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Abstract 

The PI3K/AKT/mTOR (PAM) pathway is a major driver of cell growth, proliferation and 

survival and is hyperactivated in 70% of ovarian cancers. PAM inhibitors, such as the 

AKT-kinase inhibitor capivasertib (AZD5363; currently in Phase III clinical trials), have 

therefore been `developed as novel cancer therapeutics. Acquired resistance to kinase 

inhibitors is a major threat to their clinical success, thus understanding resistance 

mechanisms can support their utility in the clinic. The aim of this thesis was to elucidate 

resistance mechanisms to capivasertib, using the A2780 human ovarian carcinoma 

parental and capivasertib-resistant cell lines as models, which harbour hyperactivating 

PAM pathway mutations. 

The isogenic capivasertib-resistant subclone, A2780 254R-B, exhibited cross-resistance 

to both allosteric and multiple ATP-competitive AKT inhibitors. Additionally, they were 

also cross-resistant to allosteric and kinase inhibitors of mTORC, although no resistance 

was observed for the cap-dependent protein synthesis inhibitor, 4EGI-1. Furthermore, 

4EBP1 expression was reduced and S6RP S235/6 phosphorylation was capivasertib-

resistant, which correlated with overexpression of p90RSK. The induced interaction of 

4EBP1 and eIF4E with increased 4EBP1 phosphorylation inhibition was not as great in 

254R-B (4-fold) compared to PAR (9-fold), which was associated with a 9-fold increase 

in cap-dependent protein synthesis, determined by dual-luciferase report assay. 

Overexpression of 4EBP1 in 254R-B cells reduced resistance to capivasertib by 6-11 

fold. Exogenous 4EBP1 additionally reverted the 4EBP1-eIF4E interaction in 254R-B cells 

sensitive to 4EBP1 phosphorylation inhibition, suggesting that the resistance 

mechanism may also be dependent on an mTORC1-independent kinase.  

Another isogenic capivasertib-resistant subclone, A2780 254R-D, exhibited cross-

resistance to ATP-competitive but not allosteric inhibitors of AKT which suggests that 

resistance may involve a non-AKT target of capivasertib. 

Overall, this thesis provides evidence that acquired resistance to capivasertib is 

associated with increased cap-dependent protein synthesis, mediated through reduced 

4EBP1 activity. Reduced 4EBP1 expression in tumours may therefore be used as a 

predictive biomarker for screening patients for acquired resistance to capivasertib. 
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F5 flexitube 5 oligonucleotide 

FBS foetal bovine serum 

FGF fibroblast growth factor 

FGFR fibroblast growth factor receptor 

FL firefly luciferase 

FOXO forkhead box O 
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G418 geneticin 

GAB GRB2-associated binding partner 

GAP GTPase activating protein 

GAPDH glyceraldehyde 3-phosphate dehydrogenase 

GDP guanosine diphosphate 

GEF guanine nucleotide exchange factor 

GI50 half-maximal growth inhibitory concentration 

GIST gastrointestinal stromal tumour 

GMP guanosine monophosphate 

GPCR G-protein coupled receptor 

GRB growth factor receptor-bound protein 

GSK-3β glycogen synthase kinase-3 beta 

GTP guanosine triphosphate 

HDM2 human double minute 2 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HER2 human epidermal growth factor receptor 2 

hERG human ether-a-go-go-related gene 

HGSOC high-grade serous ovarian carcinoma 

HIF hypoxia-inducible factor 

HMW high molecular weight protein 

HRP horseradish peroxidase 

hrs hours 

ICR The Institute of Cancer Research, London 

IGF insulin-like growth factor 

IL interleukin 

IRES internal ribosome entry site 

IRS insulin receptor substrate 

JNK c-Jun N-terminal protein kinase 

kDa kilo Dalton 

LARP1 La-related protein 1 

LGSOC low-grade serous ovarian carcinoma 

LKB1 liver kinase B1 

LMW low molecular weight protein 

m7GTP 7-methyl GTP 

MAPK mitogen activated protein kinase 

MCL1 myeloid cell leukaemia 1 

MDR multidrug resistance 

MEK mitogen-activated protein kinase kinase 

mLST8 mammalian lethal with sec-13 protein 8 

MNK MAPK-interacting kinases 
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mSin1 mammalian stress-activated MAP kinase-interacting 
protein 1 

MSK1 mitogen and stress activated protein kinase 1 

mTOR mammalian/mechanistic target of rapamycin 

mTORC mTOR complex 1 and/or 2 

mTORC1 mTOR complex 1 

mTORC2 mTOR complex 2 

mTORK mTOR kinase 

MYC myc Avian Myelocytomatosis Viral Oncogene  

(N)SCLC (non) small cell lung cancer 

NT non-targeting (oligonucleotide) 

N-terminal amino-terminal 

OC ovarian carcinoma 

OCCC clear cell ovarian carcinoma 

OD optical density 

ORR objective response rate 

OS overall survival  

p(protein) phosphorylated (protein) 

P+ pull down positive control 

p27kip1 cyclin-dependent kinase inhibitor 1B 

p53 protein 53 

p70S6K p70 ribosomal S6 kinase 

p90RSK p90 ribosomal S6 kinase 

PAM PI3K/AKT/mTOR 

PAR A2780 parental 

PARP poly-ADP ribose polymerase 

PBS phosphate-buffered saline 

PCR polymerase chain reaction 

PDCD4 programmed cell death 4 

PDGF platelet derived growth factor 

PDGFR platelet derived growth factor receptor 

PDK1 phosphoinositide-3-kinase dependent kinase 1 

PFS progression free survival 

PH pleckstrin homology 

PHLPP PH-domain leucine-rich repeat protein phosphatase 

PI phosphatidylinositol 

PI(3,5)P2 phosphatidylinositol 3,5-bisphosphate 

PI(4,5)P2 phosphatidylinositol 4,5-bisphosphate 

PI3K phosphoinositide-3-kinase 

PIC pre-initiation complex 
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PIKK phosphoinositide 3-kinase related kinase 

PIP2 phosphatidylinositol bisphosphate 

PIP3 phosphatidylinositol 3,4,5-trisphosphate 

PKA cAMP dependent protein kinase 

PKB protein kinase B 

PKC protein kinase C 

PMSF phenylmethylsulfonyl fluoride 

PP1 protein phosphatase 1 

PP2A protein phosphatase 2A 

PRAS40 proline-rich AKT substrate of 40 kDa 

PROTOR protein observed with RICTOR 1 and 2 

PTEN phosphatase and tensin homolog 

PVDF polyvinylidene fluoride 

RAF v-raf murine sarcoma viral oncogene homolog 

RAPTOR regulatory associated protein of mTOR 

RAS rat sarcoma viral oncogene homolog 

RCC renal cell carcinoma 

REDD1 regulated in DNA damage and development 1 

RF resistance factor 

RHEB RAS-homolog enriched in brain 

RICTOR rapamycin insensitive companion of mTOR 

RL Renilla luciferase 

ROCK Rho-associated coiled-coil kinase 

RT room temperature 

RTK receptor tyrosine kinase 

S(amino acid) serine residue 

S6RP S6 ribosomal protein 

SD standard deviation 

SDS sodium dodecyl sulfate 

SDS-PAGE sodium dodecyl sulfate - polyacrylamide gel 
electrophoresis 

SGK serum and glucocorticoid-induced protein kinase 

SH2 Src homology 2 

SHIP SH2-containing inositol phosphatase 

shRNA short hairpin ribonucleic acid 

siRNA small interfering ribonucleic acid 

SLL small lymphocytic lymphoma 

SMT somatic mutation theory 

SOS son of sevenless 

SRB sulforhodamine B 
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SREBP sterol-regulatory element-binding protein 

T(amino acid) threonine residue 

t0 time at 0hrs 

t96 time at 96hrs 

TBST Tris buffered saline with Tween20 buffer 

TGF-β transforming growth factor beta 

TNBC triple negative breast cancer 

TOP terminal oligopyrimidine 

TOS TOR signalling 

TSC tuberous sclerosis complex 

TSC1 tuberous sclerosis complex subunit 1 (hamartin) 

TSC2 tuberous sclerosis complex subunit 2 (tuberin) 

TSG tumour suppressor gene 

ULK1 Unc-51 like autophagy activating kinase 1 

v/v volume/volume 

VEGF vascular endothelial growth factor 

w/v weight/volume 

Wnt Wingless-related integration site 

WT wildtype 

Y(amino acid) tyrosine residue 

YAP Yes-associated protein 

 



 

 

 

21 
 

 

 
 

 

 

 

 

 

Chapter 1 

1. Introduction 



1. Introduction 

 

 

22 
 

1. Introduction 

1.1. Introduction to cancer 

Current statistics for cancer occurrence state that for persons born since 1960, the 

likelihood of being diagnosed with cancer at some point during their lifetime is 

greater than 50% (Ahmad et al., 2015). According to GLOBOCAN 2018, it was 

estimated that there were 9.6 million deaths caused by cancer (17% of all deaths 

globally) in 2018 and that it is the second leading cause of death after 

cardiovascular disease. With 18.1 million new cancer cases diagnosed last year, the 

importance of research into cancer prevention and treatment is very clear (Bray et 

al., 2018; Global Burden of Disease Collaborative Network., 2018). 

Cancer is a class of over 200 diseases which are characterised as uncontrolled cell 

proliferation, which may invade and spread from a primary site to other organs of 

the body. These can invade and impair the function of vital organs leading to death. 

There are several proposed theories that offer explanations into how normal cells 

transform into cancer cells; those include tissue organisation field theory, metabolic 

theory of cancer and somatic mutation theory (SMT; Christofferson, 2014; Baker, 

2015; Seyfried, 2015; Pecorino, 2016). SMT is the currently the best studied and is 

the model of carcinogenesis assumed by this work. SMT describes that cancer is a 

genetic disease, which originally arises from a single somatic cell that has 

accumulated several permanently acquired DNA mutations, sometimes in 

combination with inherited mutations, such as those found in the BRCA1 and APC 

genes of familial breast and colorectal cancers respectively (Stella et al., 1992; 

Keisell et al., 1993). Although there may be a correlation between cancer risk and 

stem-cell divisions, it is generally accepted that cancer risk is predominantly a result 

of internal and external genotoxic factors, such as reactive oxygen species, tobacco 

smoke and ultraviolet light which can generate DNA damage (Tomasetti and 

Vogelstein, 2015; Pecorino, 2016). The cell can combat the generation of novel 

somatic mutations through a number of DNA repair pathways. However, if DNA 

lesions are not repaired, or repaired incorrectly before a cell replicates, a 
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permanent alteration is fixed into the DNA and may contribute to carcinogenesis 

(Lord and Ashworth, 2012). Recent research has also identified that epigenetic 

alterations may also contribute towards oncogenesis (Weinstein and Joe, 2006; 

Stottrup et al., 2016; Mansoori et al., 2017). 

