

reduced in response to 250 µM of hydrogen peroxide treatment indicating that 

cap-dependent translation was reduced. This was except for constructs 

containing HER2 5’ UTR which may be due to variability in the cell confluency 

between replicates (Figure 3.7). To determine the effect of hydrogen peroxide 

treatment on the translation mediated by the 5’ UTRs the F/R was measured. 

There was a decrease in the background firefly luciferase and the F/R levels 

from pRF in response to hydrogen peroxide treatment (p=0.005) (Appendix 

Figure 3 and Figure 3.8). There was a decrease in the firefly luciferase 

expression from EGFR IRES in response to 250 µM of hydrogen peroxide 

(Appendix Figure 3). There was a slight decrease in the F/R expression mediated 



100 
 

by EGFR IRES but this was determined to be statistically insignificant (p= 

0.063) (Figure 3.8).There was no change in the firefly luciferase or the F/R levels 

mediated from HER2 and HER4 5’ UTRs in response to hydrogen peroxide 

treatment (p=0.324 and p=0.492 respectively) (Appendix Figure 3 and Figure 

3.8). The data showed no evidence for IRES activity in HER2 and HER4 5’ 

UTRs in response to hydrogen peroxide treatment. 

Next, an MTT assay was conducted to measure if hydrogen peroxide reduced 

the cell viability of MCF-7 cells that would indicate that stress was induced. 

There was an increase in the viability of MCF-7 cells in response to 250 µM of 

hydrogen peroxide, indicating that cells were able to withstand this treatment 

and therefore unlikely to have been stressed. However, this was determined to 

be statistically insignificant (p=0.102) and therefore more replicates would need 

to be carried out to confirm the effects shown (Figure 3.9). 
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Figure 3.7. 250 µM of hydrogen peroxide treatment reduced the Renilla 

luciferase expression. MCF-7 cells were transfected with bicistronic constructs. 

24 hours post-transfection MCF-7 cells were exposed to 250 µM of hydrogen 

peroxide (H₂0₂) (black) or were untreated (orange) for 24 hours. Then cells were 

lysed and the Renilla luciferase expression was measured. Data represents the 

average of two independent experiments each carried out in triplicate. All error 

bars represent the standard deviation. p<0.05 was determined statistically 

significant using a t-test with Bonferroni-Dunn’s correction. 

 

Figure 3.8. No evidence for IRES activity in HER2 and HER4 5’ UTRs in 

response to 250 µM of hydrogen peroxide treatment. MCF-7 cells were 

transfected with bicistronic constructs. 24 hours post-transfection MCF-7 cells 

were exposed to 250 µM of hydrogen peroxide (H₂0₂) (black) or were untreated 

(orange) for 24 hours. 24 hours later cells were lysed and the F/R activity was 

measured. Data represents the average of two independent experiments each 

carried out in triplicate. All error bars represent the standard deviation. p<0.05 

was determined statistically significant using a t-test with Bonferroni-Dunn’s 

correction. 
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Figure 3.9. The effect of 250µM of hydrogen peroxide on the viability of 

MCF-7 cells. Cells were exposed to either 250 µM of hydrogen peroxide (H₂0₂) 

(black) or were untreated (orange) for 24 hours before a MTT assay was 

conducted. T0= time-zero readings taken at the start of treatment. Data 

represents two independent experiments from at least four technical replicates. 

Error bars represent the standard deviation. p<0.05 was determined statistically 

significant using a t-test with Bonferroni-Dunn’s correction. 
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3.6. The effect of hypoxic stress on the translational control by 

HER2 and HER4 5’ UTRs 

HER2 and HER4 PI3K signalling have shown to upregulate HIF expression 

leading to the transcription of genes that promote cancer cell progression such 

as VEGF. This shows that HER2 and HER4 have a role in regulating hypoxia. 

(Jarman et al., 2019; Laughner et al., 2001; Paatero et al., 2012). Additionally, 

EGFR a closely related family member and dimerisation partner of HER2 and 

HER4, contains an IRES in the EGFR 5’ UTR that is active in response to 

hypoxic stress (Liu et al., 2012; Webb et al., 2015; Jeon et al., 2017).   

Therefore, it was tested whether HER2 and HER4 5’ UTRs contain an IRES 

active in response to hypoxia. To assess this MCF-7 cells were transfected with 

bicistronic luciferase constructs and then were treated with different 

concentrations (75 µM, 100 µM and 150 µM) of hypoxia mimic CoCl₂. CoCl₂ 

mimics hypoxia by binding to the oxygen-dependent degradation (ODD) 

domain of HIF-1α and HIF-2α. This inhibits the hydroxylation of HIF-α by 

prolyl hydroxylases and prevents the subsequent degradation by VHL which 

results in the stabilisation of HIF-1α and HIF-2α (Yuan et al., 2003).  

To determine if CoCl₂ was able to reduce cap-dependent translation the Renilla 

luciferase expression from each bicistronic construct was measured. 

Surprisingly, there was an increase in the Renilla luciferase expression from pRF 

in response to CoCl₂ indicating that CoCl₂ increased cap-dependent translation 

in MCF-7 cells transfected with pRF. However, the increase from pRF may be 

due to low transfection at the control condition, as the Renilla expression at the 

CoCl₂ conditions was at similar levels to the other bicistronic reporters. There 
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was also a statistically significant increase in the Renilla expression from  

bicistronic constructs containing HER2 5’ UTR in response to 75 µM and 100 

µM of CoCl₂. In addition, there was a decrease in the Renilla expression from 

bicistronic constructs containing HER4 5’ UTR in response to 75 µM and 150 

µM of CoCl₂ and no change at 100 µM. There was a slight decrease in the 

Renilla luciferase expression from bicistronic constructs containing EGFR 5’ 

UTR at all three concentrations of CoCl₂ but this was statistically insignificant 

(Figure 3.10). As CoCl₂ overall did not reduce the Renilla luciferase expression 

of the bicistronic constructs, the results indicate that CoCl₂ was unable to 

decrease cap-dependent translation. Overall, the results suggests that hypoxic 

stress may have not been efficiently induced.  

75 µM of CoCl₂ had previously been reported to have no effect on EGFR IRES 

activity in MCF-7 cells (Smalley, 2016). To confirm this effect and determine if 

higher concentrations of CoCl₂ could increase EGFR IRES activity and detect 

IRES activity in the 5’ UTRs of HER2 and HER4, the F/R expression was 

measured from each bicistronic construct. There was found to be an increase in 

the firefly luciferase expression from pRF in response to CoCl₂ (Appendix 

Figure 4). There was a decrease in the F/R from pRF in response to CoCl₂ but 

this was determined to be statistically insignificant at 75 µM (p=0.082), 100 µM 

(p=0.062) and 150 µM (p=0.051) of CoCl₂ (Figure 3.11). There was a slight 

decrease in the firefly luciferase expression from EGFR IRES in response to 75 

µM and 100 µM of CoCl₂ but this was statistically insignificant. There was no 

change in the F/R from EGFR IRES in response to 75 µM (p=0.590) or higher 

concentrations of CoCl₂ at 100 µM (p=0.928) and 150 µM (p=0.604) (Appendix 

Figure 4 and Figure 3.11). There was an increase in the firefly luciferase 
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expression from constructs containing HER2 5’ UTR in response to 100 µM of 

CoCl₂. There was also a decrease in the firefly luciferase expression from 

constructs containing HER4 5’ UTR in response to 75 µM and 150 µM of CoCl₂ 

(Appendix Figure 4). However, there was found to be no change in the F/R 

expression from constructs containing HER2 or HER4 5’ UTRs in response to 

75 µM (p=0.583 and p=0.280 respectively), 100 µM (p=0.458 and p=0.233 

respectively) and 150 µM (p=0.835 and p=0.062 respectively) (Figure 3.11). 

This indicates that there is no IRES activity in HER2 and HER4 5’ UTRs in 

response to CoCl₂ treatment.  
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Figure 3.10. The Renilla luciferase expression in response to CoCl₂ treatment. MCF-7 cells were transfected with bicistronic 

constructs containing both Renilla and firefly luciferase open reading frames. 24 hours post-transfection MCF-7 cells were exposed 

to 75 µM, 100 µM or 150 µM of CoCl₂ (black, light grey or dark grey respectively) or were untreated (orange) for 24 hours. Then 

cells were lysed and the Renilla luciferase expression was measured. Data represents the average of two independent experiments 

each carried out in triplicate. All error bars represent the standard deviation. p<0.05 was determined statistically significant using a 

t-test with Bonferroni-Dunn’s correction.  



107 
 

 

Figure 3.11. The hypoxia mimic, CoCl₂ was unable to induce firefly 

luciferase expression of the bicistronic constructs. MCF-7 cells were 

transfected with bicistronic constructs containing both Renilla and firefly 

luciferase open reading frames. 24 hours post-transfection MCF-7 cells were 

exposed to 75 µM, 100 µM or 150 µM of CoCl₂ (black, light grey or dark grey 

respectively) or were untreated control (orange) for 24 hours. Then cells were 

lysed and the F/R activity was measured. Data represents the average of two 

independent experiments each carried out in triplicate. All error bars represent 

the standard deviation. p<0.05 was determined statistically significant using a t-

test with Bonferroni-Dunn’s correction. 

 

An MTT assay was conducted to measure if CoCl₂ could reduce the cell viability 

of MCF-7 cells. It was found that CoCl₂ had no effect on the cell viability of 

MCF-7 cells (Figure 3.12). This indicates that hypoxic stress may have not been 

induced in response to different concentration of CoCl₂ in MCF-7 cells. 
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Figure 3.12. CoCl₂ treatment had no effect on the cell viability of MCF-7 

cells. Cells were exposed to either 75 µM, 100 µM or 150 µM of CoCl₂ (black) 

or were untreated (orange) for 24 hours before an MTT assay was conducted. 

T0= time-zero readings taken at the start of treatment. Data represents two 

independent experiments from at least four technical replicates. 
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3.7. The effect of low serum conditions on the translational 

control by HER2 and HER4 5’ UTRs 

Many cancers are dependent on the presence of nutrients such as growth factors 

and amino acids. Cancer cells are often deprived of such nutrients which is 

mimicked by serum starvation in tissue culture. In response to growth factor 

deprivation cap-dependent translation is inhibited. Some IRESs have shown to 

be active in response to serum starvation such as XIAP, CDKN1B and SREBP-

1 (Coleman et al., 2009; Riley et al., 2010; Damiano et al., 2010). This 

demonstrates that serum starvation can affect translation. HER4 expression has 

shown to be increased in response to serum starvation and HER4 expression can 

protect cancer cells from serum starvation (Hua et al., 2012; Wang et al., 2018a). 

Therefore, there is potential that an IRES could mediate an increase in HER4 

expression or closely related family member HER2 in response to low serum 

conditions. 

To test the effects of low serum conditions on translation, MCF-7 cells were 

transfected with bicistronic constructs and the serum levels in the media was 

reduced from 10% FBS to 0.5% FBS. First, the Renilla luciferase expression 

was measured to determine if low serum conditions could reduce cap-dependent 

translation. There was no change in the Renilla luciferase expression in response 

to 0.5% FBS indicating that cap-dependent translation was not reduced. The 

exception to this was a reduction in the Renilla luciferase expression from 

constructs containing β-tubulin 5’ UTR (p=0.004) (Figure 3.13). The difference 

in response of the Renilla luciferase expression of the bicistronic construct 

containing β-tubulin 5’ UTR and the other bicistronic constructs is unexpected. 

This is because the Renilla expression is controlled by the same SV40 promoter 
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across the bicistronic constructs so it would be expected that the Renilla 

luciferase expression behaves the same across the bicistronic constructs 

especially given that they are subjected to the same conditions.  

Next, the F/R expression was measured from each bicistronic construct to 

determine if HER2 and HER4 5’ UTRs contain an IRES active in response to 

low serum conditions. There was no change in the firefly luciferase expression 

from each bicistronic construct in response to low serum conditions except for 

constructs containing β-tubulin 5’ UTR where the firefly luciferase expression 

was decreased (Appendix Figure 5). However, as the Renilla expression also 

decreased for constructs containing β-tubulin 5’ UTR this resulted in no change 

in the F/R expression (p=0.518) (Figure 3.14). In addition, there seemed to be 

an increase in the firefly expression mediated by EGFR IRES in response to 

serum starvation, however this was not statistically significant (Appendix Figure 

5). There was no effect of low serum conditions on pRF (p=0.882). There was 

no change in the F/R mediated by EGFR IRES in response to low serum 

conditions (p=0.671). HER2 and HER4 5’ UTR (p=0.449 and p=0.980 

respectively) mediated similar F/R readings to the negative controls which 

indicates that there is no evidence of IRES activity in HER2 and HER4 5’ UTRs 

in response to low serum conditions (Figure 3.14).  

To determine if low serum conditions had an effect on the cell viability of MCF-

7 cells, cells were treated with DMEM containing 0.5% FBS and a MTT assay 

was conducted. It was found that DMEM containing 0.5% FBS had no effect on 

the cell viability of MCF-7 cells. Therefore, it is unlikely that low serum 

conditions induced stress in this study (Figure 3.15). 
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Figure 3.13. Overall, low serum conditions were unable to efficiently reduce 

cap-dependent translation. MCF-7 cells were transfected with bicistronic 

constructs. 24 hours post-transfection MCF-7 cells were exposed to media 

containing 0.5% FBS to provide low serum conditions (black) or media 

containing 10% FBS as a control (orange) for 24 hours. Then cells were lysed 

and the Renilla luciferase expression was measured. Data represents the average 

of two-three biological repeat each carried out in triplicate. All error bars 

represent the standard deviation. p<0.05 was determined statistically significant 

using a t-test with Bonferroni-Dunn’s correction. 
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Figure 3.14. No evidence for IRES activity in HER2 or HER4 5’ UTRs in 

response to low serum conditions. MCF-7 cells were transfected with 

bicistronic constructs. 24 hours later MCF-7 cells were exposed to media 

containing 0.5% FBS to provide low serum conditions (black) or media 

containing 10% FBS as a control (orange) for 24 hours. Then cells were lysed 

and the F/R activity was measured. Data represents the average of two-three 

biological repeat each carried out in triplicate. All error bars represent the 

standard deviation. p<0.05 was determined statistically significant using a t-test 

with Bonferroni-Dunn’s correction. 
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Figure 3.15. Low serum conditions had no effect on the cell viability of 

MCF-7 cells. Cells were exposed to DMEM media containing either 0.5 % FBS 

to provide low serum conditions (black) or 10% FBS as a control (orange) before 

an MTT assay was conducted. T0= time-zero readings taken at the start of 

treatment. Data represents two biological repeats from at least four technical 

replicates. Error bars represent the standard deviation.  
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3.8. The effect of genotoxic stress on the translational control by 

HER2 and HER4 5’ UTRs 

Genotoxic stress can be induced by UV-B which can form mutagenic lesions 

and photoproducts such as cyclobutane pyrimidine dimers and pyrimidine 6-4 

pyrimidone photoproducts commonly inducing C to T mutations in DNA (Goto 

et al., 2015; Horrell et al.,2015). However, the repair of these lesions by 

nucleotide excision repair (NER) has shown to be reduced in some breast 

cancers (Navaraj et al., 2005; Berndt et al., 2006). The UV resistance associated 

gene is upregulated in breast cancers and increases the expression of proteins 

such as cyclins and SRC (Sencan et al., 2021). In addition, HER2 is activated in 

response to UV and activates the PI3K pathway to prevent inhibition of the S-

phase of the cell cycle in keratinocyte carcinoma cells (Madson et al., 2009).  

UV radiation has shown to activate other cellular IRES such as SHMT1 and 

APAF1 IRESs (Ungureanu et al., 2006; Fox et al., 2009). Next, it was 

investigated whether HER2 5’ UTR or HER4 5’ UTRs contain an IRES that 

could mediate an increase in expression in response to UV radiation in breast 

cancer cells. 

To assess the effect of UV-B radiation on cap-dependent translation, MCF-7 

cells were exposed to UV-B radiation for 10 or 20 seconds and the Renilla 

luciferase expression was measured. There seemed to be a slight increase in the 

Renilla expression from the bicistronic reporters in response to 20 seconds of 

UV-B, however this was insignificant (Figure 3.16). As the Renilla expression 

did not decrease the results suggest that cap-dependent translation was not 

inhibited (Figure 3.16).  
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Next, to determine if HER2 or HER4 5’ UTRs contain an IRES active in 

response to UV-B radiation, the F/R expression from each bicistronic construct 

was measured. At 10 seconds of UV-B exposure there was a slight decrease in 

the firefly luciferase from pRF however this was determined to be statistically 

insignificant. There was no change in the firefly luciferase expression of pRF in 

response to 20 seconds of UV-B and no change in the F/R from pRF in response 

to 10 or 20 seconds of UV-B radiation (p=0.270 and p=0.679 respectively)  

(Appendix Figure 6 and Figure 3.17). There was a decrease in the firefly 

luciferase expression mediated by EGFR  5’ UTR in response to 10 seconds of 

UV but this was statistically insignificant. However, there was a statistically 

significant increase in the firefly luciferase expression mediated from EGFR 

IRES in response to 20 seconds of UV-B (Appendix Figure 6). However, there 

was no change in the F/R expression in response to 10 or 20 seconds UV-B  from 

EGFR IRES (p=0.867 and p=0.461 respectively) (Figure 3.17).  

There was no effect of 10 seconds of UV-B on the firefly luciferase and the F/R 

expression mediated by HER2 5’ UTR (p=0.206), but there was found to be a 

statistically significant increase in the firefly luciferase and F/R expression 

mediated by HER2 5’ UTR in response to 20 seconds of UV-B compared to the 

control (p=0.030) (Appendix Figure 6) (Figure 17).There was no change in the 

firefly luciferase expression but there was a statistically significant decrease in 

the F/R expression mediated by HER4 5’ UTR in response to 10 seconds of UV-

B radiation (p=0.045) (Appendix Figure 6) (Figure 17). There was a statistically 

significant increase in the firefly luciferase expression mediated by HER4 5’ 

UTR in response to 20 seconds of UV-B (Appendix Figure 6). However, as there 

was an observed increase in the Renilla expression this resulted in no change in 
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the F/R expression in response to 20 seconds of UV-B (p=0.702) (Figure 3.17). 

The changes in the F/R mediated by HER2 and HER4 5’ UTR are unlikely to be 

biologically significant given that the F/R expression was at similar or lower 

levels than the pRF negative control and that the Renilla luciferase expression 

was also not decreased in response to UV-B radiation. This shows that HER2 

and HER4 5’ UTRs do not contain an IRES active in response to UV-B radiation 

in MCF-7 cells.  
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Figure 3.16. The Renilla luciferase expression in response to UV-B 

radiation. MCF-7 cells were transfected with bicistronic constructs. 24 hours 

post-transfection MCF-7 cells were exposed to UV-B radiation (302 nm) for 10 

seconds (black) or 20 seconds (grey) to induce genotoxic stress or were untreated 

(orange) for 24 hours. After each timepoint cells were lysed, and the Renilla 

luciferase expression was measured. Data represents the average of two 

independent experiments each carried out in triplicate. All error bars represent 

the standard deviation. p<0.05 was determined as statistically significant using 

a t-test with Bonferroni-Dunn’s correction. 
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Figure 3.17. The effect of UV radiation on the F/R expression mediated by 

EGFR, HER2 and HER4 5’ UTRs. MCF-7 cells were transfected with 

bicistronic constructs. 24 hours post-transfection MCF-7 cells were exposed to 

UV-B radiation (302 nm) for 10 seconds (black) or 20 seconds (grey) to induce 

genotoxic stress or were untreated (orange) for 24 hours. After each timepoint 

cells were lysed, and the F/R activity was measured. Data represents the average 

of two independent experiments each carried out in triplicate. All error bars 

represent the standard deviation. p<0.05 was determined as statistically 

significant using a t-test with Bonferroni-Dunn’s correction. 

 

The cell viability was next assessed in response to UV-B radiation to determine 

if UV-B radiation was able to stress MCF-7 cells. It was found that 20 seconds 

of UV-B exposure caused a 60.8% reduction in the cell viability of MCF-7 cells 

(Figure 3.18). This indicates that 20 seconds of UV-B radiation may have 

induced cell stress by causing DNA damage leading to cell cycle arrest and a 

reduction in viable cells (Wang et al., 2017a). 
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Figure 3.18. UV-B radiation decreased the cell viability of MCF-7 cells. 

Cells were exposed to UV-B radiation (302 nm) for 10 seconds or 20 seconds 

(black or grey respectively) or control (orange). After each time-point cell 

viability was measured by MTT assay. T0= time-zero readings taken at the start 

of treatment. MCF-7 cells. Data represents a single independent experiment. 

Percentage decrease was calculated from the average of a single independent 

experiment from four technical replicates. Error bars represent the standard 

deviation.  
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3.9. The effect of high cell densities on translational control by 

HER2 and HER4 5’ UTRs 

Cancer cells lose contact inhibition and continue to proliferate even at high cell 

densities (Eagle and Levine, 1967). The hippo signalling pathway controls cell 

growth and apoptosis but dysregulation of the pathway can lead to key 

components such as YAP binding to transcriptional enhanced associate domains 

(TEAD) and inducing the transcription of genes involved in cell proliferation 

(Zhao et al., 2008; Tariki et al., 2014). HER4 expression has shown to be 

increased in response to high cell densities (Hua et al., 2012). In addition, HER2 

and HER4 have shown to increase YAP signalling so have a role in regulating 

cell density which can increase cancer cell progression (Haskins, Nguyen and 

Stern, 2014; Aharonov et al., 2020). To determine if HER2 or HER4 5’ UTRs 

contain an IRES active in response to high cell densities, MCF-7 cells were 

seeded at 3X and 6X more than the original cell density of 10,000 cells per well 

in a 24-well plate before being transfected with each bicistronic construct.  

The Renilla luciferase expression was assessed to determine the effect of high 

cell densities on cap-dependent translation. There was an increase in the Renilla 

expression in response to an increase in cell densities (Figure 3.19). This trend 

was observed across two independent experiments (Figure 3.19 and Appendix 

Figure 7). However, one independent is shown in Figure 3.19 due to variations 

when combining independent experiments. The increase in Renilla expression 

may be due to an increase in the number of cells expressing the luciferase 

constructs. 
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Next, the F/R expression was measured to determine if high cell densities could 

induce IRES activity. It was found that increasing the seeding density of cells 

from 10,000 cells per well to 30,000 or 60,000 cells per well increased the firefly 

luciferase expression from the bicistronic constructs (Appendix Figure 8). There 

was no effect on the F/R expression from the bicistronic constructs in response 

to increasing cell densities (Figure 20).  

The results from a second independent experiment also showed an increase in 

the firefly luciferase expression from the bicistronic constructs in response to an 

increase in cell density (Appendix Figure 9). However, in the second 

independent experiment, there was a varied response in the F/R expression. 