Most mutations that arise in a somatic cell are passenger mutations, but mutations 

in oncogenes and tumour suppressor genes (TSGs) can disrupt normal cell 

proliferation and survival processes to promote clonal expansion. Oncogenes and 

tumour suppressors are genes that encode for proteins that positively and 

negatively regulate cell growth respectively. Mutations may occur in either the 

regulatory promotor region or the coding region itself to alter translation of the 

mRNA (Pecorino, 2016). Alternatively, recent research has also identified that 

epigenetic alterations can also contribute to carcinogenesis (Weinstein and Joe, 

2006; Earwaker et al., 2018; Ravegnini et al., 2019). The mutations in oncogenes 

that lead to cancer usually involve increased production of the protein product or 

activity, whereas mutations in TSGs often downregulate expression or activity. An 

example of a commonly mutated oncogene is RAS (30% of cancers harbour this 

mutation), which induce a loss in GTPase activity, rendering the RAS protein 

permanently active leading to increased growth-promoting signalling. An example 

of a frequently mutated TSG is TP53 (50% of cancers) which is important for sensing 

DNA damage (Higashitsuji et al., 2007; Pecorino, 2016). 

The acquisition of dysregulated oncogenes and tumour suppressor genes culminate 

in several characteristics present in most, if not all tumours. These are termed the 

“Hallmarks of Cancer” and include: growth signal autonomy; evasion of inhibitory 

growth signals; evasion of immune destruction; unlimited replicative potential; 

invasion and metastatic potential; angiogenesis; evasion of cell death and 

reprogrammed energy metabolism. Tumour-promoting inflammation and genomic 

instability are also included as characteristics that promote acquisition of the other 

hallmarks (Hanahan and Weinberg, 2011). Cancer cells are notoriously difficult to 

distinguish from normal somatic cells at a molecular basis, and therefore further 

understanding of these hallmarks of cancer may improve the development of novel 

cancer therapeutics. 
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1.2. History of cancer therapeutics 

Historically, treatment of cancer dates back to the ancient Greek and Egyptian 

civilisations which often involved ineffective surgical means. Although radiotherapy 

was used in the late nineteenth century, cancer treatment received its major 

breakthrough during the First World War, with the accidental discovery of the 

cytotoxic anti-tumour activity of nitrogen mustard gas. Similarly following 

chemotherapies (alkylating agents, antimetabolites, anti-mitotics, and cytotoxic 

antibiotics) primarily target the rapidly dividing cells. The goal of these cytotoxic 

therapies is to cause severe DNA damage to trigger apoptosis in rapidly dividing 

cells. The major problem with these broad-acting therapies is that they cannot 

distinguish between neoplastic cells and rapidly dividing healthy tissue such as hair 

follicles and digestive epithelia, which are therefore also affected by these drugs 

(Falzone et al., 2018).  

Increased understanding in the 1980s and 1990s into the molecular mechanisms 

causing oncogenic transformation of cells drove the discovery and development of 

small selective inhibitory compounds (such as BCR-ABL tyrosine kinase inhibitor, 

imatinib) and monoclonal antibodies that targeted and inhibited oncogenic proteins 

(such as HER2 receptor targeting, trastuzumab). Research from the human genome 

project spurred the development of molecular targeted therapies such as BRAF 

inhibitor vemurafenib. The selectivity of these therapies allowed suppression of 

growth in cancerous cells whilst incurring minimal effects on normal tissue. This 

greatly increased the therapeutic window, which in turn minimised side effects 

(Falzone et al., 2018). 

At the turn of the 20th century, Bernard Weinstein introduced the concept of 

oncogenic addiction whereby despite the diverse array of somatic DNA mutations 

that may arise within a tumour, a predominant reliance on one single oncogene for 

continuous tumourigenesis was common in many cancers (Weinstein and Joe, 

2006). The concept of “oncogene addiction” promoted exciting clinical implications 

and a large body of evidence supported that therapeutic intervention targeting a 

single dependent oncogene is sufficient for tumour regression. The most famous 
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application of this concept, despite its discovery prior to the coining of oncogenic 

addiction is the small Philadelphia chromosome in chronic myeloid leukaemia 

(CML). The small Philadelphia chromosome is a chromosomal translocation that 

produces a fusion transcript (BCR-ABL) encoding for a constitutively active tyrosine 

kinase (Druker et al., 1996). This lead to the development of imatinib, which 

exhibited highly promising pre-clinical and phase I trial results, which encouraged 

the fast-track FDA approval of the drug within three years of clinical trials (Torti and 

Trusolino, 2011). 

Kinases are particularly easy targets for small molecule inhibitor development due 

to the availability of ATP or co-factor binding pockets, which small molecule mimics 

can be easily designed (Roskoski, 2016). Therefore, signalling cascades of kinases 

that contain commonly mutated oncogenes or TSGs are attractive areas for 

oncotherapeutic development. One such promising signalling cascade is the  

phosphoinositide 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR; 

PAM) pathway (Yap et al., 2008; Martini et al., 2013). 

1.3.  The PAM signalling pathway 

The PAM pathway (illustrated in Figure 1.1) is one of several signalling pathways 

which allow the cell to interact and adapt to its external environment by converting 

extracellular stimulation to intracellular signals to influence a cellular response. 

PAM pathway signalling promotes positive regulation of metabolism, proliferation, 

cell survival, cell cycle progression, angiogenesis and protein synthesis in response 

to external cues (Fruman et al., 2017). 

These pathways consist of a cascade of protein kinases that transmit the 

extracellular signal by a series of phosphorylation events from one kinase to 

another. Phosphorylation is one of the most common and reversible post-

translation modifications of a protein, which involves the transfer of a phosphate 

group (PO4) from ATP (adenosine triphosphate) to form ADP (adenosine 

diphosphate), onto the hydroxyl (-OH) group of a serine, threonine or tyrosine 

residue of a protein (Ardito et al., 2017). All protein kinases contain two lobes (N-
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terminal and C-terminal) to catalyse phosphorylation reactions. The 

phosphorylatable residue of the substrate is positioned in a shallow groove of the C-

terminal lobe, whereas ATP is positioned within the hydrophobic pocket of the N-

terminal lobe, thereby allowing the phosphorylatable residue of the substrate and 

the terminal phosphate of ATP to be adjacent to one another. An aspartate residue 

in the substrate binding pocket acts as a base and removes the proton from the 

substrate residue hydroxyl group. The remaining oxygen attacks the terminal 

phosphoryl group of ATP to form a metaphosphate intermediate. Mg2+ is important 

to electrostatically stabilise the intermediate in this reaction. ADP becomes 

displaced and the protein-residue phosphate is formed and both products are 

released from the active site (Roskoski, 2016). The addition of a phosphate group 

on a protein can affect the charge on the residue and induce a conformational 

change to activate or deactivate the substrate protein or affect its ability to form 

protein complexes (Ardito et al., 2017). 

Hormones and growth factors, such as insulin and insulin-like growth factor (IGF) 

stimulate receptor-coupled tyrosine kinases (RTKs) which are present on the cell 

surface membrane. Ligand binding activates pre-existing RTK dimers or induces 

receptor dimerization and subsequent autophosphorylation of the intracellular 

domains. This alone or with adapter proteins such as IRS1 (insulin receptor 

substrate) form a docking site for PI3K binding. PI3K can catalyse the 

phosphorylation of PI(4,5)P2 (phosphatidylinositol 4,5-bisphosphate) to PI(3,4,5)P3 

(phosphatidylinositol 3,4,5-trisphosphate), which facilitates AKT recruitment to the 

plasma membrane. AKT is then subsequently phosphorylated by PDK1 

(phosphoinositide-dependent kinase-1) and mTORC2 (mTOR complex 2) at T308 

and S473 respectively. Once activated, AKT can phosphorylate over 100 substrates 

to induce a positive role on cell function. Examples of AKT substrates include: GSK-

3β (glycogen synthase kinase-3β) and PFK2 (phosphofructokinase-2) involved in 

metabolism; HDM2 (human double minute 2 homolog) and BAD (BCL-2-associated 

death promoter) for survival; FOXO (forkhead box O), and p27kip1 (cyclin-

dependent kinase inhibitor 1B) for cell cycle regulation; and PRAS40 (proline-rich 
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AKT substrate of 40 kDa) and TSC2 (tuberin) for protein synthesis (Pearce et al., 

2010; Vanhaesebroeck et al., 2010, 2012; Fruman et al., 2017). 

TSC2 is a subunit of the tuberous sclerosis complex (TSC). Both TSC2 and PRAS40 

are negative regulators of mTORC1, through inhibition of Rheb (RAS homologue 

enriched in brain), or the complex directly, respectively. AKT phosphorylation of 

TSC2 or PRAS40 blocks their negative regulation of mTORC1, thus increasing the 

activity of the complex. The best studied substrates of mTORC1 are ULK (Unc-51 like 

autophagy activating kinase), p70S6K (ribosomal protein S6 [S6RP]-kinase) and 

4EBP1 (eukaryotic translation initiation factor 4E [eIF4E]-binding protein 1), of 

which the latter two are heavily involved in protein synthesis. 4EBP1 is a negative 

regulator of the mRNA cap-binding protein, eIF4E, and p70S6K phosphorylates 

several translation initiation and elongation factors including S6RP (Roux and 

Topisirovic, 2018). The key nodes of the PAM pathway will be elaborated on in the 

following sections. Section 1.4 will describe what alterations of these nodes have 

been reported in cancer. 
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Figure 1.1 – The PAM pathway.  
Phosphorylated residues are represented as dark red (P)s, with amino residue defined. Black arrows 
and block-headed arrows indicate phosphorylation of target induces activation or inhibition 
respectively. Black dotted arrows indicate phenotypic output. Based upon Fruman et al., (2017); 
Saxton and Sabatini, (2017) and Roux and Topisirovic, (2018). 

1.3.1. PI3K family 

PI3Ks are a family of at least eight lipid kinases that phosphorylate the 3-hydroxyl of 

the inositol head group of phosphatidylinositol (PI) of the plasma membrane. The 

catalytic subunits of all PI3K enzymes share a PI3K core structure which contains a 

C2 domain, a helical domain and a catalytic domain. PI3K isoforms are grouped into 

three classes; I, II and III based upon their structure and substrate specificity. Class I 

are heterodimeric, receptor-regulated PI(4,5)P2 kinases and are further divided into 

two groups: IA and IB. (Vanhaesebroeck et al., 2010, 2012).  

Class IA PI3Ks are the subfamily involved in the PAM pathway. The three members 

of class IA contain a p110 catalytic subunit (p110α, β or δ, encoded by PIK3CA, 
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PIK3CB or PIK3CD, respectively) and one of five p85 regulatory subunit isoforms. 

These bind to the activated RTK or IRS1 via the SH2 (Src homology 2) domain of the 

p85 regulatory subunit, which reduces the domain’s inhibitory action on the 

catalytic domain. This allows the p110α to phosphorylate PI(4,5)P2 to PI(3,4,5)P3 

which can be reversed by PTEN. PI(3,4,5)P3 may also be dephosphorylated to 

phosphatidylinositol 3,4-bisphosphate (PI(3,4)P2) by SHIP1/2 (SH2 domain 

containing inositol polyphosphate 5-phosphatase 1 and 2). Both PI(3,4,5)P3 and 

PI(3,4)P2, but not PI(4,5)P2 can recruit PH-domain containing PI3K effectors, such as 

AKT, to the plasma membrane (Figure 1.1; Vanhaesebroeck et al., 2012; Fruman et 

al., 2017). 

1.3.2. AKT 

AKT (also known as protein kinase B; PKB) is a 56 kDa serine/threonine kinase, of 

which there are three isoforms, AKT1, AKT2 and AKT3. The former two isoforms 

were initially identified as the human homologues of the AKT8 retroviral oncogene 

v-AKT (Staal, 1988). AKT1 was discovered to be closely related to PKA and PKC, and 

AKT3 was subsequently identified due to high homology with the other isoforms 

(Coffer and Woodgett, 1991; Konishi et al., 1995).  

AKT is an AGC kinase. The AGC kinase family contains 60 members (12% of the 

human protein kinome), and include PKA, PKC, SGK (serum and glucocorticoid-

regulated kinase), p70S6K,  p90RSK (ribosomal S6 kinase) and PDK1. The AGC 

kinases share a high degree of homology across the kinase domain (90% across all 

AKT isoforms) and the majority are fully activated by subsequent phosphorylation of 

highly conserved activation loop (T loop) and the non-catalytic hydrophobic motifs 

(Pearce et al., 2010). The structure of AKT consists of three domains: a pleckstrin 

homology (PH) domain on the N-terminus, a kinase domain containing the AGC 

kinase T loop and a C-terminal extension containing the regulatory hydrophobic 

motif (Figure 1.2A). (Kumar and Madison, 2005). 
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Figure 1.2 – AKT structure and activation.  
(A) Domains for each AKT isoform. Phosphorylated residues (P). PH = PH domain; Kinase = kinase 
domain; HM = hydrophobic motif. Adapted from Martelli et al., (2012). (B) When PH domain is in PH-
in confirmation, inhibiting the kinase domain, AKT is inactive. When AKT binds to PI(3,4,5)P3 (PIP3) at 
the plasma membrane, the conformation changes to a PH-out structure. AKT is subsequently 
phosphorylated by PDK1 and mTORC2. Adapted from Pearce et al., 2010. 

Like many class I PI3K effectors, the PH domain of AKT binds to PI(3,4,5)P3 or 

PI(3,4)P2 to recruit it to the plasma membrane. This binding induces a 

conformational change in AKT from a ‘PH-in’ to ‘PH-out’ that relieves inhibition of 

the PH domain on the kinase domain (Figure 1.2B). Recent research has also 

identified that the activation of the different isoforms of AKT can be independently 

regulated by spatiotemporal coordination of PI(3,4,5)P3 and PI(3,4)P2 (Liu et al., 

2018). The active conformation enables AKT to be phosphorylated by PDK1 at 

A 

B 
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threonine 308 (T308) on the activation loop, stimulating enzymatic activity 100-fold 

(Kumar and Madison, 2005). Subsequent phosphorylation by mTORC2 on the 

hydrophobic motif at serine 473 (S473) induces maximal activation of AKT and 

regulates substrate specificity. FOXO1 and FOXO3A phosphorylation by AKT are 

dependent on maximal AKT activation, but substrates such as GSK-3β and TSC2 can 

be phosphorylated by AKT regardless of the S473 phosphorylation status (Guertin et 

al., 2006; Jacinto et al., 2006; Pearce et al., 2010). AKT can also be 

dephosphorylated by PP2A (T308) and PHLPP1 (S473; Andjelković et al., 1996; 

Brognard et al., 2007). 

Although over 100 proteins have been reported as AKT substrates over the past 20 

years, the extent in which substrates have been validated is variable. A combination 

of phosphoproteomic analyses have assigned 20 proteins as AKT substrates with 

high confidence.  Examples include GSK-3β, PRAS40, and TSC2 which all share the 

consensus sequence R-X-R-X-X-S/T-ϕ (where X is any amino acid and ϕ is a large 

hydrophobic residue; Cole et al., 2019). 

GSK-3β inhibits many pro-growth proteins by phosphorylating and targeting them 

for degradation. AKT enhances cell proliferation through inhibition of GSK-3β 

activity through phosphorylating serine 9 (S9) on the N-terminus, creating a 

pseudosubstrate motif that obstructs the catalytic domain (Cross et al., 1995). 

Both PRAS40 and TSC2 negatively regulate the AKT effector, mTORC1. 

Phosphorylation on threonine 246 (T246) on PRAS40 and several sites of TSC2 by 

AKT incur an inhibitory effect on these proteins and positively regulate mTORC1 

signalling (Huang and Manning, 2008; Wiza et al., 2012). Regulation of mTORC1 will 

be explained further in Section 1.3.3.2. 
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1.3.3. mTOR complexes 1 and 2 

1.3.3.1. mTOR and complex structure 

mTOR (previously known as FRAP), is a 289 kDa serine/threonine protein kinase of 

the PIKK (phosphoinositide 3-kinase related kinase) family. It contains several N-

terminal tandem HEAT (Huntingtin, Elongation factor 3, A subunit of protein 

phosphatase 2A and TOR1) repeats, followed by a FAT (FRAP, ATM, TRRAP) domain 

and a FATC (FAT C-terminus) domain, which surround and are important for 

modulating the activity of the kinase domain. As shown in Figure 1.3A, mTOR also 

contains a PIKK regulatory domain  (PRD) responsible for binding by the small 

GTPase mTORC1 activator, Rheb (Lovejoy and Cortez, 2009; Cargnello et al., 2015).  

The mTOR protein interacts with various proteins to form two functionally and 

structurally distinct complexes: mTORC1 and mTORC2. As shown in Figure 1.3B, 

both complexes share mTOR, mLST8 (mammalian lethal with SEC13 protein 8; also 

known as G protein beta subunit-like, GβL) and DEPTOR (DEP domain-containing 

mTOR-interacting protein). Specific subunits for mTORC1 are Regulatory-associated 

protein of mTOR (RAPTOR) and PRAS40, and specific for mTORC2 are RICTOR, 

mSIN1 and PROTOR (Laplante and Sabatini, 2009). Both RAPTOR and RICTOR act as 

scaffolding proteins for their respective complexes, facilitating the recruitment of 

substrates and regulators (Cargnello et al., 2015). DEPTOR is a negative regulator of 

both complexes (Kim and Guan, 2019). mSIN1 is a particularly important subunit of 

mTORC2 as it contains a PH domain and allows transport of the complex to the 

plasma membrane for phosphorylation of substrates such as AKT and SGK1 

(Jhanwar-Uniyal et al., 2017).  
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Figure 1.3 – mTOR structure and complexes.  
(A) mTOR protein domains. H = HEAT domains. (B) mTORC1 and mTORC2 subcomponents. Adapted 
from Lovejoy and Cortez, (2009) and Cargnello et al., (2015). 

1.3.3.2. mTORC1 regulation 

mTORC1 is a key node for co-ordinating nutrient availability and external 

environmental signals, such as growth factors, with the regulation of intracellular 

signals important for cellular homeostasis. As such, the activity of mTORC1 is highly 

regulated by many mechanisms (Cargnello et al., 2015), summarised in Figure 1.4. 

Growth factor signals from the PAM axis are integrated with mTORC1 via PRAS40 

and TSC2. As mentioned in Section 1.3.2, AKT regulates mTORC1 indirectly through 

the inhibitory phosphorylation of the negative regulators PRAS40 and TSC2. PRAS40 

contains a five amino acid sequence TOR signalling (TOS) motif, found in all mTORC1 

substrates that allows it to bind to the substrate binding site of RAPTOR, thus 

competing with mTORC1 substrates. Phosphorylation of T246 on the C-terminus of 

PRAS40 by AKT and subsequent serine 183 (S183) of the RAIP-motif by mTORC1 

promotes its disassociation from the complex and sequestration by 14-3-3 proteins 

(Wiza et al., 2012; Roux and Topisirovic, 2018).  

TSC2 is a large 130 kDa protein which complexes with Hamartin (TSC1) and Tre2-

Bub2-Cdc16-1 domain family member 7 (TBC1D7), to form the tuberous sclerosis 
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complex (TSC). TSC1 stabilises TSC2 and prevents its degradation and TBC1D7 

promotes the association of TSC1 and TSC2 (Huang and Manning, 2008; Dibble et 

al., 2012). TSC2 is a GTPase-activating protein (GAP) for the small GTPase, Rheb. 

TSC2 stimulates the hydrolysis of GTP to GDP on Rheb, rendering it inactive. TSC2 

phosphorylation by AKT inhibits its activity by destabilising its interaction with TSC1 

and Rheb at the lysosome. Activated Rheb-GTP can bind to mTOR and induce a 

conformational change to promote its activation (Menon et al., 2014; Roux and 

Topisirovic, 2018). 

Rheb is a potent activator of mTORC1, therefore the regulation of TSC2 also 

indirectly impacts on mTORC1 activity (Huang and Manning, 2008). AKT 

phosphorylates TSC2 at S939, S981, S1130, S1132 and T1462 (Kwiatkowski and 

Manning, 2005), which can all be phosphorylated by SGK1 as well (Castel et al., 

2016). ERK1/2 (Extracellular signal-regulated kinase; also known as MAPK) also 

phosphorylates TSC2 at S540 and S664 (Ma et al., 2005), and p90RSK  on S1798 

(Roux et al., 2004). Stressors can also play a role in regulating TSC2, such as through 

REDD1 in hypoxic conditions (Deyoung et al., 2008), and AMPK at AKT-independent 

residues S1270 and S1387 in glucose starvation (Kwiatkowski and Manning, 2005). 

Wnt signalling promotes TSC2 activity by phosphorylation at S1337 and S1341 

through GSK-3β (Kwiatkowski and Manning, 2005; Inoki et al., 2006; Laplante and 

Sabatini, 2012).  

Independently of signalling via Rheb, mTORC1 is also regulated by amino acid 

availability, particularly leucine, arginine and glutamine. There are four RagGTPases 

(A, B, C and D) which interact with RAPTOR to promote mTORC1 recruitment to the 

lysosome. These RagGTPases are dependent on the GAP and GEF activities of 

GATOR1 and Ragulator, respectively, in response to amino acid sensing (Cargnello 

et al., 2015). Interestingly, nutrient availability and growth factor conditions do not 

regulate mTORC1 separately. Activation of mTORC1 occurs only at the lysosome 

when nutrient availability signalled by RagGTPases, and growth factor conditions 

signalled through Rheb, are both appropriate (Parmar and Tamanoi, 2010).  
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AMPK is an inhibitor of cell growth, and in line with this it can inhibit mTORC1 

activation, both directly and indirectly. Under energy stress (high AMP or ADP 

levels), LKB-1 activates AMPK by phosphorylation of T172. AMPK can then inhibit 

mTORC1 by phosphorylating RAPTOR on S722 and S792, or TSC2 as described 

above. Negative feedback of the PAM pathway (as described in Section 1.3.5), 

allows mTORC1 to also negatively regulate AMPK through AKT-dependent 

phosphorylation of AMPK alpha subunits, which are associated with a decrease in 

T172 phosphorylation (Hindupur et al., 2015). 