There was an increase in the F/R expression mediated by EGFR 5’ UTR in 

response to 60,000 cells per well and HER4 5’ UTR at 30,000 and 60,000 cells 

per well. There was a decrease in the F/R expression mediated by HER2 5’ UTR 

in response to high cell densities (Appendix Figure 10). The expression from 

HER2 and HER4 5’ UTR are at background levels so unlikely to be biologically 

relevant. Overall, increasing the cell density seems to increase both the Renilla 

and firefly luciferase expression of the bicistronic constructs. However, due to 

variations in the F/R expression between the two independent experiments more 

replicates would need to be conducted to determine the effect of cell density on 

the reporters.  
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Figure 3.19. Increasing the seeding cell density increased the Renilla 

luciferase expression. MCF-7 cells were seeded at high cell densities; 30,000 

(black) and 60,000 (grey) or at the original cell density of 10,000 cells per well 

(orange). 24 hours later MCF-7 cells were transfected with bicistronic 

constructs. 24 hours post-transfection cells were lysed, and the Renilla luciferase 

expression was measured. Data of one independent experiment carried out in 

triplicate but representative of two independent experiments. 

 

Figure 3.20. Increasing the seeding cell density had no effect on the F/R 

expression mediated from EGFR, HER2 and HER4 5’ UTRs. MCF-7 cells 

were seeded at high cell densities; 30,000 (black) and 60,000 (grey) or at the 

original cell density of 10,000 cells per well (orange). 24 hours later MCF-7 cells 

were transfected with bicistronic constructs. 24 hours post-transfection cells 

were lysed, and the F/R activity was measured. Data represents one independent 

experiments carried out in triplicate.   
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3.10. Discussion 

The aim of this chapter was to determine whether the 5’ UTRs of HER2 or HER4 

contain an IRES active in breast cancer cells by screening various cell stress 

conditions in MCF-7 cells using bicistronic luciferase reporters. Cancer cells are 

exposed to various cell stress conditions such as hypoxia which have been 

shown to increase the translation of specific mRNA via internal ribosome entry 

such as EGFR (Fukumura et al., 2001; Webb et al., 2015). As HER2 and HER4 

are key oncogenes that are responsible for mediating downstream signalling 

cascades that increase cancer cell growth it would be important to investigate 

whether these receptors are regulated at the translational level and if translation 

is mediated by an IRES which could be a potential therapeutic target for cancer 

(Monsey et al., 2010).  

Previously, EGFR IRES did not upregulate the F/R expression in response to 

low serum conditions, CoCl₂, UV-B exposure and hydrogen peroxide treatment, 

however EGFR IRES activity was still maintained in these conditions in MCF-

7 cells (Alamoudi, 2020; Smalley, 2016). EGFR, HER2 and HER4 can dimerise 

and mediate downstream signalling pathways that increase cell proliferation 

which can cause aberrant signalling in cancer. Therefore, as EGFR contains an 

IRES that mediates expression of the downstream firefly luciferase cistron in 

response to stress conditions, there is potential for its dimerisation partners 

HER2 and HER4 to also contain an IRES to mediate their expression in cancer 

cells. Especially, as IRESs are often found in mRNAs of other proto-oncogenes 

that respond to stress and regulate cell growth such as MYC, TP53, VEGF, IR 

and IGF-1R (Miller et al., 1998; Stoneley et al., 2000; Giraud et al., 2001; Ray, 

Grover and Das, 2006; Spriggs et al., 2009). 
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The data confirmed the previously observed effects of thapsigargin, CoCl₂, low 

serum conditions and UV-B radiation on EGFR IRES activity in MCF-7 cells. 

Although, EGFR IRES did decrease the F/R expression in response to hydrogen 

peroxide treatment, this was determined as statistically insignificant and 

therefore more repeats would need to be carried out to confirm the effects shown 

in response to oxidative stress. Additionally, EGFR IRES was found to not be 

affected by high cell densities except for one independent experiment where 

there was an increase in response to 60,000 cells per well (Appendix Figure 10). 

Although, the hypoxia mimic CoCl₂ was able to maintain EGFR IRES activity, 

it was unable to statistically significantly reduce the Renilla expression. This is 

in contrast to previous reports that found that EGFR IRES maintained the firefly 

luciferase expression and reduced the Renilla expression in response to hypoxia 

(1% O₂) induced by a hypoxic chamber in MCF-7 cells (Webb et al., 2015). This 

indicates that the hypoxia mimic CoCl₂ may be a poor model to stimulate 

hypoxia which is also evaluated from previous studies based on 75 µM of CoCl₂ 

(Smalley, 2016). Although in this study higher concentrations of CoCl₂ (100µM 

and 150 µM) were tested which were not included in previous studies. This was 

to investigate if higher concentrations of CoCl₂ could induce IRES activity 

whilst reducing the Renilla expression (Smalley, 2016). Overall, this suggests 

that a hypoxia chamber is a better way of studying the translational control by a 

5’ UTR in response to hypoxia as it provides true hypoxic conditions (1% O₂).  

The EGFR IRES has previously been shown to decrease the F/R expression in 

response to 1µM of thapsigargin which was consistent with this study but in this 

study it was also found that 2 µM of thapsigargin decreased EGFR IRES activity 

(Webb et al., 2015; Smalley 2016). However, it is important to mention that the 
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F/R expression of pRF was increased in response to 1 µM of thapsigargin. 

Although the F/R expression was at background levels, the firefly expression 

from pRF should not be affected by thapsigargin treatment. This difference may 

be due to differences in the transfection efficiency of pRF in the thapsigargin-

treated and non-treated cells. MYC IRES activity is increased in response to ER 

stress and hypoxia and can be included as a positive control in such conditions 

(Webb et al., 2015; Shi et al., 2016; Hantelys et al., 2019). Especially as, MYC 

IRES activity is dependent on MAPK signalling which the HER/EGFR family 

regulate (Shi et al., 2016). Additionally, MYC and HER2 are commonly co-

amplified in breast cancer and they both cooperate to drive cell proliferation in 

cancer cells (Park et al., 2005; Nair et al., 2013).  

However, there was no evidence of IRES activity in the 5’ UTRs of HER2 and 

HER4 in non-stressed cells and in response to thapsigargin, CoCl₂, low serum 

conditions and oxidative stress in MCF-7 cells. However, there was an increase 

in the F/R expression mediated by HER2 5’ UTR in response to 20 seconds of 

UV-B exposure and decrease in the F/R mediated by HER4 5’ UTR at 10 second 

exposure (Figure 3.17). Additionally, one independent high cell density 

experiment showed no effect mediated by HER2 and HER4 5’ UTRs (Figure 

3.20). However, another independent experiment showed an increase in the F/R 

mediated by HER4 5’ UTR in response to high cell densities and a decrease in 

the F/R mediated by HER2 5’ UTR (Appendix Figure 10). This experiment was 

conducted by seeding cells at the various cell densities before transfecting cells 

with each bicistronic which may have affected the transfection efficiency. In 

addition, other factors such as the quality and topology of the construct could 

also affect the transfection efficiency. However, these results are unlikely to 
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biological relevant as the F/R was at background levels. Additionally, more 

replicates of these experiments are needed to see if the effects shown are 

consistent. 

For the hypoxia mimic experiment, the Renilla luciferase expression from pRF 

was lower in the control condition than in response to CoCl₂ which would 

indicate that the Renilla luciferase expression increased in response to CoCl₂. 

However, the Renilla luciferase expression of pRF in response to CoCl₂ was 

similar to the Renilla luciferase expression from the control and CoCl₂ 

conditions from the other 5’ UTR-bicistronic constructs. This indicates that 

transfection efficiency was reduced in the pRF control condition. There was a 

varied response in the Renilla expression among bicistronic reporters. For 

example, there was an increase in the Renilla expression from bicistronic 

reporters containing HER2 5’ UTR in response to 75 µM and 100 µM of CoCl₂. 

In addition, a decrease in the Renilla expression was observed from bicistronic 

reporters containing HER4 5’ UTR response to 75 µM and 150 µM CoCl₂. This 

not only suggests that CoCl₂ is not effective in reducing cap-dependent 

translation but also that there was issues with the transfection efficiency. 

Additionally, there was found to be an increase in the Renilla from pRF in 

response to 2µM of thapsigargin. There was also a decrease in the Renilla 

luciferase expression in response to an 1µM of thapsigargin from pRF and 

constructs containing EGFR 5’ UTR which indicates that cap-dependent 

translation was reduced in this condition. There was also a decrease in the 

Renilla luciferase expression from constructs containing β-tubulin 5’ UTR in 

response to low serum conditions. The results showed a decrease in the Renilla 

expression in response to hydrogen peroxide for the bicistronic constructs except 
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constructs mediated by HER2 5’ UTR. The variation in the Renilla luciferase 

expression across the bicistronic constructs is unexpected as the Renilla 

luciferase expression is driven by the same SV40 promoter in each bicistronic 

construct, therefore these results are unexplained. However, the variability 

between constructs could arise from differences in transfection efficiency which 

could be due to differences in cell numbers, cell lysis, DNA quality, topology of 

the DNA, cell passage number and cell health (Young et al., 2004). Generation 

of stable cell lines that have each construct incorporated into the genome of cells 

may be advantageous when transfecting each construct over many experiments. 

Overall, the Renilla luciferase expression was not efficiently reduced in response 

to thapsigargin, CoCl₂, low serum conditions and UV-B radiation. 250 µM of 

hydrogen peroxide did reduce the Renilla expression from most bicistronic 

constructs. The conditions where the Renilla expression did not decrease 

suggests that cap-dependent translation was not inhibited. This indicates that cell 

stress may not have been induced. As the Renilla luciferase expression was 

unable to decrease cap-dependent translation of most conditions, MTT assays 

were then conducted to determine if the stress conditions reduced the cell 

viability of MCF-7 cells. A reduction in the cell viability indicates a reduction 

of viable of cells which would suggest that cells were being stressed.   

There was found to be no effect of CoCl₂ and low serum conditions on the cell 

viability of MCF-7 cells. Thapsigargin and 20 seconds of UV-B radiation did 

result in a reduction in the cell viability of MCF-7 cells. In addition, hydrogen 

peroxide increased the cell viability but this was not statistically significant as 

more replicates are needed.  However, an MTT assay does not directly indicate 

if cell stress occurred as it is possible that cells could have been stressed but the 
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stress may have not quite affected the cell viability. Therefore, a more sensitive 

read-out of cell stress would be more appropriate such as measuring eIF2α 

phosphorylation levels in response to each stress condition which would show 

that cap-dependent translation was inhibited. In addition, [35 S]-methionine 

incorporation assays could be carried out to measure if each stress could reduce 

global translation rates (Nagelreiter et al., 2018).  

Bicistronic luciferase constructs have been able to detect the existence of many 

cellular IRESs. They have also been an important model to measure the 

translational control by a 5’ UTR especially as the presence of an IRES is 

difficult to accurately predict by RNA structure using bioinformatical methods 

due to cellular IRESs having a low conservation of sequence or structure 

(Stoneley and Willis, 2004). However, the bicistronic luciferase constructs 

tested did not measure the translation of the endogenous mRNA which may 

require other features of the mRNA to influence IRES activity.  

In this chapter various stress conditions were used to screen for potential IRES 

activity in the 5’ UTRs of HER2 and HER4 mRNA, as IRESs can respond 

differently to each stress. Although the results from this chapter indicate that it 

is unlikely that HER2 and HER4 contain an IRES, it is still possible for an IRES 

to exists in the 5’ UTRs of these mRNAs active under specific concentrations or 

exposure time of a stress condition. Therefore, it would have been useful to 

investigate a smaller number of stresses and optimise each stress condition by 

using higher concentrations of each chemical used to induce stress or longer time 

points of each condition. Additionally, the cell stress conditions could be tested 

in other cell lines that express HER2 and HER4 to determine if the effects are 

cell-type specific.  
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Finally, bicistronic luciferase reporters used in this chapter only give an insight 

into cap-independent translation. As mentioned in the Section 1.6.6.3, HER2 

uORF causes translational repression of the downstream coding region in 

luciferase reporters (Child, Miller and Geballe, 1999b). ATF4 uORF has 

previously been shown to be regulated by glutamine or glucose starvation 

(Sundaram and Grant, 2014; Gameiro and Struhl, 2018; Zhang et al., 2018; Chen 

et al., 2022). The use of monocistronic luciferase reporters would allow the 

effect of HER2 and HER4 5’ UTRs on cap-dependent manner to measured which 

is investigated more in the next chapters. 
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Chapter 4 - HER2 and HER4 5’ UTRs 

mediated inefficient translation in 

contrast to EGFR 5’ UTR in response to 

glutamine starvation  
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4.1. Introduction 

Cancer cells are highly dependent on glutamine as an energy source to support 

their rapid cell proliferation (DeBerardinis et al., 2007). Glutamine can enter 

cells through amino acid transporter, SLC1A5 (Van Geldermalsen et al., 2016; 

Alfarsi et al., 2021). Glutamine is then converted to glutamate and ammonia in 

the mitochondria by glutaminase enzymes, this is referred to as glutaminolysis 

which can activate mTORC1 (Wang et al., 2010; Tsai et al., 2021). Glutamate 

is then converted to α-ketoglutarate by glutamate dehydrogenase, releasing 

ammonia and NADPH. α-ketoglutarate enters the tricarboxylic acid cycle (TCA) 

which produces energy in the form of ATP for cells (Weil‐Malherbe and 

Gordon, 1971; Mailloux et al., 2009). MYC increases cancer cells dependency 

to glutamine and glutaminolysis by inhibiting the expression of miR-23 which 

targets glutaminase enzymes (Gao et al., 2009).  

In response to glutamine starvation GCN2 phosphorylates eIF2α reducing global 

protein synthesis (Harding et al., 2000b). However, translation of specific 

mRNA can take place such as the uORF-mediated translation of ATF4 in 

response to glutamine starvation (Section 1.4.2.) (Gameiro and Struhl, 2018; 

Zhang et al., 2018). ATF4 upregulates the amino acid transporter, SLC7A5 

which increases the uptake of branched chain amino acids into cells as an energy 

source (Chen et al., 2014). SLC7A5 is highly expressed in HER2-positive breast 

cancers (Törnroos et al., 2022). In addition, VEGF expression is increased in 

response to glutamine starvation which is suggested to be via IRES-mediated 

translation. VEGF stimulates angiogenesis in tumours deprived of glutamine 

(Abcouwer et al., 2002). Additionally, mRNAs involved in glutamine 
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metabolism such as MYC and TP53 contain IRESs in their 5’ UTR (Stoneley et 

al., 1998; Ray, Grover and Das, 2006).  

In response to glutamine starvation, oncogenic MYC can also increase the 

expression of a glutamine synthetase, glutamate ammonia ligase. This occurs by 

MYC binding to the promoter of a DNA demethylation enzyme called thymine 

DNA glycosylase (TDG). This leads to an increase in TDG expression and the 

activity of glutamine synthetase which increases the uptake of amino acids in 

breast cancer cells which aids cancer cell survival (Bott et al., 2015).  

In addition, in response to glutamine starvation p53 can promote cancer cell 

survival by upregulating the arginine transporter, SLC7A3. This increases the 

influx of arginine and activation of mTORC1 which has shown to promote 

cancer cell growth in mouse embryotic fibroblasts and xenograft tumour models 

(Lowman et al., 2019).  

As mentioned in Section 1.6.6.3, HER2 5’ UTR contains a 21 nt uORF that 

causes translational repression of the HER2 coding region (Child et al., 1999a, 

1999b). In addition, HER2 3’ UTR contains a translation derepression element 

(TDE) that interacts with the HER2 uORF and derepresses the translational 

inhibition mediated by HER2 uORF (Mehta et al., 2006). This shows that the 

HER2 3’ UTR has a vital role in the translational control of HER2 mRNA. 

HER2 has shown to increase the expression of glutaminases via a NF-KB 

mechanism (Qie et al., 2014). In addition, HER2 signalling via the MAPK 

pathway can activate ESR which has shown to increase MYC expression and 

subsequently glutamine metabolism (Chen et al., 2015). This shows that HER2 

has a role in glutamine metabolism.  



131 
 

The aim of this chapter was to investigate the translational control by HER2 5’ 

UTR and HER4 5’ UTR in response to glutamine starvation. This was carried 

out using monocistronic luciferase constructs that allow translation in a cap-

dependent or cap-independent manner. It is hypothesised that the translational 

control by HER2 5’ UTR will adopt a similar translational control mechanism 

in response to glutamine starvation conditions similarly to other genes 

containing uORFs in their 5’ UTR such as ATF4 (Gameiro and Struhl, 2018; 

Zhang et al., 2018). As mentioned in Chapter 3, HER2 and HER4 5’ UTRs are 

unlikely to contain an IRES. However, IRESs can be active under specific stress 

conditions. The experiments in this study will also determine if HER2 and HER4 

5’ UTRs contain an IRES active in response to glutamine starvation using 

bicistronic luciferase constructs. Investigating the translational control of these 

genes in glutamine starvation conditions can reveal vital mechanisms in the 5’ 

UTRs of the genes. This is important as HER2 and HER4 are oncogenes and 

finding mechanisms responsible for an upregulation of translation in glutamine 

starvation conditions that cancer cells can adapt and grow in, can reveal key 

therapeutic targets for cancer. 
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4.2. No evidence of IRES activity in HER2 and HER4 5’ UTRs 

in response to glutamine starvation  

HER2 has shown to increase glutaminolysis via a NF-KB mechanism (Qie et 

al., 2014). In addition, HER2 can upregulate MYC expression and subsequently 

glutamine metabolism in breast cancer cells (Chen et al., 2015). Additionally, 

given that the mRNAs of some oncogenes involved in glutamine metabolism 

contain IRESs, it was investigated whether HER2 5’ UTR contains an IRES that 

may be active in response to glutamine starvation.  

To determine if HER2 5’ UTR or HER4 5’ UTR contain an IRES active in 

response to glutamine starvation, bicistronic luciferase constructs were 

transfected into MCF-7 cells starved of glutamine for 30 minutes or 4 hours. 30 

minutes and 4 hours of glutamine starvation has previously been shown to 

metabolically stress transformed and non-transformed MCF10A, this was 

indicated by an reduction in global translation (Gameiro and Struhl, 2018). 

Therefore, these time points were chosen in this study. 

First, the Renilla expression was measured to determine if glutamine starvation 

caused a decrease in cap-dependent translation. Overall, there was no change in 

the Renilla expression in response to 30 minutes or 4 hours of glutamine 

starvation (Figure 4.1). The exception to this was a decreased in the Renilla 

expression from bicistronic constructs containing EGFR 5’ UTR in response to 

30 minutes of glutamine starvation indicating a reduction in cap-dependent 

translation in cells containing the EGFR 5’ UTR-bicistronic constructs. Also, an 

increase in the Renilla expression was observed for pRF in response to 4 hours 
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of glutamine starvation (Figure 4.1). Overall, cap-dependent translation was not 

efficiently reduced in response to glutamine starvation.  

To determine if 30 minutes or 4 hours of glutamine starvation could induce IRES 

activity the F/R expression of each bicistronic construct was measured. 

Unexpectedly, there was an increase in the firefly luciferase and the F/R 

expression from pRF in response to 30 minutes of glutamine starvation, however 

the expression of pRF was still near background (Appendix Figure 11 and Figure 

4.2). There was an increase in the F/R expression mediated by EGFR 5’ UTR in 

response to 30 minutes of glutamine starvation (Figure 4.2). There seemed to 

also be an increase in the firefly luciferase expression, however there was some 

variability in the replicates (Appendix Figure 11). This indicates that EGFR 

IRES activity was increased in response to 30 minutes of glutamine starvation, 

whilst the Renilla expression decreased for bicistronic constructs containing 

EGFR 5’ UTR at this timepoint. However, it was not determined if this was 

statistically significant as only one independent experiment was conducted. 

There was no observed effect of 30 minutes of glutamine starvation on the firefly 

luciferase and the F/R expression mediated by the 5’ UTRs of β-tubulin, HER2 

and HER4 (Appendix Figure 11) (Figure 4.2). Additionally, there was no change 

in the F/R and firefly luciferase expression of any of the bicistronic constructs 

in response to 4 hours of glutamine starvation (Appendix Figure 11). This shows 

that there was no evidence of IRES activity in the 5’ UTRs of HER2 and HER4 

in response to short term glutamine starvation.  
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Figure 4.1. Overall, short-term glutamine starvation had no effect on the 

Renilla expression. MCF-7 cells were transfected with each bicistronic 

construct. 24 hours post-transfection cells were starved of glutamine for 30 

minutes or 4 hours (black) or non-starved (orange). After each timepoint cells 

were then lysed and the Renilla expression was measured. A) 30 minutes of 

glutamine starvation. B) 4 hours of glutamine starvation. Data represents one 

independent experiment carried out in triplicate. All error bars represent the 

standard deviation.  

 

A 

B 
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Figure 4.2. No evidence of IRES activity in HER2 or HER4 5’ UTRs in 

response to short-term glutamine starvation. MCF-7 cells were transfected 

with each bicistronic construct. 24 hours post-transfection cells were starved of 

glutamine for 30 minutes or 4 hours (black) or non-starved (orange). After each 

timepoint cells were then lysed, and the F/R expression was measured. A) 30 

minutes of glutamine starvation. B) 4 hours of glutamine starvation. Data 

represents one independent experiment carried out in triplicate. All error bars 

represent the standard deviation.  

 

 

 

A 

B 
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As shorter timepoints of glutamine starvation were unable to consistently reduce 

the Renilla expression, next MCF-7 cells were starved of glutamine for 24 hours 

to determine if cap-dependent translation could be reduced in this condition. It 

was found that the Renilla expression was reduced for pRF and constructs 

containing β-tubulin 5’ UTR and HER2 5’ UTR. The Renilla expression from 

constructs containing EGFR 5’ UTR and HER4 5’ UTR seemed to be reduced 

in response to glutamine starvation. However, as there was variation in the 

technical replicates the reduction in the Renilla expression was not as great as 

the other reporters and therefore more replicates would need to be carried out 

(Figure 4.3). This shows that cap-dependent translation may be reduced in 

response to 24 hours of glutamine starvation but more experiments would need 

to be conducted to confirm this.  

Then the F/R expression was measured to determine if the 5’ UTRs contain an 

IRES active in response to 24 hours of glutamine starvation. It was found that 

24 hours of glutamine starvation reduced the firefly luciferase expression as well 

as the Renilla expression resulting in no effect of 24 hours of glutamine 

starvation on the F/R expression from pRF or constructs containing β-tubulin 5’ 

UTR (Appendix Figure 12 and Figure 4.4). There was no change in the firefly 

luciferase expression from EGFR IRES. However, the decrease in the Renilla 

expression resulted in an increase in F/R levels in response to 24 hours of 

glutamine starvation (Appendix Figure 12 and Figure 4.4). However, constructs 

containing HER2 or HER4 5’ UTR produced firefly luciferase and F/R levels 

similar to the negative controls (Appendix Figure 12 and Figure 4.4). This shows 

that in contrast to EGFR, HER2 and HER4 5’ UTRs do not mediate IRES 

activity in response to 24 hours of glutamine starvation.  
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Figure 4.3. The effect of 24 hours of glutamine starvation on the Renilla 

expression. MCF-7 cells were transfected with each bicistronic construct. 24 

hours post-transfection cells were starved of glutamine for 24 hours (black) or 

non-starved (orange). Cells were then lysed and the Renilla expression was 

measured. Data represents one independent experiment carried out in triplicate. 