The activity of mTORC1 can also be regulated by its substrates. For example, p70S6K 

phosphorylates mTOR at T2446 and S2448 to positively increase mTORC1 activity 

(Holz and Blenis, 2005). Additionally, mTORC1 can be regulated at a transcriptomic 

level, through the regulated expression of mTOR, RAPTOR and other proximally 

related proteins by the mTORC1 substrate, RNA-binding protein LARP1 (La-related 

protein 1) on the mRNA transcripts (Mura et al., 2014). 
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Figure 1.4 – Regulation of mTORC1.  
Black arrows and block-headed arrows indicate phosphorylation of target induces activation or 
inhibition respectively. Based upon information from Kwiatkowski and Manning, (2005); Laplante 
and Sabatini, (2012) and Kim and Guan, (2019) 

1.3.3.3. mTORC1 signalling 

Many mTORC1 outputs increase growth and proliferation of the cell, therefore, 

when activated, the complex increases anabolic pathways such as protein, lipid and 

ribosome production whilst reducing catabolic pathways such as autophagy in 

response to environmental conditions (Saxton and Sabatini, 2017). 

Autophagy is the central degradative process in the cell, whereby the formation of 

autophagosomes engulfs damaged and excess organelles for degradation and 

recycling at the lysosomes in response to nutrient availability. mTORC1 
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phosphorylates several components of autophagy such as ULK1 and WIPI2, which 

both drive autophagosome formation; the transcription factor, TFEB, preventing its 

translocation to the nucleus and DAP1, a negative regulator of autophagy (Kim et 

al., 2011; Laplante and Sabatini, 2012; Saxton and Sabatini, 2017).  

Many anabolic processes are controlled by mTORC1, including lipid and protein 

biogenesis. Fatty acid and sterol biogenesis are regulated at the transcriptomic level 

by SREBPs (sterol regulatory-element binding proteins) which are indirectly 

controlled by mTORC1 through p70S6K and Lipin-1 phosphorylation (Cargnello et 

al., 2015). There are many effectors of mTORC1 that are involved in the initiation 

and elongation steps of protein synthesis which include p70S6K, p70S6K substrates 

and 4EBP1 and these will be further expanded on in the next section.  

1.3.4. Protein synthesis 

Protein biogenesis is one of the most energy consuming processes of the cell and 

thus requires careful regulation to ensure appropriate use of the process 

(Nandagopal and Roux, 2015). The canonical method of protein synthesis is cap-

dependent (CDPS) of which the initiation is summarised below and illustrated in 

Figure 1.5. The ribosome is recruited onto the mRNA, via the m7G-cap at the 5’ 

terminus of mRNA, involving a concerted effort from a number of eukaryotic 

initiation factors (eIFs). The mRNA is first bound by the heterotrimeric eIF4F 

complex which is comprised of the eIF4G scaffolding protein, the eIF4E mRNA cap-

binding protein and eIF4A, which is a DEAD-box RNA helicase. The mRNA cap is 

recognised and bound by eIF4E complexed with eIF4G (von der Haar et al., 2000; 

Youtani et al., 2000), which is dependent on the ratio of active 4EBP1 and eIF4E. 

4EBP1 inhibits eIF4F assembly by binding and sequestration of eIF4E (Gingras et al., 

2001; Nandagopal and Roux, 2015). The eIF4F complex then interacts with the 43S 

pre-initiation complex (PIC) in order to recruit the 40S ribosomal subunit preloaded 

with initiator methionyl tRNA (Met-tRNAi; Gingras et al., 2001; Klann et al., 2004). 

The PIC is comprised of 40S ribsosomal subunit and several initiation factors, eIF2-

ternary complex (eIF2-TC), eIF3 (for 40S subunit binding to PIC), eIF1 (to inhibit eIF2-
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GTP hydrolysis), and eIF1A (for 40S and eIF2-TC binding). When eIF2 is 

phosphorylated on S51, it is fully capable of forming an initiation-competent eIF2-

TC, which is a complex of eIF2 with GTP and Met-tRNAi (Jackson et al., 2010). 

Subsequently, the helicase of the eIF4F complex, eIF4A, can unwind secondary 

structures within the 5’-UTR of the mRNA and allow the 43S complex to scan the 

5’UTR (5’ untranslated region) in the 5’ to 3’ direction to the AUG start codon. eIF1 

dissociates from the initiation complex once the start codon has been recognised 

and thus the removal of inhibition on the hydrolysis of eIF2-bound GTP, mediated 

by eIF5. eIF5B facilitates the dissociation of eIF1, eIF1A, eIF3 and eIF2–GDP (Jackson 

et al., 2010) and the recruitment of the 60S ribosomal subunit, to form a 

translation-competent 80S ribosome that can begin polypeptide chain synthesis, 

termed translation elongation (Gingras et al., 2001; Nandagopal and Roux, 2015). 

Following translation initiation, the anticodon of Met-tRNAi, based-paired with the 

start codon is in the middle P (peptidyl) site of the 80S ribosome. The appropriate 

complimentary aminoacyl-tRNA for the second codon of the open reading frame is 

delivered to the A (acceptor) site of the ribosome, by the eukaryotic elongation 

factor eEF1A, in a GTP-dependent manner. Codon recognition by the tRNA triggers 

GTP hydrolysis by eEF1A, releasing the factor and enabling the aminoacyl-tRNA to 

be accommodated into the A site. eEF1A-GDP is recycled to eEF1A-GTP by the 

exchange factor eEF1B. Peptide bond forms between the two amino acids in the 

peptidyl transferase centre of the ribosome during the translocation of tRNAs from 

the P and A sites to E and P sites respectively, which is facilitated by the binding and 

hydrolysis of GTP bound eEF2. The Met-tRNAi is released from the E site and the 

cycle of elongation continues with the binding of the next appropriate eEF1A-GTP-

aminoacyl-tRNA to the A site, until the recognition of a stop codon. At this point, 

the eRF1-eRF3-GTP ternary complex binds to the A site, GTP is hydrolysed and eRF3 

is released. eRF1 promotes peptide release from the ribosome (Dever and Green, 

2012). 



1. Introduction 

 

 

39 
 

 

Figure 1.5 – Cap-dependent protein synthesis initiation.  
When 4EBP1 is hypophosphorylated (yellow), it can bind to and sequester the mRNA cap-binding 
protein, eIF4E (4E). 4EBP1 becomes inactivated (grey) through phosphorylation of several residues 
and cannot bind with eIF4E. eIF4E brings the mRNA to the scaffold protein eIF4G (4G), and with 
eIF4A (4A) form the eIF4F initiation complex. This allows subsequent recruitment of the pre-initiation 
complex (PIC) for ribosomal docking. S6RP is bound to the 40S ribosomal subunit. 1 = eIF1; 1A = 
eIF1A; 2 = eIF2; 3 = eIF3; 5 = eIF5; 40S = 40S ribosomal subunit; P = phosphorylated residues; tRNA 
(yellow on eIF2). Black line with black and grey circle represents mRNA transcript with m7G cap. 
Illustration based upon information from Ren-Jang, (2010). 

A method of cap-independent protein synthesis (CIPS) uses internal ribosome entry 

sites (IRESs). These unique RNA structures recruit ribosomes independently of the 

mRNA m7G-cap. IRESs require only a limited set of eIFs and therefore are commonly 

associated with viral protein production in an infected cell to overcome the high 
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complexity of CDPS initiation. The existence of cellular IRESs was also proposed as a 

means to maintain synthesis of selective proteins during times of low eIF4G 

availability, such as during stress and low nutrient availability. However, since 2004 

these have been seriously challenged with the development of more stringent 

controls for IRES validation, and as a result, a controversy exists over cellular IRESs 

as means of protein synthesis (Jackson, 2013; Johnson et al., 2017). 

The PAM pathway feeds into CDPS via the two mTORC1 substrates, p70S6K and 

4EBP1 and will be discussed in the following sections. 

1.3.4.1. p70S6K 

p70S6K is an AGC kinase family member, and as such requires phosphorylation at 

the activation loop (T229) by PDK1, and sequential phosphorylation of the 

hydrophobic motif (T389 by mTORC1), which are both are required to fully activate 

p70S6K.  

p70S6K plays a role in protein synthesis initiation and elongation. At translation 

initiation, p70S6K phosphorylation is involved in the activation of the eIF4A helicase 

through phosphorylation (S67) and degradation of its negative regulator, PDCD4 

and phosphorylation of its activator eIF4B at S422 (Dorrello et al., 2006; Cargnello et 

al., 2015). Translation elongation is regulated by the negative p70S6K 

phosphorylation S366 of eukaryotic elongation factor 2 (eEF2) kinase (Wang et al., 

2001), which phosphorylates eEF2 at T56, inhibiting it from shifting the nascent 

peptide between ribosomal sites A to P (Showkat et al., 2014; Cargnello et al., 2015; 

Thoreen, 2017). As well as protein synthesis, other substrates of p70S6K are also 

involved in cell survival (BAD1, HDM2), cytoskeletal rearrangements (Neurabin, 

Rac), proliferation (hnRNP), mRNA splicing (SKAR) and feedback regulation (IRS1, 

RICTOR and mTOR; Fenton and Gout, 2011).  

S6RP is also key substrate of p70S6K, and its phosphorylation has been typically 

used as a readout of p70S6K activity. S6RP can be phosphorylated on the C-

terminus at S235, S236, S240, S244 and S247. All residues can be phosphorylated by 

p70S6K, however phosphorylation of S235/6 is also directly regulated by a number 
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of kinases including, p90RSK, PKA, CDK1 and CDK4. S6RP is dephosphorylated by 

PP1 (protein phosphatase 1; Meyuhas, 2015). Interestingly, although S6RP has been 

associated with the 40S ribosomal subunit (Hutchinson et al., 2011), its role in 

protein synthesis has yet to be elucidated. It was previously proposed to be 

involved in the translation of 5’ terminal oligopyrimidine (TOP) mRNAs, however 

this was later proven to not be the case (Tang et al., 2001). Mice knockout studies 

have suggested that S6RP may instead be associated with cell proliferation and cell 

size (Meyuhas, 2015). 