All error bars represent the standard deviation.  

 

Figure 4.4. No evidence of IRES activity in HER2 or HER4 5’ UTRs in 

contrast to EGFR IRES in response to 24 hours of glutamine starvation. 

MCF-7 cells were transfected with each bicistronic construct. 24 hours post-

transfection cells were starved of glutamine for 24 hours (black) or non-starved 

(orange). Cells were then lysed, and the F/R expression was measured. Data 

represents one independent experiment carried out in triplicate. All error bars 

represent the standard deviation.  
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As Figure 4.1 and Figure 4.3 showed that the Renilla expression was not 

efficiently decreased in response to glutamine starvation, an MTT assay was 

carried out to determine if short term or long-term glutamine starvation could 

reduce the cell viability of MCF-7 cells. First, the effect of short-term glutamine 

starvation was measured and there was found to be no effect of 30 minutes and 

4 hours of glutamine starvation on the cell viability of MCF-7 cells (Figure 4.5). 

This is in contrast to transformed and non-transformed MCF10A cells (Gameiro 

and Struhl, 2018).  

Next, MCF-7 cells were starved of glutamine for 24 hours, 48 hours and 72 

hours. Then an MTT assay was conducted to determine if longer time periods 

could have an effect on the cell viability of MCF-7 cells. There was a 55.1% and 

62.1% reduction in the cell viability of MCF-7 cells in response to 48 hours and 

72 hours of glutamine starvation, respectively (Figure 4.6). This indicates that 

long term glutamine starvation may be able to induce cell stress. 
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Figure 4.5. Short-term glutamine starvation had no effect on the cell 

viability of MCF-7 cells. MCF-7 cells were starved of glutamine for 30 minutes 

or 4 hours (black) or were not starved (orange). After each time-point cell 

viability was measured by MTT assay. T0= time-zero readings taken at the start 

of treatment. Data represents three biological repeats (N=6). Error bars represent 

the standard deviation. p<0.05 was determined as statistically significant using 

a t-test with Bonferroni-Dunn’s correction. 

 

Figure 4.6. The effect of long term glutamine starvation on the cell viability 

of MCF-7 cells. MCF-7 cells were starved of glutamine for 24, 48 and 72 hours 

(black) or were not starved (orange). After each time-point cell viability was 

measured by MTT assay. T0= time-zero readings taken at the start of treatment. 

Data represents one independent experiment each taken in triplicate. Error bars 

represent the standard deviation. Percentage decrease was calculated from the 

average of a single independent experiment. 
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The MTT assay gave an indirect indication that long-term glutamine starvation 

was affecting cell viability, so next a western blot was carried to determine if 

glutamine starvation induced eIF2α phosphorylation which is a more direct way 

of monitoring cell stress. For the western blots, 24 hours of glutamine starvation 

was used to determine if a more sensitive read-out could indicate cell stress at 

this timepoint. 48 hours of glutamine starvation was used as a reduction in the 

cell viability was observed in this condition from the MTT assay results.  

There was no change in the total eIF2α levels in response to glutamine 

starvation. However, using phospho-specific antibodies there was found to be 

an increase in the phosphorylated form of eIF2α in response to 48 hours of 

glutamine starvation in comparison to the 24 hours non-starvation and 24 hours 

glutamine starvation conditions (Figure 4.7). This indicates that eIF2α 

phosphorylation increases in a time-dependent manner in response to glutamine 

starvation. Protein levels of phosphorylated eIF2α also increased at the 48 hour 

non-starvation timepoint in comparison to the 24 hours non-starvation timepoint 

(Figure 4.7). This suggests that a substance in the cell media is depleted at 48 

hours that is stressing cells and leading to eIF2α phosphorylation in response to 

48 hours of non-starvation and glutamine starvation. 
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Figure 4.7. Increase in phosphorylated eIF2α protein levels in response to 

48 hours of non-starvation and glutamine starvation. Western blots of 

phosphorylated eIF2α (38 kDa), total eIF2α (38 kDa) and lamin a/c (loading 

control) (lamin a; 74 kDa, lamin c; 63 kDa; lamin a/c antibody bands usually 

observed between 60-80 kDa) were carried out on the lysates from MCF-7 cells 

starved of glutamine for 24 hours and 48 hours (-Gln). The lysates from MCF-7 

cells incubated in glutamine containing media for 24 hours and 48 hours were 

used as a control (+Gln). Densitometric analysis shown of phosphorylated eIF2α 

relative to total eIF2α. One independent experiment of each blot was carried out. 
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4.3. Investigating the effect of glutamine starvation on the 

endogenous HER2 protein and HER2/HER4 mRNA expression 

levels  

As it is hypothesised that the translation of HER2 may increase in response to 

glutamine starvation, western blots were carried out to investigate if glutamine 

starvation could increase endogenous HER2 protein expression. It was found 

that HER2 protein expression was higher in response to 48 hours of glutamine 

starvation in comparison to both 24 hours and 48 hours non-starvation controls 

(Figure 4.8). This shows that HER2 protein levels increased in response to 48 

hours of glutamine starvation.  
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Figure 4.8. Increase in HER2 protein levels in response to 48 hours of 

glutamine starvation. Western blots of HER2 (185 kDa) and lamin a/c (loading 

control) (lamin a; 74 kDa, lamin c; 63 kDa; lamin a/c antibody bands usually 

observed between 60-80 kDa) were carried out on the lysates from MCF-7 cells 

starved of glutamine for 24 hours and 48 hours (-Gln). The lysates from MCF-7 

cells incubated in glutamine containing media for 24 hours and 48 hours were 

used as a control (+Gln). Densitometric analysis shown of HER2 relative to 

lamin a/c loading control. One independent experiment of each blot was carried 

out.  
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Next, it was investigated at what level HER2 protein was increased following 

glutamine starvation. qPCR analysis was carried out to determine if there were 

any changes in the endogenous mRNA levels of HER2 and HER4 in response to 

glutamine starvation. This is important to see if changes in transcription of the 

genes or mRNA stability have an impact on the efficiency of mRNA translation 

under glutamine starvation. There was an observed increase in HER2 mRNA 

expression in response to 24 hours and 48 hours of glutamine starvation, 

however this was determined to be statistically insignificant (p=0.127 and 

p=0.127). There was found to be a statistically significant increase in the mRNA 

levels of HER4 in response to 24 hours and 48 hours of glutamine starvation 

(p=0.008 and p=0.008 respectively). As expected, there was no change in the 

mRNA levels of β-actin reference gene in response to 24 hours and 48 hours of 

glutamine starvation (p=0.159 and p=0.159 respectively) (Figure 4.9). This 

indicates that glutamine starvation did increase the transcription of HER2 and 

HER4, although this was not statistically significant for HER2. 
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Figure 4.9. The effect of glutamine starvation on HER2 and HER4 mRNA 

levels. MCF-7 cells were incubated in media containing glutamine (+Gln) for 

24 hours as a control (orange) or cells were starved of glutamine (-Gln) for 24 

hours or 48 hours (black). After each timepoint total RNA was extracted before 

being reverse transcribed into cDNA which was used as the qPCR template. Data 

displayed as fold change normalised to GAPDH house-keeping gene using the 

2-ΔΔCT method. Data represents the average of five independent experiments 

each carried out in triplicate. All error bars represent the standard deviation. 

p<0.05 was determined as statistically significant (*). A Mann-Whitney t-test 

with Bonferroni-Dunn’s correction was used for comparisons of two groups: 24 

hours and 48 hours of glutamine starvation conditions compared separately to 

the 24 hour non-starvation control. 
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4.4. Creating 5’ UTR monocistronic luciferase constructs  

To determine if the 5’ UTRs of HER2 and HER4 could mediate an increase in 

translation in a cap-dependent manner in response to glutamine starvation the 5’ 

UTRs were cloned into monocistronic luciferase plasmids. Translation in a 

monocistronic context can occur in a cap-dependent or cap-independent manner. 

The firefly luciferase monocistronic vector originally from pGL4.15 (referred to 

as p15) contains a CMV promoter upstream to the firefly luciferase open reading 

frame (Figure 4.10). The 5’ UTRs were cloned into p15 upstream of firefly 

luciferase using HindIII restriction sites and successful cloning was confirmed 

by Sanger sequencing described in Chapter 2 (Table 2.2 and Table 2.5) (Figure 

4.11). A p15 vector that contains a single firefly luciferase open reading frame 

generates efficient translation and was used as a control (Webb, 2012 and 

Smalley, 2016). Additionally, EGFR 5’ UTR had previously been cloned into 

p15 using HindIII restriction sites and was used as a comparison plasmid (Figure 

4.11) (Smalley, 2016). pGL4.80 (p80) (Promega) monocistronic Renilla plasmid 

was co-transfected into cells and was used as a transfection control to normalise 

firefly luciferase expression (Appendix-Figures 33 and 34).
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Figure 4.10. Monocistronic firefly luciferase construct-p15 vector map. p15 

originally from pGL4.15 with a cytomegalovirus (CMV) promoter upstream to 

firefly luciferase. The 5’ UTRs cloned into p15 upstream to firefly luciferase. 
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i) 
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Figure 4.11. Schematic of monocistronic constructs used in this project. i)The p15 plasmid and ii) p15-EGFR-5’ UTR containing EGFR 5’ 

UTR upstream to firefly luciferase were used as controls (EGFR IRES highlighted purple, source: Webb, 2012). The 5’ UTRs of HER2 and HER4 

were cloned upstream to firefly luciferase in p15 monocistronic luciferase vector and referred to as iii) p15-HER2 5’ UTR (HER2 uORF is 

highlighted purple) and iv) p15-HER4 5’ UTR. Firefly luciferase and hPEST sequences are in frame. Start codons are underlined green and stop 

codons are underlined red. 

iv) 
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4.5. HER2 5’ UTR and HER4 5’ UTR are unable to increase 

translation in a monocistronic context in response to glutamine 

starvation 

There was no observation of IRES activity in the 5’ UTRs of HER2 and HER4 

in response to glutamine starvation so next it was investigated whether either 

HER2 or HER4 5’ UTR could allow an increase in translation in response to 

glutamine starvation in a monocistronic context. Translation in a monocistronic 

context can take place via cap-dependent or cap-independent translation. The 

previously identified uORF in HER2 5’ UTR may allow translation in a cap-

dependent manner.  

First, it was assessed whether glutamine starvation reduced the Renilla 

expression in a monocistronic context which would indicate a decrease in cap-

dependent translation. Figure 4.12 suggests that the Renilla expression was 

reduced in response to 24 hours of glutamine starvation. However, due to 

variations between biological replicates this was found to be statistically 

insignificant except for Renilla constructs co-transfected with HER4 5’ UTR. In 

response to 48 hours of glutamine starvation the Renilla expression was reduced 

for all the monocistronic constructs except constructs containing EGFR 5’ UTR. 

Although the Renilla expression was not statistically significant when co-

transfected with some of the monocistronic firefly constructs, the data suggests 

that cap-dependent translation was reduced in response to glutamine starvation 

(Figure 4.12).  

Next, the F/R expression was assessed in non-stressed conditions. It was found 

that EGFR 5’ UTR was able to produce F/R expression levels similar to p15 
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(Figure 4.13). This shows that EGFR can mediate efficient translation in a 

monocistronic construct via its IRES. HER2 and HER4 5’ UTR produced lower 

F/R expression levels than p15 and EGFR 5’ UTR (Figure 4.13). This shows 

that there was inefficient translation mediated from HER2 and HER4 5’ UTRs 

compared to p15 and EGFR 5’ UTR in non-stressed conditions.  

To determine the effect of glutamine starvation on the translation mediated by 

each 5’ UTR, the F/R expression was measured in MCF-7 cells starved of 

glutamine. There was a lower firefly luciferase expression from p15 in response 

to 24 and 48 hours of glutamine starvation, however this was insignificant at the 

24 hour timepoint due to variation across independent experiments (Appendix 

Figure 20). It was found that 24 hours and 48 hours of glutamine starvation had 

no effect on the F/R expression from p15 (p=0.548 and p=0.270 respectively) 

(Figure 13). There was a decrease in the firefly luciferase expression mediated 

by EGFR 5’ UTR across some replicates in response to glutamine starvation. 

However, as there was variation across replicates this was statistically 

insignificant (Appendix Figure 20).There seemed to be an increase in the F/R 

expression mediated by EGFR 5’ UTR in response to 24 hours of glutamine 

starvation, however this was statistically insignificant (p=0.087) (Figure 13). 

However, the firefly luciferase expression had a similar trend to the Renilla 

expression resulting in a 1.4-fold increase in the F/R expression mediated by 

EGFR 5’ UTR in response to 48 hours of glutamine starvation (p=0.036) 

(Appendix Figure 20) (Figure 13). There was found to be a decrease in the firefly 

luciferase expression from constructs containing HER2 5’ UTR resulting in no 

effect of 24 hours or 48 hours of glutamine starvation on the F/R expression 

from constructs containing HER2 5’ UTR (p=0.486 and p=0.078 respectively) 
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(Appendix Figure 20) (Figure 13). However, there was a 1.5-fold decrease 

(p=0.004 and p=0.049 respectively) in the firefly luciferase and the F/R 

expression mediated from HER4 5’ UTR in response to 24 hours and 48 hours 

of glutamine starvation (Appendix Figure 20) (Figure 13). These results show 

that glutamine starvation is unable to increase translation mediated by HER2 5’ 

UTR or HER4 5’ UTR. 
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Figure 4.12. The monocistronic Renilla expression co-transfected with each 

construct in response to glutamine starvation. MCF-7 cells were transfected 

with firefly luciferase monocistronic constructs containing the 5’ UTRs and co-

transfected with p80 Renilla luciferase construct. 24 hours later were exposed to 

either DMEM containing glutamine control media (orange) or DMEM 

containing no glutamine media (black). After each timepoint cells were lysed, 

and the Renilla expression was measured. A) 24 hours of glutamine starvation. 

B) 48 hours of glutamine starvation. Data represents the average of two-three 

independent experiment carried out in triplicate. All error bars represent the 

standard deviation. p<0.05 was determined as statistically significant (*). A t-

test with Bonferroni-Dunn’s correction was used for comparisons of each 

construct in starvation conditions compared to their non-starvation control. 
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Figure 4.13. HER4 5’ UTR mediated a decrease in translation in response 

to 48 hours of glutamine starvation whilst EGFR 5’ UTR increased 

translation in a monocistronic context. MCF-7 cells were transfected with 

firefly luciferase monocistronic constructs containing the 5’ UTRs and co-

transfected with p80 Renilla luciferase construct. 24 hours later were exposed to 

either DMEM containing glutamine control media (orange) or DMEM 

containing no glutamine media (black). After each timepoint cells were lysed, 

and the F/R expression was measured. A) 24 hours of glutamine starvation. B) 

48 hours of glutamine starvation. Data represents the average of two-three 

independent experiments each carried out in triplicate. All error bars represent 

the standard deviation. p<0.05 was determined as statistically significant (*). A 

t-test with Bonferroni-Dunn’s correction was used for comparisons of each 

construct in starvation conditions compared to their non-starvation control. 

A 

B 
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4.6. HER2 3’ UTR is unable to derepress translation in 

destabilised firefly luciferase constructs under non-starvation or 

glutamine starvation 

Destabilised firefly luciferase constructs were created to reduce the potential 

accumulation of luciferase protein in cells and to measure if a change in 

expression can be detected in response to glutamine starvation. hCL1 

degradation sequence was added to monocistronic constructs to reduce the half-

life of firefly luciferase. The half-life of luciferase reporters without any 

degradation sequence is 3 hours. However, the half-life with the addition of  

hPEST or both hCL1 and hPEST is 1 hour and 0.4 hours respectively (Almond 

et al., 2004). hCL1 and hPEST protein degradation sequences were subcloned 

from CMV-LUC2CP/ARE (Promega) into p15 monocistronic plasmids 

(primers -Table 2.5). The hCL1 and hPEST sequences were cloned into p15 and 

p15-HER2 5’ UTR downstream from the firefly luciferase open reading frame. 

The constructs are referred to as destabilised p15 and destabilised p15-HER2 5’ 

UTR respectively due to containing two protein degradation sequences (Figure 

4.14) (plasmids-Table 2.2). Successful cloning was confirmed by Sanger 

sequencing. Destabilised p15 and destabilised p15-HER2 5’ UTR were co-

transfected with p80 Renilla luciferase constructs to normalise the firefly 

luciferase expression.
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i) 
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Figure 4.14. Schematic of destabilised monocistronic luciferase constructs used in this project. hCL1 and hPEST protein degradation 

sequences were subcloned into i) p15 and ii) p15-HER2 5’ UTR downstream to firefly luciferase open reading frame. Firefly luciferase and hCL1 

sequences are in frame. Start codons are underlined green and stop codons are underlined red. 

ii) 
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The HER2 3’ UTR has previously been shown to derepress the translational 

inhibition caused by the HER2 uORF (Mehta et al., 2006). To determine if HER2 

3’ UTR can derepress translation and mediate translation in response to 

glutamine starvation, HER2 3’ UTR was cloned into destabilised p15-HER2 5’ 

UTR constructs. HER2 3’ UTR was produced from a g-block (Integrated DNA 

Technologies, Inc) described in Section 2.2.6. and was cloned into destabilised 

p15-HER2 5’UTR and referred to as destabilised p15-HER2 5’ + 3’ UTRs 

(Figure 4.15). Successful cloning was confirmed by Sanger sequencing.  
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Figure 4.15. Schematic of destabilised p15-HER2 5’ + 3’ UTRs construct used in this project. HER2 3’ UTR was cloned into destabilised 

p15-HER2 5’UTR downstream to hCL1 and hPEST protein degradation sequences. HER2 uORF region in the 5’ UTR and HER2 3’ UTR 

translational derepression element (TDE) are annotated and highlighted purple. hPEST and HER2 3’ UTR sequences are in frame. Start codons 

are underlined green and stop codons are underlined red. 
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Figure 4.13 showed that HER2 5’ UTR was unable to mediate a change in 

translation in response to glutamine starvation. To test this further and determine 

if destabilising the firefly luciferase would allow a change to be detected in 

response to glutamine starvation mediated by HER2 5’ UTR, destabilised 

monocistronic constructs were transfected into MCF-7 cells. As Figure 4.12 

showed that the reduction in the Renilla expression was not consistently 

statistically significant, it was first checked whether the monocistronic Renilla 

expression was reduced when transfected with destabilised luciferase constructs. 

The Renilla expression was decreased in response to glutamine starvation when 

transfected with destabilised monocistronic constructs. The exception to this 

was destabilised monocistronic constructs containing HER2 5’ and 3’ UTR in 

response to 24 hours of glutamine starvation (Figure 4.16). Overall, Figure 4.16 

indicates that cap-dependent translation was reduced in this experiment. 
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Figure 4.16. Overall, glutamine starvation reduced the monocistronic 

Renilla expression when co-transfected with destabilised monocistronic 

constructs. MCF-7 cells were transfected with firefly luciferase monocistronic 

constructs containing the 5’ UTRs and co-transfected with p80 Renilla luciferase 

construct and 24 hours later were exposed to either DMEM containing glutamine 

control media (orange) or DMEM containing no glutamine media (black). After 

each timepoint cells were lysed, and the Renilla expression was measured. A) 

24 hours of glutamine starvation. B) 48 hours of glutamine starvation. Data 

represents the average of three independent experiment carried out in triplicate. 

All error bars represent the standard deviation. p<0.05 was determined as 

statistically significant (*). A t-test with Bonferroni-Dunn’s correction was used 

for comparisons of each construct in starvation conditions compared to their 

non-starvation control. 

A 

B 
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Next, it was checked whether the firefly luciferase expression from destabilised 

p15 firefly luciferase monocistronics was above background. The raw firefly 

luciferase expression levels from non-starvation control cells transfected with 

each destabilised p15 firefly luciferase monocistronic construct was compared 

to untransfected cells. It was found that destabilised p15 luciferase 

monocistronics produced over a 1000-fold increase in firefly expression 

compared to untransfected cells. Destabilised p15-HER2 5’ UTR 

monocistronics produced at least over a 100-fold (24 hour control) or over 10-

fold (48 hour control) higher firefly expression compared to untransfected cells. 

Destabilised p15-HER2 5’ + 3 UTR monocistronics produced at least over a 

100-fold higher firefly expression compared to untransfected (Appendix-Table 

1). This shows that the luciferase expression from the destabilised constructs 

was above background levels and not due to background luminescence signals 

in the detector of the luminometer. 

The F/R expression of each destabilised firefly luciferase construct was 

measured to determine the effects of destabilising firefly luciferase on 

translation mediated by each construct. In non-stressed conditions, HER2 5’ 

UTR produced lower F/R expression levels than p15. This shows that HER2 5’ 

UTR mediated less inefficient translation compared to p15 in destabilised 

constructs. Next, it was investigated whether destabilising firefly luciferase 

could detect a change in F/R expression in response to glutamine starvation. It 

was found that there was no change in the firefly luciferase and F/R expression 

of destabilised p15 in response to 24 hours of glutamine starvation (p=0.437) 

(Appendix Figure 21) (Figure 4.17). There was a decrease in the firefly 

luciferase expression of p15 in response to 48 hours of glutamine starvation, but 
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no change in the F/R expression (p=0.993) (Appendix Figure 21) (Figure 4.17). 

In addition, there was no change in the firefly luciferase and F/R expression from 

destabilised firefly luciferase constructs containing HER2 5’ UTR in response 

to 24 hours or 48 hours of glutamine starvation (p=0.697 and p>0.999 

respectively) (Appendix Figure 21) (Figure 4.17). This shows that HER2 5’ UTR 

is unable to increase expression in response to glutamine starvation when the 

expression of firefly luciferase is destabilised.  