1.3.4.2. 4EBP1 

The eIF4F complex formation is highly dependent on the availability of eIF4E. This is 

further regulated by eIF4E-binding proteins (4EBPs), which sequester eIF4E. There 

are three isoforms: 4EBP1, 4EBP2 and 4EBP3. When 4EBP1 is hypophosphorylated, 

it strongly binds with eIF4E and inhibits its binding with eIF4G (Gingras et al., 2001; 

Nandagopal and Roux, 2015). 

4EBP1 and eIF4G compete for binding of the same site of eIF4E as both proteins 

contain a canonical eIF4E-binding motif (CM). 4EBP1 has a greater affinity for eIF4E 

due to the additional binding of a second less conserved non-canonical motif (NCM) 

to eIF4E. The NCM increases the affinity of 4EBPs to eIF4E by 1000-fold, allowing for 

displacement of eIF4G and inhibiting CDPS (Igreja et al., 2014; Peter et al., 2015).   

When 4EBP1 is hyperphosphorylated, it becomes inactive and unable to bind eIF4E, 

thus allowing formation of the eIF4F complex (Gingras et al., 2001; Nandagopal and 

Roux, 2015). As shown in Figure 1.6, 4EBP1 can phosphorylated on seven residues: 

T37, T46, S65, T70, S83, S101 and S112 (Gingras et al., 2001; Martineau et al., 2013; 

Musa et al., 2016; Qin et al., 2016). These residues are phosphorylated in a 

hierarchical order, with T37 and T46 phosphorylated by mTORC1, which are priming 

sites for sequential phosphorylation of T70 and S65 (Gingras et al., 2001; 

Nandagopal and Roux, 2015; Qin et al., 2016). Phosphorylation of S65 and T70 

reduces the affinity of 4EBP1 for eIF4E. Additional studies have shown that 

phosphorylation of S101 is necessary for S65 phosphorylation, and that S112 
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phosphorylation directly affects eIF4E binding independently of other residues or 

mTORC1 activity due to phosphorylation by ATM (Wang et al., 2003). 

Phosphorylation at S83 has no effect on CDPS (Martineau et al., 2013). Alongside 

mTOR, other less studied 4EBP1 kinases include GSK-3β, p38MAPK, ERK, ATM, CDK1 

and CDK4. These kinases however tend to target subsequent phosphorylation sites 

after T37 and T46 priming sites and may be mTOR dependent or independent and 

are also dependent on cell-type. PP2A and PPM1G are phosphatases known to 

target 4EBP1 (Gingras et al., 2001; Roux and Topisirovic, 2018). 

 

Figure 1.6 – 4EBP1 structure and phosphorylation residues. 
Protein structure and currently known phosphorylation sites of 4E-BP1. 4E-BP1 (yellow) contains 
three functional domains: an N-terminal RAIP mTORC1 binding motif (R), the eIF4E- binding domain 
(4E) and a C-terminal TOS mTORC1 binding motif (T). Phosphorylated residues are represented as 
dark red (P)s, with amino residue defined – threonine = T, serine = S. Black arrows indicate 
phosphorylation of residue by kinases indicated. Brackets indicate phosphorylation of multiple sites. 
(?) = Possible kinase. Model based upon information from Gingras et al., (2001), Martineau et al., 
(2013), Musa et al., (2016) and  Qin et al., (2016). 

1.3.4.3. Regulation of specific mRNAs 

The protein synthesis machinery can select for the translation of certain mRNAs 

including eIF4E-sensitive and 5’TOP mRNAs.  

Several mRNA transcripts can also contain long and structured 5’UTRs. These are 

highly dependent on eIF4A helicase activity in unwinding the structure in order to 

allow for effective ribosomal scanning. As eIF4A activity is dependent on eIF4E 

availability for assembling the eIF4F complex, these mRNAs are termed, eIF4E-

sensitive. This regulation is commonly found on mRNA transcripts encoding for 

oncogenes such as growth factors and cytokines (FGF-2, PDGF, TGF-β, VEGF, IL-15), 
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protein kinases (MOS, PIM-1), transcription factors (MYC, FOS), polyamine 

biosynthesis (ODC, OAT) and regulators of the cell cycle (Cyclin D1, Ras, CDK4; 

Polunovsky and Bitterman, 2002; Nandagopal and Roux, 2015; Qin et al., 2016). 

5’TOP (5'terminal oligopyrimidine) mRNAs are another subset of mRNAs, which 

contain a cis-regulatory RNA element immediately downstream of the mRNA cap. 

Although translation of these mRNAs was highlighted to be S6RP independent 

(section 1.3.4.2), it was shown to be highly dependent on mTORC1 activity 

(Cargnello et al., 2015). Studies into this identified the mTORC1 substrate, LARP1 as 

a negative regulator of 5′TOP mRNA translation (Tcherkezian et al., 2014). Previous 

studies have determined that LARP1 associates with RAPTOR when mTORC1 is 

active and dissociates when mTORC1 is inactive.  Crystal structures showed that 

LARP1 binds to the 5’TOP motif and the m7G-cap of TOP mRNAs via the DM15 

region in the C-terminus of the protein and prevents eIF4E-dependent translation of 

these mRNAs (Lahr et al., 2017). These mRNAs encode for components of the 

protein synthesis pathway and therefore, due to regulation by mTORC1, ribosome 

biogenesis and protein synthesis is heavily controlled by nutrient availability and 

growth factors (Cargnello et al., 2015). 

1.3.5. Negative feedback of the PAM pathway 

The activity of the PAM pathway is finely tuned using several negative feedback 

loops. IRS1 is a signalling adapter protein that binds to RTKs, that is commonly 

targeted by negative feedback loops (Figure 1.7). It is phosphorylated by p70S6K at 

S270, which inhibits recruitment to RTKs and reduces protein stability. p70S6K has 

also been shown to negatively regulate IRS1 gene expression (Harrington et al., 

2004; O’Reilly et al., 2006). RAPTOR has also been previously shown to bind IRS1 to 

promote mTORC1 phosphorylation of S636 and S639 (Tzatsos and Kandror, 2006). 

Secondly, mTORC1 also directly activates and stabilises GRB10 (growth factor 

receptor-bound protein 10). Grb10 interacts with IRS2 to target it for ubiquitination 

and degradation. Lastly, phosphorylation at T86 and T389 of mSIN1 by p70S6K 
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causes it to dissociate from mTORC2, inhibiting the signalling of the complex 

(Harrington et al., 2005; Laplante and Sabatini, 2012; Martelli et al., 2018). 

 

Figure 1.7 – Negative feedback loops of PAM pathway.  
Black arrows and block-headed arrows indicate phosphorylation of target induces activation or 
inhibition respectively. Adapted from Pearce et al., (2010) and Martelli et al., (2018). 

1.3.6. MAPK and PAM pathway crosstalk 

Alongside the PAM pathway, the Ras/MEK/ERK (MAPK) cascade is also involved in 

the intracellular signal transduction to promote fundamental cellular processes such 

as cell growth and survival. Therefore, it is unsurprising that there are several nodes 

of crosstalk between MAPK and PAM pathways (Mendoza et al., 2011). 

Due to their promiscuity, ERK and p90RSK are the main nodes of crosstalk feeding 

from the MAPK pathway. As outlined in Section 1.3.3.2, ERK and its substrate 

p90RSK can directly phosphorylate TSC2 (Mendoza et al., 2011; Aksamitiene et al., 

2012). Additionally ERK and p90RSK also phosphorylate S8, S696 and S863 of 
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RAPTOR (Carrière et al., 2008; Carriere et al., 2011). These all act to increase 

mTORC1 activity. ERK also phosphorylates MNK1 (MAPK-interacting kinases) which 

in turn targets S209 on eIF4E to increase its activity in CDPS (Siddiqui and 

Sonenberg, 2015; Brown and Gromeier, 2017). Additionally, the high kinase domain 

homology between p90RSK and p70S6K results in the sharing of several substrates 

including S235/6 of S6RP, eIF4B and eEF2K (Pearce et al., 2010). 

1.4. The PAM pathway in cancer 

Considering the number of outputs of the PAM pathway that contribute towards 

the progression and hallmarks of oncogenesis, it is unsurprising that mutations 

within this pathway are common in many tumours. For example, mutations in 

PIK3CA have been reported to be present in 15% of tumours across all tumour types 

and whole-exome sequencing of 21 tumour types identified  it as the second most 

frequently mutated gene, followed by PTEN mutations (Yap et al., 2008; Lawrence 

et al., 2014). Alterations of PAM genes can occur at multiple levels including 

amplification of oncogenes, deletion of tumour suppressor genes or mutations 

which may affect protein function. Alterations of PAM components are outlined 

below and summarised in Table 1.1. 

1.4.1. RTKs in cancer 

As outlined in Section 1.3, activation of RTKs stimulates growth factor signalling 

cascades, such as the PAM pathway. Therefore hyperactivation of these receptors 

can lead to dysregulated signalling to the PAM pathway (Rodon et al., 2013). These 

can be observed through receptor gene amplification, receptor gene activating 

mutations or ligand gene amplification (Yap et al., 2008). Gene amplification leads 

to increased protein expression on the cell plasma membrane and increased 

activation and signalling downstream. An example of this is ERBB2 that encodes for 

the HER2 receptor, which is commonly overexpressed in breast, ovarian and 

endometrial carcinomas (van Dam et al., 1994; Livasy et al., 2006; Yap et al., 2008).  
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Missense mutations in exons 18-21, encoding the tyrosine kinase domain of EGFR 

are commonly found in non-small-cell lung cancer (NSCLC) and are associated with 

increased sensitivity to EGFR inhibitors (Douglas et al., 2006; Metzger et al., 2011).  

Additionally, the EGFRvIII mutation that causes truncation of the receptor and 

constitutive activation of intracellular domains is found in gliomas (Li et al., 2004). 

Elevated circulation of IGF-1 and IGF-2, and reduction in their regulative binding 

partners have also been associated with breast and prostate cancers (Arcaro, 2013). 

1.4.2. PI3K in cancer 

As outlined in Section 1.3, signalling from RTKs to the PAM pathway generally 

occurs via class IA isoforms of PI3K. These kinases phosphorylate PIP2 to PIP3 to 

allow recruitment of AKT to the plasma membrane, therefore activating mutations 

of PI3K has been associated with increased PAM signalling in cancer (Fruman et al., 

2017). Alterations in both the catalytic and regulatory subunits of PI3K have been 

implicated in many tumours. Amplification of the PIK3CA gene which encodes for 

the p110α catalytic subunit has been associated with increased PI3K activity (Regad, 

2015). Missense mutations in the helical domain such as E542K and E545K induce 

resistance of p110α to the inhibitory action of p85 and or increase interaction with 

IRS1, respectively (Hollestelle et al., 2007; Thorpe et al., 2015). Kinase domain 

mutations such as H1047R increase the interaction of p110α with its substrates. 

Additionally, other PIK3CA mutations have been shown to induce conformational 

changes that mimic those that occur during activation of PI3K, therefore resulting in 

a constitutively active kinase. Mutations in other class IA catalytic isoforms are rare, 

and alterations in cancer are usually through gene amplification (Thorpe et al., 

2015). 

Mutations in PIK3R1 gene which encodes for p85 have also been associated with 

many cancers. Many of these are substitutions or in-frame insertions or deletions 

which disrupt the ability of the SH2 domain to inhibit p110 isoforms (Thorpe et al., 

2015). 
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1.4.3. PTEN in cancer 

PTEN reverses the function of PI3K, dephosphorylating PIP3 to PIP2 and acts as a 

tumour suppressor by negatively regulating the activity of AKT. Mutations in PTEN 

form the third most common mutation in cancer after TP53 and PIK3CA (Lawrence 

et al., 2014). Mutations in PTEN can include insertions, substitutions, deletions and 

epigenetic alterations which lead to loss of protein function (Regad, 2015; Thorpe et 

al., 2015). Interestingly, loss or inactivation of one PTEN allele is sufficient for 

carcinogenesis (Haddadi et al., 2018). 

Additionally, micro RNAs mIR-21 and mIR-22, which both suppress PTEN by directly 

binding to its 3′ UTR, are commonly upregulated in many tumours (Revathidevi and 

Munirajan, 2019) 

1.4.4. AKT in cancer 

AKT is the pivotal node of the PAM pathway, phosphorylating over 100 substrates 

contributing positively to oncogenesis, including substrates involved in metabolism, 

protein synthesis and cell survival (Fruman et al., 2017). AKT itself is hyperactivated 

in a third of tumours, but these are more commonly due to alterations of AKT 

regulators, leading to increased activating phosphorylation, rather than 

dysregulating the protein itself. However several alterations of AKT itself have been 

identified in cancer, including overexpression, activating mutations and post-

translational modifications (Rodon et al., 2013; Revathidevi and Munirajan, 2019). 

Gene amplification and protein overexpression of all three isoforms of AKT have 

been associated with many cancers including gastric, neck, pancreatic and breast 

cancers. Gene amplification of AKT1 is the most common alteration of AKT (Regad, 

2015). 
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Table 1.1 – Summary of molecular alterations in PAM pathway in cancer.  
Based upon information from Yap et al., (2008); Rodon et al., (2013); Thorpe et al., (2015); 
Revathidevi and Munirajan, (2019); Bhat et al., (2015); proteinatlas.org; Leprivier et al., (2013); Ng et 
al., (2019). HNSCC = head and neck squamous cell carcinoma; NHL = non-Hodgkin’s lymphoma; 
NSCLC = non-small cell lung cancer ; SCLC = small cell lung cancer.  
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A common somatic mutation of AKT1 is E17K, located in the PH domain. This 

mutation enhances PIP3 binding and ubiquitination of the PH domain which leads to 

constitutive localisation at the plasma membrane and phosphorylation at T308 by 

PH-domain containing PDK1 (Revathidevi and Munirajan, 2019). This mutation has 

also been reported in AKT3. Similar mutations which increase AKT membrane 

localisation include E49K, L52R, C77F, and Q79K (Regad, 2015; Revathidevi and 

Munirajan, 2019). 

Altered methylation of genes of AKT regulators such as PHLPP2 and mTORC2 have 

shown to alter their expression towards activation of AKT and promote proliferation 

and tumorigenicity of endometrial cancer cells (Revathidevi and Munirajan, 2019). 

Many methods of post-translational modification of AKT have also been observed in 

cancers. Ubiquitination of the PH domain is an important mechanism for AKT 

hyperactivation which increases the translocation of AKT to the plasma membrane 

(Revathidevi and Munirajan, 2019). 

1.4.5. mTOR in cancer 

Similarly to AKT, mTORC1 and other components of the PAM pathway are not as 

frequently directly altered as PI3K and PTEN. However, 80% of tumours from one 

study showed aberrant mTORC1 hyperactivity (Menon and Manning, 2008; 

Jhanwar-Uniyal et al., 2017), which result from dysregulated upstream growth 

factor signalling from the PAM as discussed above and aberrations from the MAPK 

pathway. Additionally, hyperactivity of mTORC1 can be affected by dysregulation of 

TSC activity through LKB1 mutations (Agarwal et al., 2016). Additionally, alterations 

in components of nutrient sensing can dysregulate mTORC1 activity. All three 

subunits of the GATOR1 complex and RagC have been reported to harbour 

mutations in glioblastoma and follicular lymphoma respectively, and affect mTORC1 

activity (Saxton and Sabatini, 2017). 

Mutations in mTOR have also been reported. Two missense gain of function 

mutations were identified in mTOR in the C643 cell line and melanoma tumours. 

The H419R mutation is located at a linker region of the HEAT repeat domain, and 
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G2359E is located in the activation loop of the catalytic domain. These were 

associated with increased mTORC1 downstream signalling to p70S6K and 4EBP1 

(Murugan et al., 2019). 

1.4.6. PAM-mediated protein synthesis in cancer 

Hyperactivation of mTORC1 through the mutations described in previous sections 

will ultimately increase phosphorylation of substrates such as p70S6K and 4EBP1 to 

promote protein synthesis, however alterations in both proteins have been directly 

associated with oncogenesis as well. 

Both p70S6K1 and p70S6K2 have been shown to be overexpressed in several 

cancers. Accumulation, particularly of p70S6K2 in tumour cell nuclei has also been 

observed and associated with cell growth and proliferation, likely through histone 

phosphorylation and gene expression of anti-apoptotic proteins such as BCL-xL and 

XIAP (Tavares et al., 2015).  

4EBP1 expression is severely reduced in over 50% of human pancreatic ductal 

adenocarcinomas, as well as many other tumours (Martineau et al., 2013). 

Expression of 4EBP1 may be regulated by SMAD4, ATF4 and HIF-1α. This reduces its 

tumour suppressive activity on eIF4E, thereby increasing CDPS. However, 4EBP1 

may not be considered a tumour suppressor gene on its own as 4EBP1-knockout 

mice did not develop tumours (Musa et al., 2016). Phosphorylation of 4EBP1 

(p4EBP1) is also shown to be increased in several tumours including colorectal, 

breast, lung and prostate carcinoma (Mi et al., 2015; Nogami et al., 2015; Musa et 

al., 2016). However, the role of p4EBP1 in carcinogenesis highly depends on its ratio 

to 4EBP1 expression, as p4EBP1 may be increased due to increased 4EBP1 

expression and may have no difference on the outcome with eIF4E (Alain et al., 

2012). Additionally, the stoichiometry of eIF4E/4EBP is also important for 

oncogenesis. An increased ratio has been previously associated with increased risk 

for head and neck cancer relapse (Musa et al., 2016). 

Paradoxically, the gene encoding 4EBP1, EIF4EBP1 has also been observed in several 

studies to be amplified in tumours including breast and prostate cancer (Hsieh et 
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al., 2015; Rutkovsky et al., 2019). 4EBP1 was suggested to play a role in a hypoxia-

induced switch from cap-dependent to cellular IRES-mediated translation of 

selective mRNAs, such as proangiogenic factors, HIF-1α and VEGF. Decreased 4EBP1 

was shown to reduce vascular density of xenografts and render tumours more 

sensitive to  metabolic and genotoxic stresses. However, increasing research into 

the validity of cellular IRESs as discussed in Section 1.3.4 may put this hypothesis 

into question (Qin et al., 2016). 

Overexpression of eIF4E is increased in several kinds of tumours such as colon 

cancer. As explained in Section 1.3.4.2, this overexpression increases the formation 

of eIF4F complexes, enhancing the translation of selective eIF4E sensitive mRNAs 

which encode for oncogenes such as cyclin D1 and c-myc  (Averous and Proud, 

2006; Nina Ilic et al., 2011; Cope et al., 2014). 

Along the p70S6K arm of mTORC1 signalling, eEF2K has been shown to be 

upregulated in cancers such as breast and glioblastoma, whereas in colorectal 

cancers eEF2K expression has been shown to be downregulated (Parmer et al., 

1999; Leprivier et al., 2013; Ng et al., 2019). Most studies into the role of eEF2K in 

cancer used xenograft and in vitro cell lines as models. For example, siRNA 

knockdown of eEFK2 or use of eEF2K inhibitors (TX-1718 and NH125) slowed the 

growth of breast cancer xenografts. In contrast, the intestinal crypt regeneration of 

APC deficient mouse models was reduced in association with eEF2K deletion. In 

summary, is unclear as to the cytoprotective or cytotoxic effect of eEF2K in tumours 

(Liu and Proud, 2016; X. Wang et al., 2017). 

1.4.7. PAM pathway in ovarian cancer 

Ovarian cancer (OC) is the third most common gynaecological cancer worldwide 

with nearly 300,000 new diagnoses and an estimated 185,000 deaths in 2018 

(GLOBOCAN., 2018). Due to the nature of symptoms presenting like common 

gastrointestinal or less lethal gynaecological issues, patients are commonly 

diagnosed at an advanced stage of the disease. 55-58% of patients are diagnosed at 

stage III or IV, where the tumour has spread to the abdomen or beyond the 
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peritoneal cavity (Cancer Research UK, 2017). Epithelial ovarian cancer makes up 

90% of ovarian cancer diagnoses, which is heterogeneous and can be subdivided 

into high-grade serous (HGSOC), low-grade serous (LGSOC), endometrioid, clear cell 

(OCCC) and mucinous subtypes, with each presenting different aetiologies, tumour 

progression, and therapeutic responses (Meinhold-Heerlein and Hauptmann, 2014).  

The PAM pathway has been reported to be activated in approximately 70% of 

ovarian cancers (Bast et al., 2009). Gain of function PIK3CA mutations occur in 30-

40% of OCCC, 12-20% of endometrioid OC, and PIK3R1 mutations occur in 3.8% of 

all OC (Gasparri et al., 2017). As described above, other methods of PAM pathway 

hyperactivation have also been associated with up to 39% of OC, including AKT 

amplification and mutations and PTEN loss of function alterations (Gasparri et al., 

2017). 