Next, the destabilised firefly luciferase construct containing both HER2 5’ UTR 

and HER2 3’ UTR was tested to determine if HER2 3’ UTR would increase the 

translation of firefly luciferase in response to glutamine starvation. To determine 

if HER2 3’ UTR can derepress translation the F/R expression was first assessed 

in non-stressed conditions. There was no change in the firefly luciferase and F/R 

expression from destabilised firefly luciferase constructs containing both HER2 

5’ and 3’ UTR compared to destabilised firefly luciferase constructs containing 

only HER2 5’ UTR in non-starved MCF-7 cells at the 24 hour (p=0.836) and 

48-hour timepoints (p=0.189) (Appendix Figure 21) (Figure 4.17). This shows 

that HER2 3’ UTR is unable to derepress translation in this study. Then to 

determine if glutamine starvation could induce HER2 3’ UTR derepression 

activity, MCF-7 cells were starved of glutamine. There was no effect of 

glutamine starvation on the derepression activity of HER2 3’ UTR in response 

to 24 hours (p=0.956) or 48 hours (p=0.240) of glutamine starvation (Figure 

4.17). This suggests that glutamine starvation has no effect on the translational 

regulation of HER2. 
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Figure 4.17. HER2 3’ UTR was unable to increase translation under non-

starvation or glutamine starvation conditions. MCF-7 cells transfected for 24 

hours with destabilised firefly luciferase monocistronic constructs; destabilised 

p15, destabilised p15-HER2 5’ UTR and destabilised HER2 5’ + 3’ UTR and co-

transfected with p80 Renilla luciferase construct. After each timepoint cells were 

lysed after being exposed to DMEM containing glutamine (orange) or DMEM 

containing no glutamine (black). A) 24 hours of glutamine starvation. B) 48 

hours of glutamine starvation. Then the F/R activity was measured. Data 

represents the average of three independent experiments each carried out in 

triplicate. All error bars represent the standard deviation. p<0.05 was determined 

as statistically significant using a t-test with Bonferroni-Dunn’s correction. 

 

A 
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4.7. Discussion  

The results presented in this chapter demonstrate the translational control by 

HER2, HER4 and EGFR 5’ UTRs under conditions of glutamine starvation. This 

was important to investigate as cancer cells are dependent on glutamine for 

survival but are often deprived of glutamine due to their high cell proliferation 

(DeBerardinis et al., 2007). Additionally, some cancer cells have adapted to 

glutamine starvation conditions which has been mediated by oncogenic MYC 

and p53 leading to an increase in glutaminolysis (Gao et al., 2009; Lowman et 

al., 2019). As HER2 regulates MYC expression and has shown to regulate 

glutamine metabolism in cancer cells it was therefore important to investigate 

the translational control of HER2 in response to glutamine starvation (Qie et al., 

2014; Chen et al., 2015). Additionally, as HER4 is a dimersation partner of 

HER2 that induces intracellular signalling it is also possible that there is 

translational control of HER4 in response to glutamine starvation which could 

reveal potential therapeutic targets for cancer (Monsey et al., 2010). 

Despite there being no clear evidence of IRES activity in response to various 

cell stress conditions tested in Chapter 3, it was first investigated if HER2 and 

HER4 contain an IRES in response to glutamine starvation given the role of 

HER2 in glutamine metabolism as mentioned above and that an IRES can be 

active only under specific stress conditions. The results found no evidence for 

IRES activity in the 5’ UTRs of HER2 and HER4 in response to the glutamine 

starvation timepoints tested. However, EGFR IRES had increase activity in 

response to 30 minutes and 24 hours of glutamine starvation. This is an 

important novel finding as EGFR has shown to increase glutamine metabolism 

in cancer cells therefore, targeting EGFR IRES may be a therapeutic target for 
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cancer cells dependent on glutamine starvation (Yang et al., 2020). In addition, 

the Renilla expression was reduced for constructs containing EGFR 5’ UTR in 

response to 30 minutes of glutamine starvation and there seemed to be a 

reduction at the 24 hour timepoint for some replicates. However, the Renilla 

expression was not reduced in response to 4 hours of glutamine starvation. 

Overall, indicating that cap-dependent translation was not efficiently reduced in 

bicistronic luciferase constructs containing EGFR 5’ UTR in response to 

glutamine starvation. In addition, the results should be taken with caution as an 

unexplained increase was observed for pRF in response to 30 minutes of 

glutamine starvation. Furthermore, only one independent experiment was 

conducted therefore more repeats would need to be carried out to confirm the 

effects mediated by EGFR 5’ UTR and pRF.  

As mentioned, the Renilla expression was reduced for constructs containing 

EGFR 5’ UTR in response to 30 minutes but there was no change in the Renilla 

expression from the other bicistronic constructs at this timepoint. There was also 

an increase in the Renilla expression from pRF in response to 4 hours of 

glutamine starvation. In addition, in response to 24 hours of glutamine starvation 

the Renilla expression was reduced for pRF and constructs containing β-tubulin 

5’ UTR and HER2 5’ UTR but a lesser reduction was observed for constructs 

containing EGFR 5’ UTR or HER4 5’UTR. Overall, this shows that there is 

variability in the Renilla expression across constructs and that cap-dependent 

translation is not efficiently reduced in these conditions. This may be due to 

differences in Renilla protein stability across constructs or difference in the 

topology of constructs affecting the transfection efficiency. Alternatively, cells 

could be co-transfected with beta-galactosidase to normalise the firefly 
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luciferase expression, however the sources of potential variability such as cell 

lysis could still arise (Howcroft, et al., 1997). 

As the Renilla expression was not consistently decreased, the cell viability was 

checked to give an indication to whether stress was being induced. 48 and 72 

hours of glutamine starvation was able to decrease the cell viability of MCF-7 

cells. Despite not seeing a reduction in the cell viability in response to 24 hours 

of glutamine starvation this timepoint was taken further in addition to 48 hours 

of glutamine starvation, given that there was variability with the Renilla 

expression and that MTT assay is an indirect way to measure cell stress. The 72 

hours of glutamine starvation timepoint tested in the MTT assay was not used 

for detection of eIF2α phosphorylation or in the luciferase assays. This was due 

to the possibility of cells non-starved at a 72 hour timepoint inducing eIF2α 

phosphorylation as seen for Figure 4.7 at the 48 hour timepoint, potentially due 

to the depletion of certain nutrients. 

Western blots were included as a more sensitive read out in this chapter to 

determine if eIF2α is phosphorylated in response to glutamine starvation which 

would cause a reduction in cap-dependent translation and thus induce stress. 24 

hours of glutamine starvation appeared to have little effect on eIF2α 

phosphorylation. This indicates that cells were not stressed enough at this 

timepoint which is consistent with the MTT data. Therefore, it is important to 

consider that no change observed in the luciferase data at this timepoint may be 

due to cell stress not occurring. eIF2α was found to be phosphorylated in 

response to 48 hours of glutamine starvation, however as mentioned the 

phosphorylated form of eIF2α was also detected at the 48 hours non-starvation 

condition. The detection of eIF2α phosphorylation at the 48 hours non-starvation 
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timepoint may be a reason for no change detected in response to glutamine 

starvation in the luciferase assays. However, despite stress being detected at the 

48 hours non-starvation condition, 48 hours of glutamine starvation was still 

investigated further in addition to 24 hours of glutamine starvation. This is 

because it is possible more western blots repeats will need to be carried out to 

determine if the effects at the 48-hour timepoint are consistent or are due to other 

factors such as the condition of the particular passage of MCF-7 cells or 

environmental factors at the time of the experiment. In the future, measuring the 

expression of ATF4 in response to glutamine starvation would provide a positive 

control in the western blot experiment.  

It was predicted that HER2 5’ UTR may increase HER2 expression in response 

to glutamine starvation in a similar manner to ATF4 uORF, so HER2 protein 

levels were measured. There was an increase in HER2 protein levels in response 

to 48 hours of glutamine starvation which could allow HER2 to mediate 

oncogenic signalling in response to glutamine starvation, therefore aiding cancer 

cell growth. To determine at what level HER2 protein was expressed, qPCR 

analysis was carried out to measure the endogenous HER2 and HER4 mRNA 

levels. There was shown to be an increase in HER2 mRNA levels in response to 

glutamine starvation indicating that changes in transcription may be mediating 

the increase in HER2 protein levels. However, the increase in HER2 mRNA 

levels in response to glutamine starvation were determined to be statistically 

insignificant due to variations across independent experiments. There was an 

increase in HER4 mRNA levels in response to glutamine starvation indicating 

that transcription of HER4 mRNA is increase in these conditions. However, due 
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to the variability in the qPCR data it is difficult to make firm conclusions on this 

data.   

Next, to determine if HER2 5’ UTR mediated an increase in translation in 

response to glutamine starvation, monocistronic luciferase constructs were 

tested where translation can occur via cap-dependent or cap-independent 

translation. Additionally, HER4 5’ UTR was included to determine if HER4 5’ 

UTR could mediate efficient translation in response to glutamine starvation. The 

p15 construct can mediate efficient translation in a cap-dependent manner. It 

was found that EGFR 5’ UTR can efficiently mediate translation in a 

monocistronic context at similar levels to p15. However, HER2 and HER4 5’ 

UTRs mediated a lower F/R expression than p15 and EGFR 5’ UTR under non-

stressed conditions. This indicates that HER2 and HER4 5’ UTRs mediated 

inefficient translation compared to p15 and EGFR 5’ UTR. In addition, HER2 

and HER4 5’ UTRs were unable to increase translation in response to glutamine 

starvation. Additionally, it was found that HER4 5’ UTR decreased translation 

in response to glutamine starvation. In the future, it would be useful to measure 

the protein expression of HER4 to determine if HER4 protein levels are 

decreased in response to glutamine starvation which could indicate that 

translation of HER4 mRNA is downregulated in these conditions. 

The monocistronic Renilla expression was overall reduced when co-transfected 

with p15-destabilised monocistronic constructs (Figure 4.16). The expression of 

the Renilla construct co-transfected with p15 monocistronic constructs seemed 

to be reduced in response to glutamine starvation (Figure 4.12). However, 

statistical significance could not be consistently determined due to variations 

between independent experiments, therefore more repeats would be needed to 
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confirm that the Renilla expression is reduced in these conditions (Figure 4.12). 

The differences may be due to factors such as cell passage number, cell health 

and differences in the topology of the p80 plasmids between the experiments. 

Therefore, it is difficult to determine if cap-dependent translation was efficiently 

reduced in response to glutamine starvation. In the future it would be useful to 

measure the effect of glutamine starvation on global protein synthesis at various 

time points to determine the timepoint when cap-dependent translation is 

decreased. 

Luciferase proteins have a high stability so can accumulate at high levels in cells 

(Feeney et al., 2016). This can make it difficult to detect a change in response 

to glutamine starvation. Monocistronic p15 already contains a hPEST 

degradation sequence but the addition of hCL1 degradation sequence can reduce 

protein stability by 2-fold (Promega Corporation, revised 2020). Therefore, the 

firefly luciferase protein was destabilised by the addition of a hCL1 sequence. It 

was found that destabilised firefly luciferase constructs containing HER2 5’ 

UTR had no effect on detecting a change on the F/R expression in response to 

glutamine starvation.  

It has previously been reported that HER2 3’ UTR can derepress translation of 

HER2 5’ UTR in firefly luciferase constructs in a range of breast cancer cells 

including MCF-7 cells (Mehta et al., 2006). Therefore, HER2 3’ UTR was 

cloned downstream of the degradation sequences to investigate if it was able to 

derepress translation and mediate a change in translation in response to 

glutamine starvation. It was found that the HER2 3’ UTR was unable to 

derepress translation under non-stressed conditions or in response to glutamine 

starvation. This contrasts with the literature that found that HER2 3’ UTR can 
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derepress luciferase translation under non-stressed conditions. The isoform in a 

previous study used a different HER2 3’ UTR isoform which may affect the 

results (Mehta et al., 2006). 

The translation of the endogenous HER2 and HER4 most likely require factors 

of the translational machinery and other features of the mRNA for translation 

which may also vary across different cell lines. Additionally, HER2 and HER4 

overexpression contributes to cancer progression therefore it would be useful to 

test the translational control mediated by each 5’ UTR in cell lines that highly 

express HER2 and HER4. Especially as HER2 3’ UTR derepression activity is 

greater in cells that contain a higher expression of HER2 such as SKBR-3 cells 

compared to MCF-7 cells (Mehta et al., 2006). The translation of firefly 

luciferase may be different to the endogenous genes. The use of GFP reporters 

could be used in addition to western blots to test the translation of the 

endogenous protein tagged to the GFP this way transfection efficiency can also 

be monitored.  

The results did show that HER2 protein was expressed in response to 48 hours 

of glutamine starvation to investigate the reason for the increase, ribosome 

profiling data can be assessed. This can measure the association of ribosomes 

with the endogenous HER2 mRNA in response to glutamine starvation. This 

would give an indication to which area of mRNA is being actively translated 

and would reveal if HER2 uORF is mediating the increase in HER2 protein 

levels in response to glutamine starvation.  

Overall, this chapter found that HER2 5’ UTR and HER4 5’ UTR were unable  

to mediate an increase in translation in response to glutamine starvation. 
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However, glucose starvation has also shown to regulate uORFs mediated 

translation (Lohse et al., 2011; Hu et al., 2016b). This is important as many 

cancer cells rely on glucose as a main energy source and some cancer cells have 

reprogrammed their metabolism in response to glucose starvation, so this is 

investigated in the next chapter.
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Chapter 5 - Glucose starvation had no 

effect on translation mediated by HER2 

or HER4 5’ UTRs in luciferase reporters 
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5.1. Introduction  

In addition to glutamine, glucose is another important nutrient for many cancer 

cells. Many cancer cells reprogramme glucose metabolism to increase aerobic 

glycolysis which is known as the Warburg effect instead of producing energy 

from oxidative phosphorylation. Despite, glycolysis being a less inefficient way 

of producing ATP than oxidative phosphorylation, cancer cells increase the rate 

of glycolysis to meet their ATP demands (Warburg Berlin-Dahlem, 1925; 

Hanahan and Weinberg, 2011). 

The oncogene MYC can increase cancer cells dependency on glucose. For 

example, MYC can bind to E box regions of glycolytic genes upregulating their 

expression which leads to an increase in glycolysis (Kim et al., 2004). In 

addition, whilst wild type p53 has tumour suppressor functions such as 

decreasing the expression of glucose transporters, mutant p53 can increase 

glycolysis and is associated with the upregulation of glycolytic enzymes 

(Schwartzenberg-Bar-Yoseph et al., 2004; Zhang et al., 2013; Harami-Papp et 

al., 2016).  

Similar to the response to glutamine starvation, when cells are starved of glucose 

GCN2 phosphorylates eIF2α decreasing global translation rates. Translational 

control of specific mRNAs can occur in response to glucose starvation. ATF4 

and GCN4 uORFs upregulate translation of their mRNA in response to glucose 

starvation (Chen et al., 2022). Additionally TP53 IRES increases the expression 

of p53 in response to glucose starvation (Khan et al., 2015).  

HER2 has a role in glucose metabolism. For example, HER2 signalling via the 

PI3K pathway can promote the expression of the sodium glucose transporter, 
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SGLT1 which can increase glucose uptake in HER2-positive breast cancer cells 

(Wang et al., 2020a). In addition, HER2 has shown to increase the expression 

of glycolytic enzymes such as lactate dehydrogenase which stimulates lactate 

production in breast cancer cells (Zhao et al., 2009). Moreover, cancer cells 

exhibit high concentrations of lactic acid generated from glycolysis. Lactate 

produced form lactic acid can help some cancer cells survive under glucose 

starvation by activating the PI3K/AKT/mTOR pathway leading to activation of 

BCL2 that inhibits apoptosis in glucose starved cancer cells (Huang et al., 2015). 

Moreover, HER4 can upregulate MYC expression and subsequently increase the 

expression of MYC target genes such as glycolytic genes (Han et al., 2021a). 

However, the proliferation of some breast cancer cells has shown to be reduced 

in response to glucose starvation, but this has shown to not trigger apoptosis in 

some cancer cells (Khajah et al., 2022).  

eIF2α phosphorylation was detected in 48 hours of glutamine starvation 

conditions and non-starvation conditions in Chapter 4, which may be a reason 

that HER2 uORF did not upregulate translation. Therefore, the correlation 

between eIF2α phosphorylation and HER2 5’ UTR driven translation was 

investigated during glucose starvation. This would show if HER2 5’ UTR is able 

to upregulate translation as previously seen for ATF4 and GCN4. The 

translational control by both HER4 5’ UTR and HER2 5’ UTR were investigated 

in response to glucose starvation using monocistronic luciferase reporters. The 

experiments in this study will also show if HER2 and HER4 5’ UTRs contain an 

IRES active in response to glucose starvation by using bicistronic luciferase 

reporters. 
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5.2. HER2 and HER4 5’ UTRs do not promote cap-independent 

translation in response to glucose starvation 

First, to establish appropriate conditions that induce glucose starvation 

conditions, an MTT assay was first carried out to assess the viability of MCF-7 

cells. This would give an indirect indication to whether glucose starvation could 

induce stress in MCF-7 cells. There was found to be a 65.6% (p=0.041) and a 

70.1% (p=0.023) decrease in the cell viability of MCF-7 cells in response to 30 

minutes and 4 hours of glucose starvation respectively, from the average of three 

independent experiments (Figure 5.1). This indicates that MCF-7 cells are 

sensitive to glucose starvation and cell stress may have been induced.  

 

Figure 5.1. 30 minutes and 4 hours of glucose starvation decreased the cell 

viability of MCF-7 cells. MCF-7 were incubated with media containing glucose 

(orange) or containing no glucose (black) for 30 minutes or 4 hours. After each 

time-point cell viability was measured by MTT assay. T0= time-zero readings 

taken at the start of treatment. Data represents three independent experiments 

(N=6). Error bars represent the standard deviation. p<0.05 was determined as 

statistically significant (*) using a t-test with Bonferroni-Dunn’s correction. 

Percentage decrease was calculated from the average of three independent 

experiments. 
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As the MTT data showed that 30 minutes and 4 hours of glucose starvation 

decreased the cell viability of MCF-7 cells, which gave an indication that cells 

were stressed. Next, western blots were carried out to determine if eIF2α was 

phosphorylated in response to glucose starvation which would provide a more 

sensitive indication of cell stress occurring. Densitometric analysis confirmed 

that eIF2α phosphorylation increased in response to 30 minutes of glucose 

starvation compared to the 30 minute non-starvation control. There was also a 

slight increase in eIF2α phosphorylation in response to 4 hours of glucose 

starvation compared to 4 hour non-starvation controls (Figure 5.2). However, 

eIF2α phosphorylation was greater in response to 30 minutes of glucose 

starvation compared to 4 hours of glucose starvation (Figure 5.2). 
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Figure 5.2. The expression of phospho-eIF2α in response to glucose 

starvation. Western blots of phosphorylated eIF2α (38 kDa), total eIF2α (38 

kDa) and lamin a/c (loading control) (lamin a; 74 kDa, lamin c; 63 kDa; lamin 

a/c antibody bands usually observed between 60-80 kDa) were carried out on 

the lysates from MCF-7 cells starved of glucose for 30 minutes and 4 hours (-

Glc). MCF-7 cells incubated in glucose containing media for 30 minutes and 4 

hours were used as a control (+Glc). Densitometric analysis shown of 

phosphorylated eIF2α relative to total eIF2α. One independent experiment of 

each blot was carried out.  
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IRES mediated translation can take place in response to glucose starvation for 

some mRNAs such as SLC7A1 and TP53 (Fernandez et al., 2002; Khan et al., 

2015). Next, it was investigated whether HER2 or HER4 5’ UTRs contain IRES 

activity in response to glucose starvation. In addition, EGFR 5’ UTR was also 

tested to measure whether glucose starvation had an effect on EGFR IRES 

activity.  

To determine if glucose starvation could induce IRES activity in the 5’ UTRs, 

bicistronic luciferase reporters were transfected into MCF-7 cells, then cells 

were starved of glucose for 30 minutes or 4 hours. First, the Renilla expression 

was assessed to measure if glucose starvation reduced cap-dependent 

translation. There was no change in the Renilla expression in response to glucose 

starvation. The exception to this was an unexpected increase in the Renilla 

expression in response to 30 minutes of glucose starvation from pRF. In 

addition, there was a decrease in the Renilla expression in response to 4 hours 

of glucose starvation from constructs containing EGFR 5’ UTR (Figure 5.3). 

There also seemed to be a reduction in the Renilla expression from constructs 

containing HER2 5’ UTR in response to 30 minutes of glucose starvation and 

overall, a higher Renilla expression from constructs containing HER4 5’ UTR 

in response to 30 minutes of glucose starvation. However, there was variability 

so more biological repeats are needed to determine if the variation in the Renilla 

expression across constructs is consistent (Figure 5.3). Overall, the Renilla 

expression was not efficiently reduced in response to glucose starvation 

indicating that cap-dependent translation was not sufficiently decreased.  

Next, the F/R expression was assessed to determine if each bicistronic construct 

contained IRES activity in response to glucose starvation. Surprisingly, there 
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was an increase in the firefly luciferase and F/R and expression from pRF in 

response to 30 minutes of glucose starvation and a decrease in the firefly 

luciferase and F/R expression of pRF in response to 4 hours of glucose starvation 

(Appendix Figure 22 and Figure 5.4). There was a slight decrease in the firefly 

luciferase expression from EGFR IRES in response to 4 hours of glucose 

starvation (Appendix Figure 22). However, as there was a reduction in the 

Renilla expression, this resulted in an increase in the F/R expression from EGFR 

IRES activity in response to 4 hours of glucose starvation (Figure 5.4). β-tubulin 

and HER2 5’ UTR had no effect on the firefly luciferase and the F/R expression 

in response to glucose starvation (Appendix Figure 22 and Figure 5.4). There 

was no effect of 4 hours of glucose starvation on the firefly luciferase and F/R 

expression from constructs containing HER4 5’ UTR. However, HER4 5’ UTRs 

mediated a slight increase in the firefly luciferase expression at the 30 minute 

timepoint with no effect on the F/R expression in response to glucose starvation 

(Appendix Figure 22 and Figure 5.4). The data shows that EGFR 5’ UTR 

contains an IRES that appears to increase translation in response to 4 hours of 

glucose starvation while no IRES activity was detected in HER2 and HER4 5’ 

UTR under these conditions. However, as only one independent experiment was 

conducted statistical testing was not conducted therefore more independent 

repeats will be needed to confirm the effects shown.  
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Figure 5.3. Overall, the Renilla expression was not reduced in response to 

glucose starvation. MCF-7 cells were transfected with bicistronic constructs 

containing both Renilla and firefly luciferase open reading frames. 24 hours 

post-transfection MCF-7 cells were exposed to either DMEM media containing 

glucose (orange) or DMEM containing no glucose (black). A) 30 minutes 

glucose starvation. B) 4 hours of glucose starvation. After each timepoint cells 

were lysed, Renilla expression was measured. Data represents the average of 

one independent experiment carried out in triplicate. All error bars represent the 

standard deviation.  

A 

B 
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Figure 5.4. No evidence of IRES activity in HER2 or HER4 5’ UTRs in 

response to glucose starvation in contrast to EGFR 5’ UTR. MCF-7 cells 

were transfected with bicistronic constructs containing both Renilla and firefly 

luciferase open reading frames. 24 hours post-transfection MCF-7 cells were 

exposed to either DMEM media containing glucose (orange) or DMEM 

containing no glucose (black). A) 30 minutes glucose starvation. B) 4 hours of 

glucose starvation. After each timepoint cells were lysed, and the F/R expression 

was measured. Data represents the average of one independent experiment 

carried out in triplicate. All error bars represent the standard deviation. 
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5.3. Investigating the endogenous HER2 protein and 

HER2/HER4 mRNA levels in response to glucose starvation 

As HER2 has a role in glucose metabolism in cancer cells, next western blots 

were carried out to investigate if the endogenous HER2 protein was expressed 

in response to glucose starvation which may support cancer cell growth in 

response to glucose starvation (Zhao et al., 2009; Wang et al., 2020a). HER2 

expression increased in response to 30 minutes of glucose starvation compared 

to the 30 minute non-starvation control. There was a decrease in HER2 

expression in response to 4 hours of glucose starvation compared to the 4 hour 

non-starvation control. However, HER2 expression in response to 4 hours of 

glucose starvation was slightly stronger than the expression in response to 30 

minutes of glucose starvation (Figure 5.5). This shows that HER2 is expressed 

in response to glucose starvation, however HER2 expression is stronger in non-

stressed conditions at the 4 hour timepoint.  

 

 

 

 

 



186 
 

 

30
 m

in
s 

+G
lc

30
 m

in
s 

-G
lc

4 
hrs

 +
G
lc

4 
hrs

 -G
lc

0.0

0.5

1.0

1.5

2.0

H
E

R
2
/l
a
m

in
 a

c

 

Figure 5.5. HER2 protein expression in response to non-starvation and 

glucose starvation. Western blots of HER2 (185 kDa) and lamin a/c (loading 

control) (lamin a; 74 kDa, lamin c; 63 kDa; lamin a/c antibody bands usually 

observed between 60-80 kDa) were carried out on the lysates from MCF-7 cells 

starved of glucose for 30 minutes and 4 hours glucose (-Glc). MCF-7 cells 

incubated in glucose containing media for 30 minutes and 4 hours were used as 

a control (+Glc). Densitometric analysis shown of HER2 relative to lamin a/c 

loading control. One independent experiment of each blot was carried out.  
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To determine if there were any changes on the endogenous mRNA levels of 

HER2 in response to glucose starvation, qPCR analysis was carried out. As 

HER4 also has a role in glucose metabolism, the mRNA levels of HER4 were 

measured to determine if there were any transcriptional changes that may control 

the mRNA expression in response to glucose starvation (Han et al., 2021a). It 

was found that 30 minutes and 4 hours of glucose starvation has no effect on the 

mRNA levels of HER2 (p=0.100 and p=0.700 respectively) and HER4 (p=0.700 

and p=0.700 respectively). There was also no change in the mRNA levels of β-

actin in response to 30 minutes or 4 hours of glucose starvation (p=0.700 and 

p=0.400 respectively) (Figure 5.6). This indicates that the expression of HER2 

and HER4 is not due to changes in the mRNA levels in response to glucose 

starvation.  
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Figure 5.6. The effect of glucose starvation on the mRNA levels of HER2 

and HER4. MCF-7 cells were incubated in media containing glucose (+Glc) for 

30 minutes or 4 hours as a control (orange) or cells were starved of glucose (-

Glc) for 30 minutes or 4 hours (black). After each timepoint total RNA was 

extracted before being reverse transcribed into cDNA which was used as the 

qPCR template. Data displayed as fold change normalised to GAPDH house-

keeping gene. Data represents the average of three independent experiments 

carried out in triplicate. p<0.05 was determined as statistically significant (*). A 

Mann-Whitney t-test with Bonferroni-Dunn’s correction was used for 

comparisons of two groups: 30 minutes or 4 hours of glucose starvation to the 

30 minute or 4 hour control respectively.   
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5.4. HER2 and HER4 5’ UTRs are unable to increase translation 

in a monocistronic context in response to glucose starvation 

HER2 5’ UTR may upregulate translation of HER2 in response to glucose 

starvation as previously seen for ATF4, to test this monocistronic firefly 

luciferase constructs containing each 5’ UTR were co-transfected with a 

monocistronic Renilla construct in MCF-7 cells.  

The Renilla expression from the monocistronic p80 construct was measured to 

determine if cap-dependent translation was reduced in the monocistronic 

luciferase experiments, in response to 30 minutes and 4 hours of glucose 

starvation. It was found that the Renilla expression was not affected by the 

glucose starvation conditions (Figure 5.7). This indicates that cap-dependent 

translation was not reduced in response to glucose starvation.  

To determine whether HER2 or HER4 5’ UTR could allow an increase in 

translation in response to glucose starvation conditions in a monocistronic 

context, the F/R expression was measured. In non-stressed conditions HER2 and 

HER4 5’ UTRs mediated a lower F/R expression than p15 and EGFR 5’ UTR 

indicating inefficient translation from HER2 and HER4 5’ UTRs. It was found 

that 30 minutes and 4 hours of glucose starvation had no effect on the firefly 

luciferase and the F/R expression from p15 (p=0.219 and p=0.777 respectively) 

or monocistronic constructs containing EGFR 5’ UTR (p=0.853 and p=0.194 

respectively), HER2 5’ UTR (p=0.687 and p=0.210 respectively) and HER4 5’ 

UTR (p=0.385 and p=0.357 respectively) (Appendix Figure 23) (Figure 5.8). 

This shows that HER2 and HER4 5’ UTRs mediate less efficient translation than 
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p15 and EGFR 5’ UTR in a monocistronic context which is not affected by 

glucose starvation.  
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Figure 5.7. The Renilla expression co-transfected with each construct was 

not affected by glucose starvation in a monocistronic context. MCF-7 cells 

were transfected with firefly luciferase monocistronic constructs containing the 

5’ UTRs and co-transfected with p80 Renilla luciferase construct and 24 hours 

later were exposed to either DMEM containing glucose control media (orange) 

or DMEM containing no glucose media (black). After each timepoint cells were 

lysed, and the Renilla expression was measured. A) 30 minutes of glucose 

starvation. B) 4 hours of glucose starvation. Data represents the average of two-

three independent experiment each carried out in triplicate. All error bars 

represent the standard deviation. p<0.05 was determined as statistically 

significant. A t-test with Bonferroni-Dunn’s correction was used for 

comparisons of each construct in starvation conditions compared to their non-

starvation control. 

A 
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Figure 5.8. HER2 and HER4 5’ UTRs mediated inefficient translation in 

response to glucose starvation. MCF-7 cells were transfected with firefly 

luciferase monocistronic constructs containing the 5’ UTRs and co-transfected 

with p80 Renilla luciferase construct and 24 hours later were exposed to either 

DMEM containing glucose control media (orange) or DMEM containing no 

glucose media (black). After each timepoint cells were lysed, and the F/R 

expression was measured. A) 30 minutes of glucose starvation. B) 4 hours of 

glucose starvation. Data represents the average of two-three independent 

experiments each carried out in triplicate. All error bars represent the standard 

deviation. p<0.05 was determined as statistically significant. A t-test with 

Bonferroni-Dunn’s correction was used for comparisons of each construct in 

starvation conditions compared to their non-starvation control. 
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Next, to determine if reducing the half-life of firefly luciferase would help detect 

a difference in translation in response to glucose starvation, the F/R expression 

from destabilised p15 and destabilised p15-HER2 5’ UTR constructs was 

measured. There was found to be no difference in the firefly luciferase from 

destabilised p15 firefly luciferase constructs and destabilised p15 firefly 

luciferase constructs containing HER2 5’ UTR in response to the glucose 

starvation conditions (Appendix Figure 24). There was also no change in the 

expression of the Renilla reporter co-transfected with both these destabilised 

plasmids (Appendix Figure 25). This resulted in no change in the F/R expression 

from destabilised p15 firefly luciferase constructs (p=0.759 and p=0.137 

respectively) and destabilised p15 firefly luciferase constructs containing HER2 

5’ UTR (p>0.999 and p=0.424 respectively), in response to 30 minutes or 4 

hours of glucose starvation (Figure 5.9). This indicates that HER2 5’ UTR was 

unable to upregulate translation in response to glucose starvation when the 

stability of firefly luciferase protein was reduced.  

As mentioned, previously the HER2 3’ UTR has shown to derepress translation 

in non-stressed MCF-7 cells. However, the data from Chapter 4 found that HER2 

3’ UTR was unable to derepress translation in non-starvation conditions which 

was not consistent with a previous study (Mehta et al., 2006). As glucose 

starvation can upregulate translation of mRNAs with uORFs, next it was 

investigated if HER2 3’ UTR could derepress the translational inhibition of the 

HER2 5’ UTR in these conditions.  

First, there was found to be a decrease in the expression of the Renilla reporter 

that was co-transfected with destabilised firefly luciferase constructs containing 

both HER2 5’ and 3’ UTR in response to 4 hours of glucose starvation 
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(Appendix Figure 25). This indicates that cap-dependent translation was reduced 

in cells containing this plasmid at this timepoint. It was found that there was no 

change in the firefly luciferase from destabilised p15 constructs containing both 

HER2 5’ and 3’ UTRs in response to 30 minutes or 4 hours of glucose starvation 

compared to destabilised p15 constructs containing only HER2 5’ UTR 

(Appendix Figure 24). This showed no change in the F/R expression in response 

to 30 minutes and 4 hours of glucose starvation (p=0.633 and p=0.358 

respectively) (Figure 5.9). This indicates that HER2 3’ UTR was unable to 

derepress translation in non-starvation and glucose starvation conditions. 
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Figure 5.9. HER2 3’ UTR was unable to derepress translation in non-

starvation or glucose starvation conditions. MCF-7 cells transfected for 24 

hours with destabilised firefly luciferase monocistronic construct and co-

transfected with p80 Renilla luciferase construct. Cells were then exposed to 

DMEM containing glucose (orange) or DMEM containing no glucose (black). 

A) 30 minutes of glucose starvation B) 4 hours of glucose starvation. After each 

timepoint cells were lysed, and the F/R expression was measured. Data 

represents the average of three independent experiments each carried out in 

triplicate. All error bars represent the standard deviation. p<0.05 was determined 

as statistically significant (*). A t-test with Bonferroni-Dunn’s correction was 

used for comparisons of each construct in starvation conditions compared to 

their non-starvation control. 
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5.5 Discussion  

The results presented in this chapter demonstrate the translational control of 

HER2, HER4 and EGFR 5’ UTRs under conditions of glucose starvation. This 

work was carried out to give an indication to whether these receptors that drive 

cancer cell progression can also mediate translation in response to glucose 

starvation conditions that cancer cells are often subjected too (Conza et al., 

2017).  

For some of the experiments in Chapters 3-4 the Renilla was not reduced in 

response to stress, so in this chapter an MTT assay was carried out first as an 

initial indicator to measure if stress was being induced. Short term glucose 

starvation can increase ROS production in the mitochondria. This can contribute 

to the disruption of the mitochondrial membrane potential in MCF-7 cells which 

can lead to apoptosis (Raut et al., 2019). The MTT data showed that there was 

cell loss at the control conditions in particularly the 30 minute control. During 

this experiment the control and the starvation conditions underwent PBS washes 

before the addition of media with or without glucose respectively but this was 

not conducted for the time-zero condition. Therefore, cell loss may have 

occurred during this step. In contrast to the glutamine starvation MTT data, 30 

minutes and 4 hours of glucose starvation did reduce the viability of MCF-7 cells 

suggesting that these conditions did induce cell stress. It took long term 

glutamine starvation to reduce the cell viability. This indicates that MCF-7 cells 

are more vulnerable to short term glucose starvation compared to short term 

glutamine starvation. This may be due to the high reliance of cancer cells on 

glucose to provide rapid energy through glycolysis (Sandulache et al., 2011).  
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Then in a similar manner to Chapter 4, the effect of glucose starvation on 

phospho-eIF2α levels was checked which provided a more sensitive read-out of 

cell stress.Phospho-eIF2α levels increased in response to 30 minute and 4 hours 

of glucose starvation, with the strongest expression in response to 30 minutes of 

glucose starvation. Phospho-eIF2α levels were detected in response to non-

starvation conditions. This indicates that cells may have also been stressed in 

non-starvation conditions which may be a reason why no effect was observed in 

response to glucose starvation in the luciferase assays. Overall, as only one 

independent of the western blots was carried out more independent repeats will 

need to be carried out to eliminate confounding factors such as cell health status 

which could obscure the findings. The addition of a time-zero reading and more 

glucose starvation time points for the western blots would be useful to measure 

if eIF2α phosphorylation was consistent over time.  

Short term glucose starvation from 30 minutes-6 hours has previously been 

shown to induce changes in luciferase reporter expression, indicating that the 

time frames used in this study should be sufficient times to allow changes in 

reporter activity (Endo et al., 2018; Guzikowski et al., 2022). However, there 

was generally no change in the raw Renilla numbers in response to each 

condition which indicates that the transfection efficiency between the conditions 

did not differ. There was overall no effect of glucose starvation on the Renilla 

expression of monocistronic constructs. This contrasts with glutamine starvation 

where there was a general decrease in the Renilla expression, although this was 

observed at longer timepoints for glutamine starvation. The Renilla expression 

was not efficiently reduced in bicistronic constructs which was also observed for 

glutamine starvation at the 30 minutes and 4 hour timepoints. For example, for 
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the bicistronic constructs there was an increase in the Renilla expression in 

response to 30 minutes of glucose starvation from pRF indicating that cap-

dependent translation was increased in cells transfected with this plasmid. 

Additionally, there was a decrease in the Renilla expression observed for the 

bicistronic constructs containing EGFR 5’ UTR in response to 4 hours of 

glucose starvation which indicates that cap-dependent translation was reduced 

in this condition. The inconsistency in the Renilla expression in the bicistronic 

constructs is an issue when drawing conclusions on the expression mediated by 

each 5’ UTR. As mentioned previously the Renilla expression should be 

consistent across plasmids as it is driven by the same promoter therefore this 

suggests that the Renilla stability may differ between constructs or perhaps the 

promoter activity is inconsistent. It would be useful to carry out qPCR analysis 

to check the mRNA stability of Renilla luciferase from each bicistronic 

construct.  

Another way to check if cap-dependent translation is reduced is to assess the F/R 

expression of the monocistronic firefly luciferase p15 control construct. As p15 

is translated in a cap-dependent manner it is expected that p15 would be reduced 

in response to glucose starvation. However, there was no reduction in the F/R 

expression from p15 in response to glucose starvation. The data shows that the 

Renilla expression from bicistronic and monocistronic luciferase constructs was 

not efficiently reduced in response to glucose starvation indicating that cap-

dependent translation is not inhibited in these conditions. Similar to the 

conclusion from other stress conditions tested in Chapters 3 and 4 it would be 

useful to check that glucose starvation is inhibiting general protein synthesis by 

conducting methionine incorporation experiments (Chatterjee et al., 1972).  
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There was no evidence of IRES activity in HER2 and HER4 5’ UTRs in response 

to glucose starvation, which was similar to the conclusion in response to 

glutamine starvation. This suggests that the 5’ UTRs do not initiate cap-

independent translation in these conditions. The results of the bicistronic 

constructs under conditions of glucose starvation in this chapter together with 

the bicistronic results from Chapters 3-4 in response to a wide variety of cell 

stressors support the conclusion that HER2 and HER4 5’ UTRs are unlikely to 

contain an IRES. Unexpectedly, there was an increase in the F/R expression 

from pRF negative control in response to 30 minutes of glucose starvation. pRF 

contains does not contain an inserted 5’ UTR in the intercistronic region 

therefore the F/R expression should not be affected by glucose starvation. As the 

Renilla expression was also increased for pRF the change in the F/R expression 

is likely due to an increase in readthrough signal. In addition, unexpectedly there 

was a decrease in pRF expression in response to 4 hours of glucose starvation. 

Despite these changes in firefly luciferase expression from pRF, the expression 

from pRF was still near background in all conditions therefore unlikely to be 

biologically relevant. As only one independent experiment was carried out for 

this experiment more independent replicates are needed to determine if the 

unexplained changes in firefly luciferase expression from pRF is consistent. It 

was found that EGFR IRES did increase translation in response to 4 hours of 

glucose starvation. EGFR IRES activity also increased in response to 30 minutes 

and 24 hours of glutamine starvation. However, as pRF seems to be affected by 

glucose starvation and 30 minutes of glutamine starvation it makes it difficult to 

draw firm conclusions from the increase seen for EGFR IRES in these 

conditions.  
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In a monocistronic context, EGFR 5’ UTR was able to drive efficient translation 

to levels similar or higher than p15. However, there was no change in the F/R 

expression mediated by EGFR 5’ UTR in response to glucose starvation. The 

monocistronic data in response to glucose starvation differs to the bicistronic 

data that suggests that EGFR IRES may increase firefly luciferase expression in 

response to 4 hours of glucose starvation. This is because cap-dependent 

translation takes place in a monocistronic context which reduces the contribution 

of the EGFR IRES.   

The data shows that HER2 and HER4 5’ UTRs seemed to mediate inefficient 

translation in monocistronic constructs in non-starved and glucose starved cells 

compared to p15 and EGFR 5’ UTR. Similar results were obtained for constructs 

containing HER2 5’ UTR or HER4 5’ UTR in response to glutamine starvation. 

However, there was a decrease in translation from constructs containing HER4 

5’ UTR in response to glutamine starvation. 

As luciferase protein levels accumulate at high levels in monocistronic 

constructs it can make it more difficult to detect a change in response to stress 

(Stoneley et al., 2000; Allera-Moreau et al., 2007; Zhao et al., 2022). The focus 

was on HER2 as the hypothesis was that HER2 5’ UTR could mediate an 

increase in translation in response to glucose starvation via its uORF as 

previously seen for ATF4 (Chen et al., 2022). To determine if a change in 

translation can be detected in response to glucose starvation the firefly luciferase 

expression from destabilised monocistronic firefly luciferase constructs was 

tested. However, no change in the F/R expression was detected in response to 

glucose starvation in destabilised firefly luciferase constructs, indicating that 

HER2 5’ UTR may not increase translation in response to glucose starvation. 
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Further experiments can be carried out to check that the monocistronic firefly 

luciferase constructs and the destabilised monocistronic firefly luciferase 

constructs can detect a change in translation. To measure how sensitive the 

monocistronic constructs are to changes in translation, MCF-7 cells can be 

transfected with each monocistronic construct and then treated with the 

translational inhibitor cycloheximide at various times which should demonstrate 

a rapid decrease in translation over time (Schneider-Poetsch et al., 2010).  

Glucose starvation had no effect on the mRNA levels of HER2 and HER4 

whereas there was an increase in the mRNA levels of these genes in response to 

glutamine starvation. This suggests that glutamine starvation has an effect on 

the transcription of these genes which is not observed for glucose starvation.  

The western blots did show that HER2 protein expression was detected in 

response to glucose starvation as well as at the 4 hours non-starvation condition. 

However, this experiment would need to be repeated and more independent 

experiments would need to be carried out to confirm the effects shown. 

As the HER2 3’ UTR can derepress the translational inhibition of the HER2 

uORF it was next tested if there was an increase in firefly luciferase translation 

in destabilised luciferase constructs containing both HER2 5’ and 3’ UTRs. 

However, it was found that HER2 3’ UTR did not derepress translation or 

mediate an increase in translation in response to glucose starvation.  

As mentioned, the HER2 3’ UTR used in the Mehta et al., 2006 was a different 

isoform to the HER2 3’ UTR used in this study. It has been observed in SKBR3 

breast cancer cells that the 5’ end of the 3’ UTR is important for derepression 

activity. This indicates that differences in the derepression activity between 
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isoforms may also be due to differences in the 5’ end of the 3’ UTR (Mehta et 

al., 2006). This demonstrates the importance of the whole nucleotide sequence 

of the HER2 3’ UTR being conserved across isoforms on the TDE ability to 

derepress translation (Mehta et al., 2006).  

In conclusion the results from this chapter suggest that HER2 and HER4 5’ 

UTRs do not contain an IRES active in response to glucose starvation. Also, that 

HER2 and HER4 5’ UTR mediate inefficient translation in a monocistronic 

context which is not affected by glucose starvation. Finally, data from this 

chapter suggest that HER2 is not regulated at the transcriptional level, or by the 

HER2 5’ UTR and HER2 3’ UTR in response to glucose starvation. However, 

further experiments would need to be carried out to confidently rule these out. 

Additional western blot experiments would need to be carried out to accurately 

determine if HER2 protein levels increase in response to glucose starvation.  
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Chapter 6 - Discussion  
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6.1. Summary  

The overall aim of this thesis was to investigate whether HER2 or HER4 5’ 

UTRs could mediate translation in response to cell stress conditions associated 

with cancer and the potential translational mechanisms governing a response to 

stress. First, it was assessed whether HER2 or HER4 5’ UTRs contain IRES 

activity that could mediate translation in response to stress. Using bicistronic 

luciferase reporters it was found that HER2 and HER4 5’ UTRs do not exhibit 

IRES activity under the various stress conditions tested in this study. Then it was 

assessed whether HER2 or HER4 5’ UTRs can mediate an increase in translation 

in response to glutamine or glucose starvation using monocistronic firefly 

luciferase constructs. The data showed that HER2 and HER4 5’ UTRs were 

unable to increase translation in these conditions. The addition of HER2 3’ UTR 

to monocistronic firefly luciferase reporters containing HER2 5’ UTR did not 

affect translation under basal conditions or in response to glutamine or glucose 

starvation. 

6.2. Investigating potential IRESs in HER2 and HER4 5’ UTRs 

under various cell stress conditions 

The approach to investigate IRES activity in the 5’ UTRs of HER2 and HER4 

was based on previous reports that found that EGFR contains an IRES active in 

response to hypoxic stress which demonstrates that translational regulation may 

be accounting for EGFR overexpression (Webb et al., 2015). EGFR, HER2 and 

HER4 are all closely related protein (Monsey et al., 2010). Therefore, it was 

investigated whether HER2 or HER4 are also regulated at the translational level 

which may be contributing to their overexpression in breast cancer cells. In 
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addition, various cell stress conditions were used to screen for potential IRES 

activity in HER2 or HER4 5’ UTRs as IRESs can be active under certain stress 

inducers but not for others.  

First, it was investigated whether HER2 or HER4 5’ UTRs contain an IRES 

active in response to ER stress, a hypoxia mimic, oxidative stress, genotoxic 

stress, low serum conditions, confluence stress, glucose starvation and 

glutamine starvation. This is because these stress conditions are biological 

relevant to cancer, and many of these stress conditions have shown to induce the 

IRES activity of other cellular mRNAs (Section 1.4.1.3. and Chapter 3). There 

was no evidence for IRES activity in HER2 or HER4 5’ UTRs in response to the 

various cell stress conditions tested. There was a varied response from HER2 

and HER4 5’ UTRs in response to UV-B (Figure 3.17) and high cell densities 

(Appendix Figure 10) as discussed in Chapter 3. However, these effects were 

still at background levels. This suggests that HER2 and HER4 are not 

upregulated in a cap-independent manner in response to the cell stress conditions 

tested.  