1.5. Targeting the PAM pathway 

The PAM pathway is one of the most commonly activated signalling pathways in 

cancer. As these cancers may be solely reliant on pathway mutations, as 

understood by Weinstein’s concept of oncogene addiction, and the potential for 

many targetable components of the PAM pathway, this provides an attractive novel 

strategy for the development of molecular targeted therapies (Yap et al., 2008; 

Martini et al., 2013). However despite such promise, the clinical results for PAM 

inhibitors have fallen short of expectation, such as limited improvement in overall 

survival (OS) and objective response rate (ORR) in a meta-analysis of trials in solid 

tumours (Fruman et al., 2017; Li et al., 2018). This is mainly a result of drug 

resistance resulting from the remarkable plasticity of the pathway through multiple 

RTK activation, feedback loops and cross-talk from other signalling pathways and 

dose-limiting toxicities preventing sufficient target engagement (Fruman et al., 

2017). However, the PAM pathway is an important mediator for resistance to EGFR 

inhibitors and cytotoxic therapies, therefore in addition to testing PAM inhibitors as 

monotherapies, trials have also been designed to test the efficacy for combinations 

with cytotoxic therapies such as paclitaxel (Yap et al., 2008; Banerji, Emma J Dean, 

et al., 2018). 
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Inhibitors of the PAM pathway can be classified into 4 main categories: PI3K 

inhibitors, mTOR inhibitors, dual mTOR/PI3K inhibitors and AKT inhibitors (Gasparri 

et al., 2017). However, other PAM inhibitors also include p70S6K (LY2584702), PDK1 

specific inhibitors (GSK2334470) and inhibitors of cap-dependent protein synthesis 

initiation (Rodon et al., 2013; Castel and Scaltriti, 2017). A summary of these 

inhibitors and their targets is shown in Figure 1.8. 

 

Figure 1.8 – Summary of drugs described in text and their targets.  
Adapted from Martini et al., (2013); Lu et al., (2016); Nitulescu et al., (2016) and Teng et al., (2019) 
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1.5.1. PI3K inhibitors 

As mutations in PIK3CA are common in cancer, the development of PI3K inhibitors is 

logical. The first group of PI3K inhibitors developed were pan-class I PI3K inhibitors 

including Wortmannin and LY2940002. These were useful tools in studying PI3K 

function, but poor pharmacokinetic and selectivity properties rendered their 

therapeutic use limited. More recently ATP-competitive pan-class I and isoform 

specific inhibitors have been developed with improved pharmacokinetic profiles, 

increased target specificity and minimized toxicity, however trials have reported 

unexpected autoimmune and infectious toxicities with these drugs (Martini et al., 

2013; Greenwell, 2017). 

Idelalisib was the first FDA approved PI3K inhibitor. It is selective for the class I 

p110δ PI3K isoform and used for the treatment of relapsed  chronic lymphocytic 

leukaemia, small lymphocytic lymphoma (SLL) and follicular lymphoma. The overall 

response rate as a single agent was 61% in SLL and 54% in FL (Greenwell et al., 

2017). Copanlisib, a pan-class I PI3K inhibitor has also been subsequently approved 

for relapsed follicular lymphoma. Phase III testing is currently undergoing for  

duvelisib (p110γ and p110δ selective) and pan-class I selective inhibitors, buparlisib  

and umbralisib (Greenwell et al., 2017). Inhibitors including pan-class I selective, 

pictilisib (GDC-0941) and INCB050465 are undergoing Phase II and earlier testing 

(clinicaltrials.gov; Folkes et al., 2008; Greenwell et al., 2017). Interestingly, reports 

show that isoform-selective or pan-class I PI3K inhibitors are more effective in 

haematological tumours than solid tumours (Mundi et al., 2016).  

1.5.2. mTORC inhibitors 

Rapalogues such as everolimus and temsirolimus were the first inhibitors of PAM 

pathway to be FDA approved for the treatment of renal cell carcinoma (RCC), 

neuroendocrine tumours and mantle-cell lymphoma (Schuler et al., 1997; Rodon et 

al., 2013). These are mTORC1-specific allosteric inhibitors and act by complexing 

with FKBP12 and binding to the FRB domain of mTOR, preventing substrate 

recruitment to the catalytic domain of mTOR by steric hinderance (Aylett et al., 
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2016). The anti-tumour efficacy of these compounds beyond use in RCC was limited 

due to inherent resistance arising from p70S6K-dependent negative feedback to 

PAM and MAPK pathways via IRS1/2, and an incomplete suppression of 4EBP1 

phosphorylation (Martelli et al., 2018; Teng et al., 2019). 

Dual PI3K/mTOR inhibitors were developed to overcome the limitations of 

rapalogues by targeting three points of the PAM pathway, PI3K and the catalytic 

mTOR subunits in mTORC1 and mTORC2. This was possible due to the structural 

similarity of the kinase domains of both proteins as members of the PIKK family. PI-

103 was the first compound in this class to be investigated and was more effective 

than rapalogues in glioblastoma or leukaemia cell line models, but due to its rapid in 

vivo metabolism, was never taken to clinical trials. Other members include 

dactolisib, voxtalisib, apitolisib and gedatolisib. However, contrary to expectations, 

clinical studies have revealed limited efficacy of this class of drugs as cancer 

therapeutics and commonly associated with severe adverse effects led to the 

reduction in the development of these drugs (Martelli et al., 2018; Teng et al., 

2019).  

To reduce the toxicity of dual PI3K/mTOR inhibitors, mTOR kinase (mTORK) only 

inhibitors were designed. PP242 was the initial prototype compound of this class, 

which blocked the phosphorylation of 4EBP1 and cap-dependent protein synthesis 

more effectively than rapamycin in vitro and in vivo. Many TORKIs have been 

subsequently developed including Torin 1, Torin 2 and vistusertib (AZD2014; Pike et 

al., 2013; Martelli et al., 2018). Interestingly, a phase II study in metastatic RCC 

showed vistusertib to perform worse than everolimus in progression free survival 

(PFS) and OS, with minimal improvement in adverse effects (Martelli et al., 2018; 

Teng et al., 2019). 

The latest generation of mTOR inhibitors are RapaLinks, which simultaneously bind 

the ATP-binding pocket of mTOR and the FRB domain, acting like both a rapalogue 

and TORKI. RapaLink-1 was observed to reduce phosphorylation of S473 on AKT and 

T37/46 on 4EBP1 more efficiently than rapamycin and inhibits a more lasting mTOR 

kinase inhibition than mTORK inhibitors. These also showed strong anti-tumour 
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activity in mouse xenografts and are attractive compounds for future clinical trials 

(Martelli et al., 2018; Teng et al., 2019). 

1.5.3. AKT inhibitors 

AKT is one of the main effectors of PI3K that can promote oncogenesis through the 

phosphorylation and regulation of many substrates involved in cell growth and 

survival. Therefore, AKT poses an attractive target for oncotherapy.  

There are two main categories of AKT inhibitor based upon their mechanism of 

inhibition: ATP-competitive and allosteric inhibitors. The development of AKT-

specific and isoform-selective inhibitors was predicted to be difficult due to the high 

degree of homology in the ATP-binding pocket between AGC kinases, therefore 

allosteric AKT inhibitors are generally more AKT specific. This includes PH domain 

inhibitors as these domains can harbour 30% sequence homology (Morrow et al., 

2011; Rodon et al., 2013). Additionally, there are other inhibitors such as 

irreversible AKT inhibitors (lactoquinomycin; Revathidevi and Munirajan, 2019). 

Currently, only one AKT inhibitor, the allosterically acting milefosine has been FDA-

approved and is used as a topical treatment against parasites. It exhibited 

haemolytic toxicity with intravenous use and has therefore not been considered for 

cancer treatment. In recent years, development of new pan-AKT inhibitors has 

progressed with many in clinical trials. Isoform specific AKT inhibitors, A-674563 

(AKT1) and CCT128930 (AKT2) are also in preclinical development (Mundi et al., 

2016; Revathidevi and Munirajan, 2019). 

Allosteric AKT inhibitors bind to an alternative site from the kinase domain of AKT, 

in order to inhibit its activity. MK-2206 (Figure 1.9) is an allosteric AKT inhibitor 

which induces a conformational change in AKT so that the active site is no longer 

accessible by its substrates. MK-2206 has been shown to be potent and selective for 

AKT (AKT1 IC50 = 5 nM; AKT2 IC50 = 12 nM) and is currently in Phase II clinical trials 

as a single agent or in combinations such as with the MEK inhibitor selumetinib, and 

EGFR inhibitor erlotinib (Hirai et al., 2010; Mundi et al., 2016; clinicaltrials.gov). MK-

2206 appeared to be tolerated well but failed to achieve satisfactory clinical 
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responses (Konopleva et al., 2014; Do et al., 2015). Alternative allosteric inhibitors 

target the PH domain of AKT thus preventing its recruitment and activation. 

Compounds such as the tricyclic purine nucleoside analogue, triciribine target the 

PH domain directly (Sampath et al., 2013), whereas alkyl phospholipids (ALPs), such 

as miltefosine and perifosine, target indirectly through inference with PIP2 and PIP3 

metabolism (structures in Figure 1.19; Richardson et al., 2012). Perifosine is one of 

the few AKT inhibitors currently in Phase III clinical trials, in combination with 

capecitabine in colorectal tumours (Mundi et al., 2016; Revathidevi and Munirajan, 

2019).  

ATP-competitive enzyme inhibitors act by competing with ATP to block the kinase 

domain of AKT and therefore inhibit their kinase activity. Although five broad 

classes of ATP-competitive AKT inhibitors have been developed, only a couple 

remain in clinical evaluation. This includes the thiophenecarboxamide derivatives, 

afuresertib (GSK2110183) and uprosertib (GSK2141795); and the pyrrolopyrimidines 

ipatasertib (GDC-0068) and capivasertib (AZD5363; Nitulescu et al., 2016). 

Afuresertib potently inhibits all AKT isoforms at nanomolar range and 

subnanomolar to AKT1 specifically (for structure see Figure 1.9). Afuresertib is most 

effective as a single agent against haematological malignancies, particularly multiple 

myeloma, and is currently in Phase II clinical trials (clinicaltrials.gov; Nitulescu et al., 

2016). Additionally, the effect of afuresertib in combination for example with 

bortezomib, ofatumumab or paclitaxel are also being investigated in haematological 

and solid tumours (clinicaltrials.gov). The drug was well-tolerated, with a relative 

low incidence and severity of hyperglycaemia which is likely due to the selectivity of 

afuresertib for AKT over other AGC kinases (Rodon et al., 2013; Spencer et al., 

2014). Afuresertib also showed safe and promising clinical activity in a heavily pre-

treated epithelial ovarian cancer in combination with carboplatin and paclitaxel 

(Blagden et al., 2014) 

Uprosertib is structurally similar to afuresertib (Figure 1.9), and unsurprisingly the 

potency for AKT inhibition and overall anti-tumour activity is also similar although 

uprosertib is more potent and exhibits greater off-target inhibition. It is currently in 
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Phase II clinical trials for several tumour types including cervical, melanoma, 

multiple myeloma, colon and breast cancers, either as a single agent or commonly 

in combination with the MEK inhibitor, trametinib, however several of the latter 

studies were terminated due to a lack of efficacy (clinicaltrials.gov; Nitulescu et al., 

2016). 

Ipatasertib is an orally bioavailable inhibitor of all AKT isoforms, which also 

minimally targets other members of the AGC family (for structure see Figure 1.9; Lin 

et al., 2013). Preclinical in vitro and xenograft studies have shown that the resultant 

AKT inhibition by ipatasertib decreases viability of cancer cell lines through 

decreased cell cycle progression (Lin et al., 2013). It is another of the few AKT 

inhibitors currently in Phase III clinical trials as a combination therapy with several 

different cytotoxic therapies for metastatic prostate and breast cancers, and in 

Phase II for safety and efficacy as a monotherapy (clinicaltrials.gov; Nitulescu et al., 

2016). 