As mentioned, EGFR IRES activity has previously been shown to be maintained 

in response to hypoxia induced by a hypoxic chamber which provided 1% O₂ 

conditions (Webb et al., 2015). In addition, EGFR IRES activity has been tested 

in response to other cell stress conditions such as low serum conditions, hypoxia 

mimic CoCl₂, genotoxic stress induced by UV radiation and oxidative stress in 

MCF-7 cells. In these conditions EGFR activity was not increased but EGFR 

IRES still maintained the F/R expression (Smalley, 2016; Alamoudi, 2020). 
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In this study, EGFR IRES was used as a positive control as the EGFR IRES can 

maintain activity under stress conditions such as those mentioned above and was 

found to maintain activity in response to genotoxic stress induced by UV 

radiation, low serum conditions, hypoxia mimic CoCl₂ and confluence stress. 

There was found to be an increase in the activity of the EGFR IRES in response 

to 30 minutes and 24 hours of glutamine starvation and 4 hours of glucose 

starvation which was a novel finding (Figure 4.2, Figure 4.4 and Figure 5.4) 

However, more independent repeats of the bicistronic constructs under glucose 

starvation and glutamine starvation conditions are needed before concluding that 

EGFR IRES activity is increased in these conditions. The results enhance the 

understanding of EGFR biology by suggesting that translation of EGFR mRNA 

may increase in response to glutamine starvation or glucose starvation which 

could aid cancer cell survival in these conditions.  

In the future it would be useful to measure if EGFR protein levels increase in 

response to glucose starvation or glutamine starvation and to measure if there 

are any changes in EGFR mRNA levels in these conditions. This would help 

determine if the increase in EGFR IRES activity in these conditions is 

meaningful. In addition, conducting siRNA experiments to knock down EGFR 

expression in response to glutamine or glucose starvation and measuring if there 

is a significant difference in the viability of breast cancer cells may aid in 

determining if EGFR expression is important for the survival of cancer cells 

subjected to these conditions. EGFR overexpression has shown to increase the 

survival of MCF-7 cells cultured in low glucose conditions (Weihua et al., 

2008). EGFR downstream MAPK/ERK and mTOR signalling has shown to be 

upregulated in response to glutamine starvation and activates the glutamine 
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transporter SLC1A5 in non-small cell lung cancer (Lee et al., 2020; Liu et al., 

2021b).  

It would also be useful to test whether HER2 and HER4 5’ UTRs exhibit IRES 

activity under various stress conditions in SKBR-3 and T47D breast cancer cell 

lines that have a higher expression of these receptors respectively compared to 

MCF-7 cells (Pontén, et al., 2008). This is because IRES activity can vary 

between different cells. For example, EGFR IRES activity under basal 

conditions is similar in U87 glioblastoma cells and MCF-7 cells. However, in 

response to low serum conditions EGFR IRES activity is increased in U87 

glioblastoma cells, but there is no change in EGFR IRES activity in these 

conditions in MCF-7 cells, potentially due to differences in the availability of 

ITAFs across cells lines (Smalley, 2016).  

A main issue with the bicistronic luciferase assays was that variation in the 

Renilla luciferase expression was commonly observed across the different 

constructs. The Renilla luciferase expression should be consistent between each 

bicistronic luciferase construct subjected to the same conditions. This is because 

the Renilla luciferase expression is driven by the same SV40 promoter in each 

bicistronic luciferase construct.  

The variation in the Renilla luciferase expression may be due to the topology of 

the bicistronic DNA. Supercoiled DNA has shown to be transfected more 

efficiently and results in higher expression than non-supercoiled DNA (Tudini 

et al., 2019; Sudzinová et al., 2021). Therefore, it is important for the topology 

of the DNA to be the consistent across plasmids. To check this gel 

electrophoresis can be conducted for each plasmid preparation this can 



208 
 

determine the topology as supercoiled DNA migrates faster on a agarose gel then 

non-supercoiled DNA (Tudini et al., 2019). Additionally, an alternative 

normalisation method could be used such as transfecting cells with a bicistronic 

plasmid containing the lacZ gene upstream to firefly luciferase. Firefly 

luciferase can be normalised to β-galactosidase expression (Martin et al., 1996). 

However, similar issues with variations could arise so checking the topology of 

the bicistronic constructs is still needed. Generating stable cell lines where a 

DNA construct is integrated into the genome would ensure that expression of a 

construct is consistent within a population of cells. This would eliminate 

variations due to repeated transfections which is carried out for transiently 

transfected cells (Hexdall and Zheng, 2001; Lai, Jiang and Li, 2006). Stably 

transfected cells can also be normalised to total protein (Schagat Trista, et al., 

2007). In addition, it would be useful to measure the RNA levels of each 

luciferase construct to normalise the F/R expression to as variations in 

transfection efficiency and plasmid quality could be detected at the mRNA level. 

As the Renilla luciferase expression was often not reduced in response to the 

stress conditions tested compared to non-stressed cells this suggests that cap-

dependent translation was not inhibited. Therefore, this indicates that MCF-7 

cells may not be efficiently stressed which makes it is difficult to firmly 

conclude that HER2 and HER4 do not contain IRES activity in response to the 

various cell stress conditions tested in this study. 

To address this issue MTT assays were conducted to investigate if there was a 

reduction in the cell viability of MCF-7 cells in response to each stress condition 

to indicate if cell stress was induced. Thapsigargin and UV-B reduced the cell 

viability potentially by inducing ER stress and DNA damage respectively which 
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can trigger apoptosis (Wang et al., 1998; Wu et al., 2019). There was an increase 

in the cell viability in response to 250µM of hydrogen peroxide treatment for 24 

hours. This result is in contrast with the literature where 24 hours of exposure to 

250µM of hydrogen peroxide decreases the cell viability of MCF-7 cells due to 

ROS induced cell toxicity. However, at long term exposure to 250µM of 

hydrogen peroxide, MCF-7 cells can become adapted to hydrogen peroxide 

induced oxidative stress which is also associated with the upregulation of pro-

metastatic genes (Mahalingaiah and Singh, 2014). However, the results in this 

thesis were insignificant so more repeats are needed to confirm the effects 

shown. In addition, low serum conditions and hypoxia mimic CoCl₂ had no 

effect on the cell viability of MCF-7 cells. Retrospectively, it would have been 

best to use a more direct cell stress indicator such as measuring eIF2α 

phosphorylation in response to each stress condition used in Chapter 3 before 

testing for IRES activity in HER2 and HER4 5’ UTRs.  

To firmly conclude that HER2 and HER4 5’ UTR do not contain IRES activity 

in response to cell stress further experiments would need to be carried out. First, 

various timepoints of each cell stress condition or different concentrations of the 

chemical treatment used to induce cell stress would need to be conducted. This 

can be carried out to confirm eIF2α phosphorylation and show that cap-

dependent translation is reduced.  

This is because IRES activity can vary in response to the exposure time of 

treatment or starvation as well as at different concentrations of chemical stress 

inducers. MYC IRES activity increases upon increasing concentrations of ER 

stress agents thapsigargin and tunicamycin (Shi et al., 2016). Additionally, 

SLC7A1 IRES activity increases in a time-dependent manner in response to 
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glucose starvation up to 9 hrs of starvation then IRES activity declines after this 

timepoint (Fernandez et al., 2002). In the case of glutamine and glucose 

starvation further biological repeats of the western blots will need to be carried 

out, to determine if these starvation conditions show a clear increase in eIF2α 

phosphorylation in comparison to non-starved cells.  

In addition to measuring eIF2α phosphorylation the expression of other key cell 

stress markers can be measured such as ATF4, phospho-GCN2 and PERK which 

are upregulated in many stress conditions (Deng et al., 2002; Ye et al., 2010; 

Iurlaro et al., 2017; Soni et al., 2020). Additionally, stress markers specific for 

a particular stress conditions can be measured such as HIF-1α for measuring 

hypoxic stress (Soni et al., 2020).  

Additionally, each stress condition can be tested to measure if it is able to reduce 

total protein synthesis rates. This can be carried out by conducting [35 S]-

methionine incorporation assays (Chatterjee, Kerwar and Weissbach, 1972). 

Alternatively, a less toxic and non-radioactive method involving click chemistry 

can be used. This can involve a methionine analogy, azidohomoalanine (AHA) 

which contains an azide group that can react to a fluorescently tagged alkyne 

group. Then the effect of various stress conditions on the incorporation of AHA 

into newly synthesised proteins can be measured (Hatzenpichler et al., 2014; 

Wang et al., 2017b; Rothenberg et al., 2018). This would be an important follow 

up experiment to this project that was investigating IRES-mediated translation 

in conditions that are expected to inhibit global translation. 

In the future, high-throughput screening would be an advantageous method for 

screening potential IRESs in multiple mRNAs involved in breast cancer under a 
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range of cancer specific stress conditions. This could involve first incorporating 

the 5’ UTR of mRNAs into a DNA library. The DNA libraries could contain a 

range of breast tumour sources with different mutational profiles to reflect the 

heterogeneity of tumour cells. Such DNA libraries would then be cloned into 

lentivirus construct between a red fluorescent protein and a GFP protein, the 

expression of the latter would be indicative of IRES activity. High GFP 

containing cells can be sorted by fluorescence-activated cell sorting and undergo 

third generation sequencing which increases the sequencing specificity by 

allowing sequencing of long reads (Wang et al., 2020b). Although, the high-

throughput screening approach described above suggests the use of stress 

conditions to detect IRESs, there has been little reported in the literature on the 

use of high-throughput screening methods using stress conditions to detect 

cellular IRESs (Weingarten-Gabbay et al., 2016). 
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6.3. Measuring translation in monocistronic firefly luciferase 

constructs in response to glutamine or glucose starvation  

Next, it was investigated whether HER2 and HER4 5’ UTR can mediate an 

increase in translation in response to glutamine starvation or glucose starvation 

using monocistronic firefly luciferase constructs where translation can occur in 

a cap-independent or cap-dependent manner. It was found that HER2 and HER4 

5’ UTRs mediated less efficient translation in non-stressed conditions compared 

to p15 and EGFR 5’ UTR. In addition, HER2 and HER4 5’ UTRs did not 

increase translation in response to glutamine starvation or glucose starvation 

(Figure 4.13 and Figure 5.8). This suggests that the endogenous HER2 and 

HER4 mRNAs may be poorly translated and that HER2 and HER4 are not 

upregulated in response to glutamine starvation or glucose starvation. The HER2 

5’ UTR luciferase data is consistent with reports from the literature that found 

that HER2 5’ UTR reduced the translation of β-galactosidase reporter gene in 

MCF-7 cells, BT474 cells and COS-7 cells compared to the no HER2 5’ UTR 

control construct (Child et al., 1999a). It has also been found that HER2 5’ UTR 

mediates a lower translation of firefly luciferase in a range of breast cancer cell 

lines in comparison to controls containing no HER2 5’ UTR (Mehta et al., 2006).  

The HER2 uORF AUG codon is in an optimal context for translation initiation 

and has shown to be responsible for the inhibitory effect on translation. This is 

because mutating the HER2 uAUG in reporter genes constructs has shown to 

reduce the inhibitory effects on translation of the downstream cistron in breast 

cancer cells (Kozak, 1986;Child et al., 1999a; Mehta et al., 2006). In addition to 

repressing the expression of reporter genes, the HER2 uORF has shown to 

repress the protein expression of the endogenous HER2 protein with no effect 
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on HER2 RNA levels in COS-7 cells under basal conditions (Child et al., 1999b). 

Furthermore, it has been shown that translation of the HER2 mRNA may occur 

by leaky scanning or by ribosomes reinitiation after translating the HER2 uORF 

(Child et al., 1999b). In addition, increasing the intercistronic spacing to at least 

50 nucleotides or more has also shown to reduce the translation inhibition caused 

by the HER2 uORF in COS-7 cells (Child et al., 1999a).  

The control vector, p15 generally produced higher F/R expression levels than 

HER2 and HER4 5' UTRs in non-starvation and starvation conditions (Figure 

4.13 and Figure 5.8). It is expected that p15 would mediate efficient translation 

as it contains a short 47 nt 5’ UTR. Whereas the monocistronic constructs 

containing HER2 or HER4 5’ UTRs contain a 261 nt or 98 nt 5’ UTR 

respectively which is then preceded by a 35 nt intercistronic sequence before the 

firefly luciferase ORF (Figure 4.11). HER2 and HER4 5’ UTRs contain a 

relatively high GC content of 69.7% and 58.2% respectively, which is often 

associated with stable secondary structures which can impede ribosome 

scanning therefore reduce translation rates (Pelletier and Sonenberg, 1985; Chan 

et al., 2009). 5’ UTRs with complex secondary structures or high GC content 

are often seen in the mRNA of proteins involved in cell growth or dysregulated 

and implicated in breast cancer progression such as TNF-α, MYC and BRCA1 

(Kim et al., 1989; Sobczak and Krzyzosiak, 2002; Wolfe et al., 2014).  

However, EGFR 5’ UTR that is 246 nts and contains a higher GC content of 

78% was able to mediate more efficient translation than HER2 and HER4 5’ 

UTRs. Despite this, HER2 and HER4 5’ UTRs may contain secondary structure 

that are more inhibitory to translation than EGFR 5’UTR. In addition, HER2 

uORF may be contributing to the inhibitory effects on translation and EGFR 
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IRES may allow translation more efficiently. In the future it would be useful to 

include a highly structured 5’ UTR or a hairpin structure that is inhibitory to 

translation in addition to testing the firefly luciferase expression from a range of 

5’ UTRs (Webb, 2012). This can help determine if the structure of HER2 or 

HER4 5’ UTRs is causing less efficient translation compared to a range of 

cellular 5’ UTRs.  

The protein expression of the phosphorylated form of eIF2α was detected in 

response to 48 hours of glutamine starvation but was also expressed in non-

starvation conditions at the 48 hour timepoint (Figure 4.7). Additionally, eIF2α 

phosphorylation was increased in response to glucose starvation but was also 

detected in non-starvation conditions (Figure 5.2). Glucose starvation induced a 

strong induction of eIF2α phosphorylation at shorter timepoints such as 30 

minutes whereas the increase in eIF2α phosphorylation in response to glutamine 

starvation was at the 48 hour timepoint. This suggests that shorter exposure to 

glucose starvation compared to glutamine starvation effects eIF2α 

phosphorylation and thus global protein synthesis. However, the western blot 

data suggests that cells were stressed to a certain degree in non-starved cells 

which would make it difficult to determine if global translation was inhibited in 

response to glutamine starvation or glucose starvation. Although it is difficult to 

determine the basal expression of phospho-eIF2α in MCF-7 cells, there should 

still be a clear increase in expression of the phosphorylated form of eIF2α in 

starvation conditions. In addition, only one independent experiment was carried 

out for each eIF2α western blot therefore more repeats would need to be 

conducted to confirm the effects shown. It is possible that other factors such as 
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the particular passage of MCF-7 cells may be the reason for the strong eIF2α 

phosphorylation in non-starved cells.  

There was overall no change in the Renilla luciferase expression in response to 

glucose starvation therefore indicating that cap-dependent translation was not 

decreased. This makes it difficult to determine if cap-dependent translation was 

reduced. In addition, the starvation conditions used may not reduce cap-

dependent translation in MCF-7 cells therefore it is important to conduct 

methionine incorporation assays as mentioned previously to determine if 

glutamine starvation or glucose starvation at the timepoints used in this study 

could efficiently reduce global protein synthesis. 

It was then considered if firefly luciferase was the most appropriate assay to 

detect the effects of glutamine starvation or glucose starvation on translation 

driven by HER2 and HER4 5’ UTRs. As it is possible that no change in 

translation was observed in response to glutamine starvation or glucose 

starvation due to a high accumulate of the luciferase protein in cells (Feeney et 

al., 2016). Therefore, an hCL1 degradation sequence was added downstream of 

firefly luciferase to reduce the half-life of the protein and increase the response 

rate (Younis et al., 2010). There was found to be no change in translation in 

response to glutamine starvation or glucose starvation in destabilised luciferase 

constructs containing HER2 5’ UTR. This indicates that HER2 5’ UTR is unable 

to mediate an increase in translation in response to glutamine starvation or 

glucose starvation.  

In the future it would be useful to expose cells transfected with monocistronic 

constructs with and without the hCL1 degradation sequence to the translation 



216 
 

inhibitor, cycloheximide at various timepoints. This would measure how rapid 

the decrease in firefly luciferase signal from normal and destabilised reporters 

is following translation inhibition. This would indicate how sensitive the 

reporters are to a decrease in translation (Schneider-Poetsch et al., 2010). 

Previously, it has been shown there are inhibitory effects on translation of firefly 

luciferase driven by HER2 5’ UTR in various cell lines including MCF-7 cells. 

In addition, the HER2 uORF was directly tested in SKBR-3 cells and 

demonstrated to be responsible for the inhibitory effects on translation of firefly 

luciferase. In addition, the HER2 3’ UTR contains a TDE which is a uridine-rich 

RNA sequence that is able to derepress the translational inhibition caused by 

HER2 5’ UTR in various cell lines, including MCF-7 cells (Mehta, et al., 2006). 

The TDE is thought to derepress translation due to the interaction of the TDE 

binding proteins, HuR, hnRNP C1/C2, hnRNP A1 and PABP with the 

terminating ribosome and eRF3 at the uORF termination codon which interferes 

with termination efficiency. The TDE binding proteins are thought to be 

involved in the recycling of the ribosomal subunit and allow translation 

reinitiation at the HER2 coding region (Mehta et al., 2006). The derepression 

activity of the HER2 3’ UTR has shown to be greater in SKBR-3 cells that 

contain a higher expression of HER2 compared to MCF-7 cells. This highlights 

that the translation efficiency mediated by HER2 5’ and 3’ UTRs can vary across 

different breast cancer cells (Mehta et al., 2006). 

As HER2 3’ UTR has shown to previously derepress the translational inhibition 

of the HER2 5’ UTR, next in this project the HER2 3’ UTR was added 

downstream of the hCL1 degradation sequence in firefly luciferase constructs 

containing HER2 5’ UTR (Mehta, et al., 2006). In contrast to a previous study, 
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it was found that HER2 3’ UTR was unable to derepress translation in non-

stressed conditions and in response to glutamine starvation or glucose starvation 

(Figures 4.17 and Figure 5.9). The HER2 3’ UTR TDE that is responsible for 

derepression activity differed slightly in nucleotide sequence between this study 

and the previous study (Mehta, et al., 2006). The HER2 3’ UTR TDE used in 

this study differed by a single nucleotide at base 46 (U instead of a C) and had 

an extra G nucleotide at base 65. Although interestingly, the nucleotide at base 

46 in this study was conserved with other mammalian species (Mehta et al., 

2006).   

However, it is important to mention that in this study one independent 

experiment showed that the HER2 3’ UTR was able to derepress translation 

under basal conditions and in response to glutamine starvation or glucose 

starvation in comparison to destabilised monocistronic constructs containing 

only HER2 5’ UTR. Additionally, there was a decrease in the F/R expression 

from destabilised HER2 5’ and 3’ UTR monocistronic constructs in response to 

4 hours of glucose starvation in comparison to the non-starvation condition  

(Appendix-Figures 35-36).  

The data that showed HER2 3’ UTR derepression activity (Appendix-Figures 

35-36) used a different plasmid preparation to the data reported in this thesis that 

showed no derepression by HER2 3’ UTR (Figures 4.17 and Figure 5.9). 

However, the different plasmid preparations were both were sequenced and 

confirmed to contain the exact same HER2 3’ UTR sequence (Appendix Figures 

43-44). Therefore, the inconsistence in the results of the experiments with the 

different destabilised monocistronic HER2 5’ and 3’ UTR plasmid preparations 

may be due to the conformation of the DNA which can affect the plasmid 
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expression as discussed previously or differences may be due to the state of the 

MCF-7 cells between the experiments conducted with the different plasmid 

preparations. In addition, only one independent experiment was conducted using 

the plasmid that showed derepression activity whereas three independent 

experiments were conducted of the data reported in this thesis that used the 

HER2 3’ UTR plasmid that was unable to derepress translation. Therefore, more 

independent experiments would need to be conducted using the plasmid 

preparation that showed derepression activity to investigate if the effects 

observed are consistent.  

Western blots were carried out to determine the expression of the endogenous 

HER2 protein in response to glutamine starvation or glucose starvation. HER2 

protein had a stronger expression in response to 48 hours of glutamine starvation 

compared to non-starvation conditions (Figure 4.8). In response to glucose 

starvation HER2 protein was detected but had a stronger expression at the 4 

hours non-starvation timepoint (Figure 5.5). The western blot data suggests that 

HER2 is expressed in response to glucose starvation but 48 hours of glutamine 

has a stronger effect. However, it is difficult to determine if HER2 expression is 

biological significant in response to glucose and glutamine starvation especially 

as HER2 protein had a higher expression at the 4 hour non-starvation condition 

for the glucose starvation experiment. Further western blot repeats would need 

to be carried out due to insufficient number of independent experiments, to 

confirm HER2 expression under these conditions. 

HER2 has a role in the cell response to glutamine and glucose starvation. HER2 

can activate PI3K/AKT signalling to stimulate glycolysis to help the survival of 

cells starved of glutamine (Wang et al., 2020a). In addition, HER2 can regulate 
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MYC expression. MYC can upregulate glutaminase enzymes that metabolise 

glutamine and upregulate glutamine transporters providing an energy source for 

cancer cells starved of other nutrients such as glucose (Chen et al., 2015).  

The results from the monocistronic firefly assays suggest that translation of 

HER2 would not increase in response to glutamine or glucose starvation. This 

contrasts with the western blot result that showed HER2 protein expression was 

increased in response to glutamine starvation (Figure 4.8). However, the 

luciferase assays measured translation specifically whereas western blot data 

showed the combined result of all gene regulatory steps. In addition, there was 

no change in HER2 mRNA levels in response to glucose starvation (Figure 5.6). 

However, there was an increase in HER2 mRNA levels in response to glutamine 

starvation indicating that transcriptional changes may be responsible for an 

increase in HER2 protein levels in response to glutamine starvation (Figure 4.9).  

Analysis of ribosome profiling datasets could be carried to determine the 

ribosomal occupancy on HER2 mRNA. Ribosome profiling involves the deep 

sequencing of ribosome protected mRNA fragments. Translating ribosomes can 

occupy a ~30 nt portion of an mRNA sequence which protects that portion of 

mRNA from nuclease degradation (Ingolia et al., 2009). The ribosome protected 

portions of mRNA corresponds to translating ribosomes and can be used to map 

the positions of ribosomes on mRNA under specific conditions. This would give 

an insight into the number of ribosomes synthesising the HER2 protein and the 

amount of protein being produced (Ingolia et al., 2009). This would reveal if the 

HER2 uORF is translated and the effect of this on the translation of HER2 in 

response to glutamine or glucose starvation compared to non-starved cells.  
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Even though the results from the monocistronic luciferase assays suggest that 

HER2 uORF was unable to upregulate translation in glutamine or glucose 

starvation conditions as seen for ATF4, in this study the HER2 uORF was not 

investigated directly (Gameiro and Struhl, 2018; Zhang et al., 2018; Chen et al., 

2022b). To directly test the effects of the HER2 uORF on translation in response 

to stress, the uORF AUG codon could be mutated in monocistronic luciferase 

reporters and then it can be determined whether this changes the response to 

glutamine or glucose starvation. It is expected that mutating the uORF AUG 

codon will increase translation as previous studies has shown that mutating the 

AUG increases translation in basal conditions (Child, et al., 1999; Mehta et al., 

2006). This could conclude that translation of the main ORF and its response to 

glutamine or glucose starvation is affected by the presence of a functional uORF. 

In addition to mutating the AUG codon of the HER2 uORF, somatic mutations 

observed within the HER2 uORF in cancer cases can be identified and then 

introduced into the luciferase constructs to represent mutations within the HER2 

uORF that may contribute to oncogenesis.  

As work in this study suggests that HER2 and HER4 are poorly translated, it is 

important to highlight that they are commonly overexpression in breast cancer 

cells. Although gene amplification can contribute to the overexpression of HER2 

and HER4, production of malignant splice variations and mutations in HER2 

and HER4 such as HER2 CTFs variants and ERBB4-V721I mutations have 

driven the progression of cancers with aggressive phenotypes (Elster et al., 

2018; Maria et al., 2018).  
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6.4. Conclusion 

In this thesis, bicistronic luciferase constructs containing HER2 or HER4 5’ 

UTRs were created and tested to determine if HER2 or HER4 5’ UTRs contain 

an IRES, that could be a therapeutic target for breast cancer cells that often 

exposed to stress conditions. It was found that HER2 and HER4 5’ UTRs do not 

contain IRES activity in MCF-7 breast cancer cells under the stress conditions 

tested in this thesis. Future optimisation of the cell stress conditions would need 

to be carried out to check that they reduce global translation before firmly ruling 

out the presence of an IRES in the 5’ UTRs of HER2 and HER4.  

Monocistronic firefly luciferase constructs were also created to determine if 

HER2 or HER4 5’ UTRs could mediate an increase in translation in response to 

glutamine or glucose starvation. It was found that HER2 and HER4 UTRs 

mediate inefficient translation compared to p15 and EGFR 5’ UTR in non-

starvation conditions and did not increase translation under starvation 

conditions. Additionally, HER2 3’ UTR did not derepress the translational 

inhibition of the HER2 5’ UTR in response to glutamine or glucose starvation 

conditions.  

In conclusion, this thesis provides an understanding into the efficiency of HER2 

and HER4 5’ UTRs in mediating translation in response to various cancer related 

stress conditions. Although, this project did not identify any translational control 

mechanisms in HER2 or HER4 5’ UTRs in response to a range of stress 

conditions that are biologically relevant to cancer, the approaches used in this 

project can be used to identify translational mechanisms in other important 

oncogenes in the future.  
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Appendix Figure 1. Raw bicistronic luciferase reporter data in non-stressed 

conditions. MCF-7 cells were transfected with bicistronic constructs containing 

both Renilla and firefly luciferase open reading frames. 24 hours post-

transfection cells were lysed and the A) raw firefly luciferase and B) Renilla 

luciferase expression was measured. Data represents one independent 

experiment taken in triplicate. All error bars represent the standard deviation.  
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Appendix Figure 2. Raw bicistronic firefly luciferase data in response to thapsigargin. MCF-7 cells were transfected with bicistronic 

constructs containing both Renilla luciferase and firefly luciferase open reading frames. 24 hours post-transfection MCF-7 cells were exposed to 

either 0.5 µM, 1 µM or 2 µM of thapsigargin (black) or respective DMSO controls (orange). 24 hours later cells were lysed and the firefly activity 

was measured. Data represents the average of two-three independent experiments each carried out in triplicate. All error bars represent the standard 

deviation. p<0.05 was determined statistically significant using a t-test with Bonferroni-Dunn’s correction. 
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Appendix Figure 3. Raw bicistronic firefly luciferase data in response to 

250 µM of hydrogen peroxide. MCF-7 cells were transfected with bicistronic 

constructs. 24 hours post-transfection MCF-7 cells were exposed to 250 µM of 

hydrogen peroxide (H₂0₂) (black) or were untreated (orange) for 24 hours. 24 

hours later cells were lysed and the firefly luciferase activity was measured. Data 

represents the average of two independent experiments each carried out in 

triplicate. All error bars represent the standard deviation. p<0.05 was determined 

statistically significant using a t-test with Bonferroni-Dunn’s correction. 
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Appendix Figure 4. Raw bicistronic firefly luciferase data in response to CoCl₂. MCF-7 cells were transfected with bicistronic constructs 

containing both Renilla and firefly luciferase open reading frames. 24 hours post-transfection MCF-7 cells were exposed to 75 µM, 100 µM or 

150 µM of CoCl₂ (black, light grey or dark grey respectively) or were untreated (orange) for 24 hours. Then cells were lysed and the firefly 

luciferase expression was measured. Data represents the average of two independent experiments each carried out in triplicate. All error bars 

represent the standard deviation. p<0.05 was determined statistically significant using a t-test with Bonferroni-Dunn’s correction.  
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Appendix Figure 5. Raw bicistronic firefly luciferase data in response to 

low serum conditions. MCF-7 cells were transfected with bicistronic 

constructs. 24 hours later MCF-7 cells were exposed to media containing 0.5% 

FBS to provide low serum conditions (black) or media containing 10% FBS as 

a control (orange) for 24 hours. Then cells were lysed and the firefly luciferase 

expression was measured. Data represents the average of three biological repeats 

each carried out in triplicate. All error bars represent the standard deviation. 

p<0.05 was determined statistically significant using a t-test with Bonferroni-

Dunn’s correction. 
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Appendix Figure 6. Raw bicistronic firefly luciferase data in response to UV 

radiation. MCF-7 cells were transfected with bicistronic constructs. 24 hours 

post-transfection MCF-7 cells were exposed to UV-B radiation (302 nm) for 10 

seconds (black) or 20 seconds (grey) to induce genotoxic stress or were untreated 

(orange) for 24 hours. After each timepoint cells were lysed, and the firefly 

activity was measured. Data represents the average of two independent 

experiments each carried out in triplicate. All error bars represent the standard 

deviation. p<0.05 was determined as statistically significant using a t-test with 

Bonferroni-Dunn’s correction. 

 

 

 

 

 

 



280 
 

 

Appendix Figure 7. Raw bicistronic Renilla luciferase reporter data in 

response to high cell densities. (second independent experiment). MCF-7 cells 

were seeded at high cell densities; 30,000 (black) and 60,000 (grey) or at the 

original cell density of 10,000 cells per well (orange). 24 hours later MCF-7 cells 

were transfected with bicistronic constructs. 24 hours post-transfection cells 

were lysed, and the Renilla luciferase expression was measured. Data of one 

independent experiment carried out in triplicate but representative of two 

independent experiments. 

 

Appendix Figure 8. Raw bicistronic firefly luciferase reporter data in 

response to high cell densities. (first independent experiment-data 

corresponding to Figures 3.19-3.20). MCF-7 cells were seeded at high cell 

densities; 30,000 (black) and 60,000 (grey) or at the original cell density of 

10,000 cells per well (orange). 24 hours later MCF-7 cells were transfected with 

bicistronic constructs. 24 hours post-transfection cells were lysed, and the firefly 

activity was measured. Data of one independent experiment carried out in 

triplicate but representative of two independent experiments. 
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Appendix Figure 9. Raw bicistronic firefly luciferase reporter data in 

response to high cell densities from a second independent experiment. MCF-

7 cells were seeded at high cell densities; 30,000 (black) and 60,000 (grey) or at 

the original cell density of 10,000 cells per well (orange). 24 hours later MCF-7 

cells were transfected with bicistronic constructs. 24 hours post-transfection 

cells were lysed, and the firefly activity was measured. Data of one independent 

experiment carried out in triplicate but representative of two independent 

experiments. 

 

Appendix Figure 10. F/R data in response to high cell densities from a 

second independent experiment. MCF-7 cells were seeded at high cell 

densities; 30,000 (black) and 60,000 (grey) or at the original cell density of 

10,000 cells per well (orange). 24 hours later MCF-7 cells were transfected with 

bicistronic constructs. 24 hours post-transfection cells were lysed, and the F/R 

activity was measured. Data represents one independent experiment carried out 

in triplicate.   
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Appendix Figure 11. Raw bicistronic firefly luciferase reporter data in 

response to short-term glutamine starvation. MCF-7 cells were transfected 

with each bicistronic construct. 24 hours post-transfection cells were starved of 

glutamine for 30 minutes or 4 hours (black) or non-starved (orange). After each 

timepoint cells were then lysed, and the firefly expression was measured. A) 30 

minutes of glutamine starvation. B) 4 hours of glutamine starvation. Data 

represents one independent experiment carried out in triplicate. All error bars 

represent the standard deviation.  
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Appendix Figure 12. Raw bicistronic firefly luciferase reporter data in 

response to 24 hours of glutamine starvation. MCF-7 cells were transfected 

with each bicistronic construct. 24 hours post-transfection cells were starved of 

glutamine for 24 hours (black) or non-starved (orange). Cells were then lysed, 

and the firefly expression was measured. Data represents one independent 

experiment carried out in triplicate. All error bars represent the standard 

deviation.  
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Appendix Figure 13. Glutamine starvation experiment: Raw Ct values for 

GAPDH. MCF-7 cells were incubated in media containing glutamine (+Gln) 

for 24 hours as a control (orange) or cells were starved of glutamine (-Gln) for 

24 hours or 48 hours (black). After each timepoint total RNA was extracted 

before being reverse transcribed into cDNA which was used as the qPCR 

template. Data represents the average of five independent experiments each 

carried out in triplicate. All error bars represent the standard deviation. p<0.05 

was determined as statistically significant (*). A Mann-Whitney t-test with 

Bonferroni-Dunn’s correction was used for comparisons of two groups: 24 hours 

and 48 hours of glutamine starvation conditions compared separately to the 24 

hour non-starvation control. No statistical significance was determined for 

GAPDH in response to glutamine starvation.  
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Appendix-Figure 14. Melt curves for qPCR primers targeting GAPDH 

house-keeping gene in response to glutamine starvation or control. 

Representative melt curve from a single experiment. +Gln= non-starvation (with 

glutamine), -Gln= glutamine starvation, NTC= non-template control. 

 

 

 

Appendix-Figure 15. -RT control melt curves for qPCR primers targeting 

GAPDH house-keeping gene in response to glutamine starvation or control. 

Representative melt curve from a single experiment. +Gln= non-starvation (with 

glutamine), -Gln= glutamine starvation. 
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Appendix-Figure 16. Melt curves for qPCR primers targeting β-actin 

reference gene in response to glutamine starvation or control. 

Representative melt curve from a single experiment. +Gln= non-starvation (with 

glutamine), -Gln= glutamine starvation , NTC= non-template control. 

 

 

 

Appendix-Figure 17. -RT control melt curves for qPCR primers targeting 

β-actin reference gene in response to glutamine starvation or control. 

Representative melt curve from a single experiment. +Gln= non-starvation (with 

glutamine), -Gln= glutamine starvation. 
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Appendix-Figure 18. Melt curves for qPCR primers targeting HER2 

mRNA in response to glutamine starvation or control. Representative melt 

curve from a single experiment. +Gln= non-starvation (with glutamine), -Gln= 

glutamine starvation, NTC= non-template control. 

 

 

 

Appendix-Figure 19. Melt curves for qPCR primers targeting HER4 

mRNA in response to glutamine starvation or control. Representative melt 

curve from a single experiment. +Gln= non-starvation (with glutamine), -Gln= 

glutamine starvation, NTC= non-template control. 
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Appendix Figure 20. Raw monocistronic firefly luciferase reporter data in 

response in response to 24 and 48 hours of glutamine starvation. MCF-7 

cells were transfected with firefly monocistronic constructs containing the 5’ 

UTRs and co-transfected with p80 Renilla luciferase construct. 24 hours later 

were exposed to either DMEM containing glutamine control media (orange) or 

DMEM containing no glutamine media (black). After each timepoint cells were 

lysed, and the firefly expression was measured. A) 24 hours of glutamine 

starvation. B) 48 hours of glutamine starvation. Data represents the average of 

two-three independent experiments each carried out in triplicate. All error bars 

represent the standard deviation. p<0.05 was determined as statistically 

significant (*). A t-test with Bonferroni-Dunn’s correction was used for 

comparisons of each construct in starvation conditions compared to their non-

starvation control. 
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Appendix Figure 21. Raw destabilised monocistronic firefly luciferase 

reporter data in response to 24 and 48 hours of glutamine starvation. MCF-

7 cells were transfected for 24 hours with destabilised firefly monocistronic 

constructs; destabilised p15, destabilised p15-HER2 5’ UTR and destabilised 

HER2 5’ + 3’ UTR and co-transfected with p80 Renilla luciferase construct. 

After each timepoint cells were lysed after being exposed to DMEM containing 

glutamine (orange) or DMEM containing no glutamine (black). A) 24 hours of 

glutamine starvation. B) 48 hours of glutamine starvation. Then the firefly 

activity was measured. Data represents the average of three independent 

experiments each carried out in triplicate. All error bars represent the standard 

deviation. p<0.05 was determined as statistically significant using a t-test with 

Bonferroni-Dunn’s correction. 
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Appendix Figure 22. Raw bicistronic firefly luciferase reporter data in 

response to glucose starvation. MCF-7 cells were transfected with bicistronic 

constructs containing both Renilla and firefly luciferase open reading frames. 24 

hours post-transfection MCF-7 cells were exposed to either DMEM media 

containing glucose (orange) or DMEM containing no glucose (black). A) 30 

minutes of glucose starvation. B) 4 hours of glucose starvation. After each 

timepoint cells were lysed, and the firefly expression was measured. Data 

represents one independent experiment carried out in triplicate. All error bars 

represent the standard deviation. 
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Appendix Figure 23. Raw monocistronic firefly luciferase reporter data in 

response to glucose starvation. MCF-7 cells were transfected with firefly 

monocistronic constructs containing the 5’ UTRs and co-transfected with p80 

Renilla luciferase construct and 24 hours later were exposed to either DMEM 

containing glucose control media (orange) or DMEM containing no glucose 

media (black). After each timepoint cells were lysed, and the firefly expression 

was measured. A) 30 minutes of glucose starvation. B) 4 hours of glucose 

starvation. Data represents the average of two-three independent experiments 

each carried out in triplicate. All error bars represent the standard deviation. 

p<0.05 was determined as statistically significant. A t-test with Bonferroni-

Dunn’s correction was used for comparisons of each construct in starvation 

conditions compared to their non-starvation control. 

 

0

100000

200000

300000

400000

F
ir

e
fl

y
 a

rb
it

ra
ry

 l
u

m
in

e
s

c
e

n
c

e
 v

a
lu

e
s

p15 p15
EGFR
5' UTR

p15
HER2
5' UTR

p15
HER4
5' UTR

Control

Glucose Starvation

30 minutes Glucose Starvation

0

200000

400000

600000

800000

F
ir

e
fl

y
 a

rb
it

ra
ry

 l
u

m
in

e
s

c
e

n
c

e
 v

a
lu

e
s

p15 p15
EGFR
5' UTR

p15
HER2
5' UTR

p15
HER4
5' UTR

Control

Glucose Starvation

4 hours Glucose Starvation

A 

B 



292 
 

 

 

Appendix Figure 24. Raw destabilised monocistronic firefly luciferase 

reporter data in glucose starvation conditions. MCF-7 cells transfected for 

24 hours with destabilised firefly monocistronic construct and co-transfected 

with p80 Renilla luciferase construct. Cells were then exposed to DMEM 

containing glucose (orange) or DMEM containing no glucose (black). A) 30 

minutes of glucose starvation, B) 4 hours of glucose starvation. After each 

timepoint cells were lysed, and the firefly expression was measured. Data 

represents the average of three independent experiments each carried out in 

triplicate. All error bars represent the standard deviation. p<0.05 was determined 

as statistically significant (*). A t-test with Bonferroni-Dunn’s correction was 

used for comparisons of each construct in starvation conditions compared to 

their non-starvation control. 
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Appendix Figure 25. Raw monocistronic Renilla luciferase data co-

transfected with destabilised firefly reporters in glucose starvation 

conditions. MCF-7 cells transfected for 24 hours with destabilised firefly 

monocistronic construct and co-transfected with p80 Renilla luciferase 

construct. Cells were then exposed to DMEM containing glucose (orange) or 

DMEM containing no glucose (black). A) 30 minutes of glucose starvation, B) 

4 hours of glucose starvation. After each timepoint cells were lysed, and the 

Renilla expression was measured. Data represents the average of three 

independent experiments each carried out in triplicate. All error bars represent 

the standard deviation. p<0.05 was determined as statistically significant (*). A 

t-test with Bonferroni-Dunn’s correction was used for comparisons of each 

construct in starvation conditions compared to their non-starvation control. 
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Appendix -Table 1. Fold increase of the average arbitrary firefly units of 

MCF-7 cells transfected with destabilised p15 constructs compared to 

untransfected MCF-7 cells in non-starvation conditions. 
 

destabilised p15 destabilised p15-

HER2 5’ UTR 

destabilised p15-

HER2 3+5’ UTR 

24 hours 

control 

2846.3 702.5 636.7 

48 hours  

control 

1356.1 87.5 163.6 

 

 

 

Appendix Figure 26. Glucose starvation experiment: Raw Ct values for 

GAPDH. MCF-7 cells were incubated in media containing glucose (+Glc) for 

30 minutes or 4 hours as a control (orange) or cells were starved of glucose (-

Glc) for 30 minutes or 4 hours (black). After each timepoint total RNA was 

extracted before being reverse transcribed into cDNA which was used as the 

qPCR template. Data represents the average of three independent experiments 

carried out in triplicate. p<0.05 was determined as statistically significant (*). A 

Mann-Whitney t-test with Bonferroni-Dunn’s correction was used for 

comparisons of two groups: 30 minutes or 4 hours of glucose starvation to the 

30 minute or 4 hour control respectively. No statistical significance was 

determined for GAPDH in response to glucose starvation. 
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Appendix-Figure 27. Melt curves for qPCR primers targeting GAPDH 

house-keeping gene in response to glucose starvation or control. 

Representative melt curve from a single experiment. +Glc= non-starvation (with 

glucose), -Glc= glucose starvation. 

 

 

 

Appendix-Figure 28. -RT control melt curves for qPCR primers targeting 

GAPDH house-keeping gene in response to glucose starvation or control. 

Representative melt curve from a single experiment. +Glc= non-starvation 

(with glucose), -Glc= glucose starvation. 
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Appendix-Figure 29. Melt curves for qPCR primers targeting β-actin 

reference gene in response to glucose starvation or control. Representative 

melt curve from a single experiment. +Glc= non-starvation (with glucose),-Glc= 

glucose starvation. NTC= non-template control. 

 

 

 

Appendix-Figure 30. -RT control melt curves for qPCR primers targeting 

β-actin reference gene in response to glucose starvation or control. +Glc= 

non-starvation (with glucose), -Glc= glucose starvation. Representative melt 

curve from a single experiment.  
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Appendix-Figure 31. Melt curves for qPCR primers targeting HER2 

mRNA in response to glucose starvation or control. Representative melt 

curve from a single experiment. +Glc= non-starvation (with glucose), -Glc= 

glucose starvation. NTC= non-template control. 

 

 

 

Appendix-Figure 32. Melt curves for qPCR primers targeting HER4 

mRNA in response to glucose starvation or control. Representative melt 

curve from a single experiment. +Glc= non-starvation (with glucose), -Glc= 

glucose starvation. NTC= non-template control. 
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Appendix-Figure 33. Monocistronic Renilla construct-p80 vector map. p80 

originally from pGL4.180 with a cytomegalovirus (CMV) promoter upstream to 

Renilla luciferase. p80 was used as a transfection control to normalise the firefly 

expression from p15 and destabilised p15 constructs. 

 

 

 

Appendix-Figure 34. Schematic of monocistronic Renilla constructs used in 

the project. p80 contained Renilla luciferase downstream to the CMV promotor 

and was used as a co-transfection control. Start codons are underlined green and 

stop codons are underlined red. 
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Appendix-Figure 35. HER2 3’ UTR does derepress HER2 5’ UTR under 

non-starvation conditions and in response to glutamine starvation. MCF-7 

cells were transfected for 24 hours with destabilised firefly monocistronic 

constructs; destabilised p15, destabilised p15-HER2 5’ UTR and destabilised 

HER2 5’ + 3’ UTR and co-transfected with p80 Renilla luciferase construct. 

Cells were lysed after being exposed to DMEM containing glutamine (orange) 

or DMEM containing no glutamine (black) for 24 hours. Then the F/R activity 

was measured. Data represents one independent experiment carried out in 

triplicate. All error bars represent the standard deviation. 
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Appendix-Figure 36. HER2 3’ UTR derepresses translation and mediates a 

decrease in translation in response to 4 hours of glucose starvation. MCF-7 

cells transfected for 24 hours with destabilised firefly monocistronic construct 

and co-transfected with p80 Renilla luciferase construct. Cells were then 

exposed to DMEM containing glucose (orange) or DMEM containing no 

glucose (black). A) 30 minutes of glucose starvation. B) 4 hours of glucose 

starvation. After each timepoint cells were lysed, and the F/R expression was 

measured. Data represents one independent experiment carried out in triplicate. 

All error bars represent the standard deviation.  
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Appendix Table 2. Sequencing primers 

Sequencing Primer Name Sequences (5’-3’) 

RNase (F) GCAAGAAGATGCACCTGATG 

T7 promoter (F) TAATACGACTCACTATAGGG 

CL1-PEST (F) ACGGTAAAACCATGACCGAG 

HER2 3’ UTR (F) TTCCCTCCCGAGGTGGAG 

 

Appendix-Figure 37. Sequencing data of cloning HER2 5’ UTR into pRF 

bicistronic plasmid. Part of pRF sequence= green. HER2 5’ UTR 

sequence=blue. Part of firefly luciferase sequence= red. Sequenced with 

RNase F primer. 

NNNNNNNNNNCGTTCGTTGAGCGAGTTCTCAAAATGAACAATAATTCTAGAGCTTATCGA

TACCGTCGACCTCGAATCACTAGTCAGCTGGAATTCGCTTGCTCCCAATCACAGGAGAAG

GAGGAGGTGGAGGAGGAGGGCTGCTTGAGGAAGTATAAGAATGAAGTTGTGAAGCTGAGA

TTCCCCTCCATTGGGACCGGAGAAACCAGGGGAGCCCCCCGGGCAGCCGCGCGCCCCTTC

CCACGGGGCCCTTTACTGCGCCGCGCGCCCGGCCCCCACCCCTCGCAGCACCCCGCGCCC

CGCGCCCTCCCAGCCGGGTCCAGCCGGAGCCATGGGGCCGGAGCCGCAGTGAGCACCATG

TCATGGAAGACGCCAAAAACATAAAGAAAGGCCCGGCGCCATTCTATCCGCTGGAAGATG

GAACCGCTGGAGAGCAACTGCATAAGGCTATGAAGAGATACGCCCTGGTTCCTGGAACAA

TTGCTTTTACAGATGCACATATCGAGGTGGACATCACTTACGCTGAGTACTTCGAAATGT

CCGTTCGGTTGGCAGAAGCTATGAAACGATATGGGCTGAATACAAATCACAGAATCGTCG

TATGCAGTGAAAACTCTCTTCAATTCTTTATGCCGGTGTTGGGCGCGTTATTTATCGGAG

TTGCAGTTGCGCCCGCGAACGACATTTATAATGAACGTGAATTGCTCAACAGTATGGGCA

TTTCGCAGCCTACCGTGGTGTTCGTTTCCAAAAAGGGGTTGCAAAAAATTTTGAACGTGC

AAAAAAAGCTCCCAATCATCCAAAAAATTATTATCATGGATTCTAAAACGGATTACCAGG

GATTTCAGTCGATGTACACGTTCGTCACATCTCATCTACCTCCCGGTTTTAATGAATACG

ATTTTGTGCCAGAGTCCTTCGATAGGGACAAGACAATTGCACTGATCATGAACTCCTCTG

GATCTACTGGTCTGCCTAAAGGTGTCGCTCTGCCTCATAGAACTGCCTGCGTGAGATTCT

CGCATGCCAGAGATCCTATTTTTGGCAATCAAATCATTCCGGATACTGCGATTTTAAGTG

TTGTTCCATTCCATCACGGTTTTGGAATGTTTACTACACTCGGATATTTGATATGTGGAT

TTCGAGTCGTCTTAATGTATAGATTTGAAGAAGAGCTGTTTCTGAGGAGCCTTCAGGATT

ACAAGATTCAAAGTGCGCTGCTGGTGCCAACCCTATTCTCCTTCTTCGCCAAAAGCACTC

TGATTGACAAATACGATTTATCTAATTTACACGAAATTGCTTCTGGTGGCGCTCCCCTCT

CTAAGGAAGTCGGGGAANCGGTTGCCAAGAGGTTCCANCTGCCAGGTATCNGGCAAGGAN

NTGGGNCTNCCTGAGACTANNNNCANNNNTTNNGANTNNCCCCCAAGGGGNANNNAAAAA

C 

 

Appendix-Figure 38. Sequencing data of cloning HER4 5’ UTR into pRF 

bicistronic plasmid. Part of pRF sequence= green. HER4 5’ UTR sequence= 

blue. Part of firefly luciferase sequence= red. Sequenced with T7 promoter (F) 

primer. 

NNNNNNNNNCNNTCNTTGAGCGAGTTCTCAAAATGAACAATAATTCTAGAGCTTATCGAT

ACCGTCGACCTCGAATCACTAGTCAGCTGGAATTCCACGCGCGCCCGGCTGGGGGATCTC

CTCCGCGTGCCCGAAAGGGGGATATGCCATTTGGACATGTAATTGTCAGCACGGGATCTG

AGACTTCCAAAAAATGCCATGGAAGACGCCAAAAACATAAAGAAAGGCCCGGCGCCATTC

TATCCGCTGGAAGATGGAACCGCTGGAGAGCAACTGCATAAGGCTATGAAGAGATACGCC

CTGGTTCCTGGAACAATTGCTTTTACAGATGCACATATCGAGGTGGACATCACTTACGCT

GAGTACTTCGAAATGTCCGTTCGGTTGGCAGAAGCTATGAAACGATATGGGCTGAATACA
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AATCACAGAATCGTCGTATGCAGTGAAAACTCTCTTCAATTCTTTATGCCGGTGTTGGGC

GCGTTATTTATCGGAGTTGCAGTTGCGCCCGCGAACGACATTTATAATGAACGTGAATTG

CTCAACAGTATGGGCATTTCGCAGCCTACCGTGGTGTTCGTTTCCAAAAAGGGGTTGCAA

AAAATTTTGAACGTGCAAAAAAAGCTCCCAATCATCCAAAAAATTATTATCATGGATTCT

AAAACGGATTACCAGGGATTTCAGTCGATGTACACGTTCGTCACATCTCATCTACCTCCC

GGTTTTAATGAATACGATTTTGTGCCAGAGTCCTTCGATAGGGACAAGACAATTGCACTG

ATCATGAACTCCTCTGGATCTACTGGTCTGCCTAAAGGTGTCGCTCTGCCTCATAGAACT

GCCTGCGTGAGATTCTCGCATGCCAGAGATCCTATTTTTGGCAATCAAATCATTCCGGAT

ACTGCGATTTTAAGTGTTGTTCCATTCCATCACGGTTTTGGAATGTTTACTACACTCGGA

TATTTGATATGTGGATTTCGAGTCGTCTTAATGTATAGATTTGAAGAAGAGCTGTTTCTG

AGGAGCCTTCAGGATTACAAGATTCAAAGTGCGCTGCTGGTGCCAACCCTATTCTCCTTC

TTCGCCAAAAGCACTCTGATTGACAAATACGATTTATCTAATTTANNCGAAATTGCTTCT

GGNGGCGCTCCCCTCTCTAAGGAAGTCGGGGAANNCGGTTGCCAAGAGGTTCCATCTGCC

AGGTATCAGGCAAGGAAATGGNCTNANTGAGACTACNTCAGCTATTNNGATTANNCCCCA

AGGGGGAAGAATAAAC 

 

Appendix-Figure 39. Sequencing data of cloning HER2 5’ UTR into p15 

monocistronic plasmid. HER2 5’ UTR sequence= blue. Part of p15 

sequence= green. Part of firefly luciferase sequence= red. Sequenced with T7 

promoter (F) primer. 

NNNNNNNNNNGTNANTTAGCTTGCTTGCTCCCAATCACAGGAGAAGGAGGAGGTGGAGGA

GGAGGGCTGCTTGAGGAAGTATAAGAATGAAGTTGTGAAGCTGAGATTCCCCTCCATTGG

GACCGGAGAAACCAGGGGAGCCCCCCGGGCAGCCGCGCGCCCCTTCCCACGGGGCCCTTT

ACTGCGCCGCGCGCCCGGCCCCCACCCCTCGCAGCACCCCGCGCCCCGCGCCCTCCCAGC

CGGGTCCAGCCGGAGCCATGGGGCCGGAGCCGCAGTGAGCACCAAGCTTGGCAATCCGGT

ACTGTTGGTAAAGCCACCATGGAAGATGCCAAAAACATTAAGAAGGGCCCAGCGCCATTC

TACCCACTCGAAGACGGGACCGCCGGCGAGCAGCTGCACAAAGCCATGAAGCGCTACGCC

CTGGTGCCCGGCACCATCGCCTTTACCGACGCACATATCGAGGTGGACATTACCTACGCC

GAGTACTTCGAGATGAGCGTTCGGCTGGCAGAAGCTATGAAGCGCTATGGGCTGAATACA

AACCATCGGATCGTGGTGTGCAGCGAGAATAGCTTGCAGTTCTTCATGCCCGTGTTGGGT

GCCCTGTTCATCGGTGTGGCTGTGGCCCCAGCTAACGACATCTACAACGAGCGCGAGCTG

CTGAACAGCATGGGCATCAGCCAGCCCACCGTCGTATTCGTGAGCAAGAGAGGGCTGCAA

AAGATCCTCAACGTGCAAAAGAAGCTACCGATCATACAAAAGATCATCATCATGGATAGC

AAGACCGACTACCAGGGCTTCCAAAGCATGTACACCTTCGTGACTTCCCATTTGCCACCC

GGCTTCAACGAGTACGACTTCGTGCCCGAGAGCTTCGACCGGGACAAAACCATCGCCCTG

ATCATGAACAGTAGTGGCAGTACCGGATTGCCCAAGGGCGTAGCCCTACCGCACCGCACC

GCTTGTGTCCGATTCAGTCNTGCCCGCGACCTCATCTTCGGCAACCAGATCATCGCCGAC

ACCGCTATCCTCAGGGGGTGCCATTTCACCACGGCTTCGGCATGTTCACCACGCTGGGCT

ACTTGATCTGCGGCTTTCG 

 

Appendix-Figure 40. Sequencing data of cloning HER4 5’ UTR into p15 

monocistronic plasmid. HER4 5’ UTR sequence= blue. Part of p15 

sequence= green. Part of firefly luciferase sequence= red. Sequenced with T7 

promoter (F) primer. 

NNNNNNNNNNNNNNANTTNAGCTTNNCGCGCGCCCGGCTGGGGGATCTCCTCCGCGTGCC

CGAAAGGGGGATATGCCATTTGGACATGTAATTGTCAGCACGGGATCTGAGACTTCCAAA

AAAAGCTTCACGCGCGCCCGGCTGGGGGATCTCCTCCGCGTGCCCGAAAGGGGGATATGC

CATTTGGACATGTAATTGTCAGCACGGGATCTGAGACTTCCAAAAAAAGCTTGGCAATCC

GGTACTGTTGGTAAAGCCACCATGGAAGATGCCAAAAACATTAAGAAGGGCCCAGCGCCA

TTCTACCCACTCGAAGACGGGACCGCCGGCGAGCAGCTGCACAAAGCCATGAAGCGCTAC

GCCCTGGTGCCCGGCACCATCGCCTTTACCGACGCACATATCGAGGTGGACATTACCTAC

GCCGAGTACTTCGAGATGAGCGTTCGGCTGGCAGAAGCTATGAAGCGCTATGGGCTGAAT

ACAAACCATCGGATCGTGGTGTGCAGCGAGAATAGCTTGCAGTTCTTCATGCCCGTGTTG

GGTGCCCTGTTCATCGGTGTGGCTGTGGCCCCAGCTAACGACATCTACAACGAGCGCGAG
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CTGCTGAACAGCATGGGCATCAGCCAGCCCACCGTCGTATTCGTGAGCAAGAAAGGGCTG

CAAAAGATCCTCAACGTGCAAAAGAAGCTACCGATCATACAAAAGATCATCATCATGGAT

AGCAAGACCGACTACCAGGGCTTCCAAAGCATGTACACCTTCGTGACTTCCCATTTGCCA

CCCGGCTTCAACGAGTACGACTTCGTGCCCGAGAGCTTCGACCGGGACAAAACCATCGCC

CTGATCATGAACAGTAGTGGCAGTACCGGATTGCCCAAGGGCGTAGCCCTACCGCACCGC

ACCGCTTGTGTCCGATTCAGTCATGCCCGCGACCCCATCTTCGGCAACCAGATCATCCCC

GACACCGCTATCCTCAGCGTGGTGCCATTTCACCACGGCTTCGGCATGTTCACCACGCTG

GGCTACTTGATCTGCGGCTTTCGGGTCGTGCTCATGTACCGCTTCGAGGAGGAGCTATTC

TTGCGCAGCTTGCAAGACTATAAGATTCAATCTGCCCTGCTGGTGCCCACACTATTTAGC

TTCTTCGCTAAGAGCACTCTCATCGACAAGTACGACCTAAGCAACTTGCACGANATCGCC

AGCGGCGGGGCGCCGCTCANCAAGGAGGT 

 

Appendix-Figure 41. Sequencing data of cloning hCLl-hPEST into p15. 

Part of firefly luciferase sequence= red. hCLl-hPEST sequence= purple. 

Vector sequence between hCL1 and hPEST= orange. Part of p15 sequence= 

green. Sequenced with CL1-PEST (F) primer. 

NNNNNNNNNNNNNGNNNNNNNNGGTTNNACCGCCAGAAGCTGCGCGGTGGTGTTGTGTTC

GTGGACGAGGTGCCTAAAGGACTGACCGGCAAGTTGGACGCCCGCAAGATCCGCGAGATT

CTCATTAAGGCCAAGAAGGGCGGCAAGATCGCCGTGAATTCTGCTTGCAAGAACTGGTTC

AGTAGCTTAAGCCACTTTGTGATCCACCTTAACAGCCACGGCTTCCCTCCCGAGGTGGAG

GAGCAGGCCGCCGGCACCCTGCCCATGAGCTGCGCCCAGGAGAGCGGCATGGATAGACAC

CCTGCTGCTTGCGCCAGCGCCAGGATCAACGTCCACGTGCAGTCTAGATGGCCGGCCGCT

TCGAGCAGACATGATAAGATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTG

AAAAAAATGCTTTATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAG

CTGCAATAAACAAGTTAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGA

GGTGTGGGAGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTAAAATCGATAAGGA

TCCGTTTGCGTATTGGGCGCTCTTCCGCTGATCTGCGCAGCACCATGGCCTGAAATAACC

TCTGAAAGAGGAACTTGGTTAGCTACCTTCTGAGGCGGAAAGAACCAGCTGTGGAATGTG

TGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATG

CATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGT

ATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATC

CCGCCCCTAACTCCGNCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTANTTTTTTTT

ATTTATGCNNAGGCCGAGGCCGCCTCTGCCTCTGAGCTATTCAGAAGTAGTGACGAGGCT

TTTTTGGAGGCCTAAGCTTTTGCAAAAAGCTCGATTCTTCTGANNCTAANNNCCCCANAA

AAAACCCCAACTCCCNGNNNNCNNCGTTAAAAANTTNNNAATCCAAANGTNNNACGGGGN

NNNGNC 

 

Appendix-Figure 42. Sequencing data of cloning hCLl-hPEST into p15-

HER2 5’ UTR. Part of firefly luciferase sequence= red. hCLl-hPEST 

sequence= purple. Vector sequence between hCL1 and hPEST = orange. Part 

of p15 sequence= green. Sequenced with CL1-PEST (F) primer. 

NNNNNNNNNNNNNNNNNNNNNNNNNNNTTACNNCCGCCAAGAAGCTGCGCGGTGGTGTTG

TGTTCGTGGACGAGGTGCCNNNNGGACTGACCGGCAAGTTGGACGCCCGCAAGATCCGCG

AGATTCTCATTAAGGCCAAGAAGGGCGGCAAGATCGCCGTGAATTCTGCTTGCAAGAACT

GGTTCAGTAGCTTAAGCCACTTTGTGATCCACCTTAACAGCCACGGCTTCCCTCCCGAGG

TGGAGGAGCAGGCCGCCGGCACCCTGCCCATGAGCTGCGCCCAGGAGAGCGGCATGGATA

GACACCCTGCTGCTTGCGCCAGCGCCAGGATCAACGTCCACGTGCAGTCTAGATGGCCGG

CCGCTTCGAGCAGACATGATAAGATACATTGATGAGTTTGGACAAACCACAACTAGAATG

CAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATT

ATAAGCTGCAATAAACAAGTTAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAG

GGGGAGGTGTGGGAGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTAAAATCGAT

AAGGATCCGTTTGCGTATTGGGCGCTCTTCCGCTGATCTGCGCAGCACCATGGCCTGAAA

TAACCTCTGAAAGAGGAACTTGGTTAGCTACCTTCTGAGGCGGAAAGAACCAGCTGTGGA
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ATGTGTGTCAGTTAGGGTGTGGAAAGTCNCCAGGCTCCCCAGCACGCACAACTATGCAAA

GCATGCATCTCNATTANTCNNCCACCANGTGTGGANGTCTCAGNNCCCCCGCCACGAANN

NTATGCAACCNGCACNGCAANAANCNNCNNCATAGGCCNGCCCNNACTCCNCCAACCCGC

CCCNANACNACCANNNCCACCAGTNNNCACCCCATGGNCGAACA 

 

Appendix-Figure 43. Sequencing data of cloning HER2 3’ UTR into 

destabilised p15-HER2 5’UTR. Part of hPEST sequence= purple. HER2 3’ 

UTR (plasmid preparation used in Chapter 4 and 5) = blue. Part of p15 

sequence= green. Sequenced with HER2 3’ UTR (F) primer. 

NNNNNNNNNNCNTGNNCTGCGCCCAGGAGAGCGGCATGGATAGACACCCTGCTGCTTGCG

CCAGCGCCAGGATCAACGTCCACGTGACCAGAAGGCCAAGTCCGCAGAAGCCCTGATGTG

TCCTCAGGGAGCAGGGAAGGCCTGACTTCTGCTGGCATCAAGAGGTGGGAGGGCCCTCCG

ACCACTTCCAGGGGAACCTGCCATGCCAGGAACCTGTCCTAAGGAACCTTCCTTCCTGCT

TGAGTTCCCAGATGGCTGGAAGGGGTCCAGCCTCGTTGGAAGAGGAACAGCACTGGGGAG

TCTTTGTGGATTCTGAGGCCCTGCCCAATGAGACTCTAGGGTCCAGTGGATGCCACAGCC

CAGCTTGGCCCTTTCCTTCCAGATCCTGGGTACTGAAAGCCTTAGGGAAGCTGGCCTGAG

AGGGGAAGCGGCCCTAAGGGAGTGTCTAAGAACAAAAGCGACCCATTCAGAGACTGTCCC

TGAAACCTAGTACTGCCCCCCATGAGGAAGGAACAGCAATGGTGTCAGTATCCAGGCTTT

GTACAGAGTGCTTTTCTGTTTAGTTTTTACTTTTTTTGTTTTGTTTTTTTAAAGATGAAA

TAAAGACCCAGGGGGAGAATGGGTGTTGTATGGGGAGGCAAGTGTGGGGGGTCCTTCTCC

ACACCCACTTTGTCCATTTGCAAATATATTTTGGAAAACAGCTGGCCGGCCGCTTCGAGC

AGACATGATAAGATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAGAA

ATGCTTTATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAA

TAAACAAGTTAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGATGTGTG

GGAGGTTTTTAAAACAAGNNCACCACCACCCTGCGCTAANNCGATAAGNTNCNATAAGAA

TAGNNCGCCNNNNNGN 

 

Appendix-Figure 44. Sequencing data of cloning HER2 3’ UTR into 

destabilised p15-HER2 5’UTR. Part of hPEST sequence= purple. HER2 3’ 

UTR (plasmid preparation used in the Appendix Figures 35-36) =blue.  Part of 

p15 sequence= green. Sequenced with HER2 3’ UTR (F) primer. 

NNNNNNNNNNCNTGANCTGCGCCCAGGAGAGCGGCATGGATAGACACCCTGCTGCTTGCG

CCAGCGCCAGGATCAACGTCCACGTGACCAGAAGGCCAAGTCCGCAGAAGCCCTGATGTG

TCCTCAGGGAGCAGGGAAGGCCTGACTTCTGCTGGCATCAAGAGGTGGGAGGGCCCTCCG

ACCACTTCCAGGGGAACCTGCCATGCCAGGAACCTGTCCTAAGGAACCTTCCTTCCTGCT

TGAGTTCCCAGATGGCTGGAAGGGGTCCAGCCTCGTTGGAAGAGGAACAGCACTGGGGAG

TCTTTGTGGATTCTGAGGCCCTGCCCAATGAGACTCTAGGGTCCAGTGGATGCCACAGCC

CAGCTTGGCCCTTTCCTTCCAGATCCTGGGTACTGAAAGCCTTAGGGAAGCTGGCCTGAG

AGGGGAAGCGGCCCTAAGGGAGTGTCTAAGAACAAAAGCGACCCATTCAGAGACTGTCCC

TGAAACCTAGTACTGCCCCCCATGAGGAAGGAACAGCAATGGTGTCAGTATCCAGGCTTT

GTACAGAGTGCTTTTCTGTTTAGTTTTTACTTTTTTTGTTTTGTTTTTTTAAAGATGAAA

TAAAGACCCAGGGGGAGAATGGGTGTTGTATGGGGAGGCAAGTGTGGGGGGTCCTTCTCC

ACACCCACTTTGTCCATTTGCAAATATATTTTGGAAAACAGCTGGCCGGCCGCTTCGAGC

AGACATGATAAGATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAA

ATGCTTTATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAA

TAAACAAGTTAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTG

GGAGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTAAAATCGATAAGGATCCGTT

TGCGTATTGGGCGCTCTTCCGCTGATCTGCGCAGCACCATGGCCTGAAATAACCTCTGAA

AGAGGAACTTGGTTAGCTACCTTCTGAGGCGGAAAGAACCAGCTGTGGAATGTGTGTCAG

TTAGGNTGTGGAAAGTCCNNAGGCTCCCNAGCAGGCAGAAAGTATGCAAAGCATGCATCT

CAATTAGTCAGCAACCAGGGTGNGGAAAGTCCCCAGGCTCCCCANNCAGGCAAGAAGTNT

GCAAAGNATGCATCTCCATTAAGTCANCAACNNTAGTTCCCGCCCCTAAANNCNNCCNAT

CCCGCCCCTAACTNCGCCCANNTCCNNCCAATCTCCCGACCNNNGGTTGNCNNANTTGTT

TTNANTTTATNNNAAGGCCCNAGGCCNCCANNNNNCCNNNAGAACTAT 
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PIP Reflective Statement  
Note to examiners:  

This statement is included as an appendix to the thesis in order that the thesis 

accurately captures the PhD training experienced by the candidate as a BBSRC 

Doctoral Training Partnership student. 

The Professional Internship for PhD Students is a compulsory 3-month 

placement which must be undertaken by DTP students. It is usually centred on 

a specific project and must not be related to the PhD project. This reflective 

statement is designed to capture the skills development which has taken place 

during the student’s placement and the impact on their career plans it has had. 

 

PIP Reflective Statement: 

I completed a 3-month internship (28th February 2022-27th May 2022) at APIS 

Assays Technologies which is a biotechnology company in Manchester that 

focuses on researching and producing diagnostic assays. During my internship, 

I worked across two different disciplines, pneumonia and complicated urinary 

tract infections, which allowed me to adapt my scientific knowledge to different 

disease areas and quickly adjust to projects with different goals. My role when 

working on the pneumonia project involved determining the limit of detection 

of a series of pneumonia pathogen targets using a QIAstat (Qiagen) qPCR 

machine and to benchmark results against a competitor brand. This allowed me 

to carry out work that I had no prior experience in. In addition, I gained 

experience working with machinery used in industry and working with 

biological samples. I was able to work within a team but was quickly given 
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responsibilities to work independently which developed my confidence. When 

working on the complicated urinary tract infections project, I gained experience 

in a different aspect of assay development which involved developing multiplex 

tests for the detection of different targets in a single PCR experiment and 

conducting sensitivity tests of targets using the QS5 qPCR machine and the 

QIAstat. I also gained experience crafting QIAstat cartridges containing 

different primer/probes for the use in the QIAstat machine. This also gave me 

experience working in a manufacturing laboratory.  

I enjoyed working as part of a team during my internship such as liaising work 

with other team members. I was involved in writing and reviewing experimental 

protocols for the team. I also developed confidence with my verbal 

communication by reporting my progress to my colleagues at daily team ‘stand 

up’ meetings and I was made to feel like a valuable team member. 

Overall, my internship has developed my interest in a career outside academia 

and has given me experience in working at a biotechnology company which will 

be advantageous for exploring a career in industry. My internship has given me 

an opportunity to understand how diagnostic assays are developed for the 

detection of different diseases and experience of working as a team to improve 

and progress projects.  

 

 

 