1.5.3.1. Capivasertib 

Capivasertib is an ATP-competitive AKT inhibitor and was developed as a result of a 

hit of a fragment-based drug discovery program as part of a collaboration between 

the Institute for Cancer Research (ICR) and Astex Pharmaceuticals (Rees et al., 2004; 

Donald et al., 2007; Akan, 2015). 300,000 low molecular weight compound 

fragments were screened in silico against the structure of AKT2 and hits were 

verified using crystallography with a PKA-AKT chimera and AKT2 kinase assay. Hits 

from the screen led to the development of pyrazoles such as AT7867 (precursor to 

AT13148) and pyrrolopyrimidines such as CCT128930 (precursor to capivasertib). 

CCT129254 was developed from CCT128930 from the addition of an amide linker to 

increase oral bioavailability and reduce plasma clearance, although this also 

reduced selectivity to AKT over PKA (McHardy et al., 2010).  

As shown in Table 1.2, CCT129254 is a potent inhibitor of AKT1, as well as other AKT 

isoforms and AGC kinases such as PKA, p70S6K, MSK1 (mitogen and stress activated 

protein kinase 1) and ROCK2 (Rho-associated coiled-coil kinase 2). CCT129254 was 
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subsequently licenced to and further developed by AstraZeneca, and the addition of 

an hydroxyethyl group at the amide linker lead to the discovery of capivasertib 

(AZD5363; Davies et al., 2012; Addie et al., 2013). As shown in Table 1.2, 

capivasertib is more selective for all AKT isoforms and p70S6K than CCT129254. 

Additionally, capivasertib exhibits reduced activity with the hERG ion channel which 

is involved in the electrical activity of the heart, thus reducing complications with 

later drug development (Addie et al., 2013).  

 

Figure 1.9 – Chemical structures of allosteric and ATP-competitive AKT inhibitors.  
Adapted from  Nitulescu et al., (2016). 
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Capivasertib targets the kinase pocket of AKT, and blood samples in trial patients 

have shown reduction in the phosphorylation of AKT substrates (such as GSK3β and 

PRAS40) as markers of target inhibition. Capivasertib showed good pharmacokinetic 

and pharmacodynamic properties in preclinical studies and also is well tolerated in 

trial patients; the most severe adverse effects being diarrhoea, hyperglycaemia, 

nausea, infection, neutropenia, rash and fatigue (Tamura et al., 2016; Rinnerthaler 

et al., 2018; Schmid et al., 2018). Hyperglycaemia  and the maculopapular rash are 

expected adverse effects of these drugs as the PAM pathway is important for 

regulating glucose metabolism and cytokine and chemokine regulation (Chia et al., 

2015). Cell lines and tumours with PI3KCA or PTEN mutations which increase PAM 

activity were found to be more sensitive to capivasertib (Davies et al., 2012; Banerji 

et al., 2018). As with many PAM inhibitors, clinical development of capivasertib is 

geared towards combinational strategies with cytotoxic therapies such as paclitaxel. 

The addition of capivasertib to paclitaxel in the PAKT Phase II trial in metastatic 

triple-negative breast cancer (TNBC) patients increased the PFS by 1.7 months and 

OS by 6.5 months. This amongst other successful trials prompted entry of 

capivasertib into Phase III trials in TNBC (clinicaltrials.gov; Rinnerthaler et al., 2018; 

Schmid et al., 2018). Capivasertib is also currently investigated in Phase I/II trials for 

prostate, gastric and gynaecological cancers as a mono- and combinational therapy 

(clinicaltrials.gov).  

 

Figure 1.10 – Chemical structures of capivasertib and derivatives.  
Adapted from  Nitulescu et al., (2016). 
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Table 1.2 – Selectivity profile of CCT129254 and capivasertib.  
Adapted from Davies et al. (2009) and Addie et al. (2013) 

  

1.5.3.2. AKT inhibitors and ovarian cancer 

AKT inhibitors are introduced to patients in clinical trials, for the treatment OC that 

have commonly undergone alternative therapies and relapsed. As chemo-resistant 

cells are generally more aggressive than chemo-naïve cells (Donzelli et al., 2014), 

this may suggest they may have greater genetic plasticity for development AKT 

inhibitor resistance (discussed further below). Table 1.X shows a summary of the 

response rates of AKT inhibitors in ovarian carcinomas in several clinical trials. 

Overall,  AKT inhibitors appear to be effective in tumour regression of ovarian 

carcinomas, including those which are recurrent, with few adverse effects such as 

hyperglycaemia, rash, nausea and diarrhoea.  
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Table 1.3 – Response rates and main toxicities of completed AKT inhibitor clinical trials in ovarian 
cancer patients. 
Based upon information from clinicaltrials.gov; Tamura et al., (2016); Saura et al., (2017); Banerji, et 
al., (2018); Blagden et al., (2019). ORR = overall response rate; PFS = progression free survival; 
RECIST = Response evaluation criteria in solid tumours; CA125 = Cancer Antigen 125 protein. 

 

1.5.4. Inhibitors of PAM-mediated protein synthesis 

As outlined in Section 1.3.4 and 1.4.6, PAM and MAPK growth factor signalling 

pathways converge onto CDPS, and there are multiple components of the eIF4F 

complex assembly process, thus providing many potential targets for therapy. 

Currently, the only FDA-approved CDPS inhibitors for oncotherapy are those that 

target CDPS indirectly, such as the PAM inhibitors described above. However, in the 

last 10 years, there has been great effort into development of novel CDPS inhibitors 

and therefore the eIF4E antisense oligonucleotide (ASO), LY2275796 is currently in 

Phase I clinical trials (clinicaltrials.gov). Other methods of targeting the eIF4F 

complex include, interfering with eIF4E-eIF4G interaction, suppressing 

phosphorylation of eIF4E and inhibiting eIF4A helicase activity (Bhat et al., 2015; Lu 

et al., 2016; Malka-Mahieu et al., 2017).  
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Reducing eIF4E expression using ASOs such as LY2275796 (ISIS EIF4E Rx) showed 

promising activity in preclinical studies and was safely administered in Phase I trials. 

Currently in Phase II, more recent trials have shown no significant clinical response 

as a monotherapy. Combination Phase II trials are also underway (Pelletier et al., 

2015; Malka-Mahieu et al., 2017). eIF4E dependent carcinogenesis relies on its cap-

binding ability, therefore cap analogues such as ribavirin were developed. Phase II 

trials have shown anti-tumour activity in AML patients (Bhat et al., 2015). 

Nucleotide analogues suffer from poor permeability and stability in vivo, but have 

been circumvented with pro-drugs such as 4Ei-1 (Bhat et al., 2015; Lu et al., 2016), 

which is effective in combination with gemcitabine in breast and lung cancer cell 

lines (Li et al., 2013; Malka-Mahieu et al., 2017). 

Inhibitors of the eIF4E-eIF4G interaction act by mimicking 4EBP1 include 4EGI-1, 

4E1RCat and 4E2RCat (Moerke et al., 2007; Papadopoulos et al., 2014; Sekiyama et 

al., 2015). These have proved to reduce oncogenic phenotypes in breast cancer and 

lymphoma xenografts, multiple myeloma, Jurkat, A549 lung cancer cell lines and 

primary AML cells (Bhat et al., 2015; Malka-Mahieu et al., 2017). The highly 

oncogenic phosphorylation of S209 on eIF4E can be reduced by MNK inhibitors. 

Currently several MNK inhibitors are in preclinical development such as CGP052088, 

CGP57380, cercosporamide, eFT508 and MRT00206081 (Bhat et al., 2015; Webster 

et al., 2015; Lu et al., 2016). Although these have shown some cytostatic properties 

in lung and leukemic cell lines alone, these drugs appear more promising as 

combination therapies to reduce resistance to drugs such as rapamycin, imatinib, 

gemcitabine and Herceptin (Bhat et al., 2015; Lu et al., 2016). Flavaglines (such as 

silvestrol), hippuristanol and pateamine A constitute the three classes of eIF4A 

inhibitors, which are all derived from natural products and display potent preclinical 

anti-tumour activity in vivo (Gupta et al., 2011; Bhat et al., 2015; Pelletier et al., 

2015; Malka-Mahieu et al., 2017).  

In addition to CDPS inhibitors, disabling cap-independent protein synthesis effectors 

of the PAM pathway, such as the eEF2K (section 1.3.4) through siRNA or via 

compound inhibition with NH125 was also shown to be effective to sensitise glioma 

cells to the pro-apoptotic stimulus, TRAIL. Use of NH125 has also proved effective in 
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enhancing the cytotoxic effects of MK-2206 by limiting autophagy. siRNA silencing 

of eEF2K also improved the pro-apoptotic effects of doxorubicin. Therefore, similar 

to the CDPS inhibitors described above, eEF2K inhibition may pose an attractive 

target for combination therapy in cancers (X. Wang et al., 2017). 

Regardless of the many ways to target the pathway, due to the genetic instability of 

tumours and the remarkable plasticity of the PAM pathway, drug resistance is a 

common occurrence in the development and clinical utility of the drugs described 

above  (Fruman et al., 2017). This will be elaborated in the next section. 

1.6. Resistance to targeted therapies 

Drug resistance is defined as the failure of cancer cells to respond to therapy, 

whether from the outset (intrinsic), or after an initial response to therapy (acquired; 

Holohan et al., 2013). It remains as the biggest challenge to the clinical success of 

molecular-targeted therapies and is the main cause of death for patients with 

advanced cancer (Longley and Johnston, 2005; Konieczkowski, 2018).  

The reliance of these therapies targeting the object of oncogenic addiction, allows 

for drug resistance to emerge through a combination of pathway plasticity, genetic 

instability of the tumour cells and presence of pre-existing resistant populations 

within a heterogenetic tumour (Fruman et al., 2017; Konieczkowski et al., 2018). 

Drug resistance in targeted therapies have been associated with drug efflux 

mechanisms involving increased expression of ABCB1 transporters, but the most 

common resistance mechanisms alter the oncogenic output of the targeted 

pathway (Konieczkowski et al., 2018). These alterations converge into recognisable 

patterns to either exhibit 1) pathway reactivation; 2) pathway bypass or 3) pathway 

indifference. These are further explained below and summarised in Figure 1.11. 

Pathway reactivation allows for re-engagement of the original pathway effectors by 

which the tumour relied for oncogenesis and may represent the most common 

resistance principle. Reactivation of the pathway may manifest as alterations in the 

drug target protein to render it insensitive to the drug, hyperactivation of upstream 

or parallel pathway components, or reactivation of downstream effectors 
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independent of upstream signalling. In addition to index pathway reaction, 

alterations of alternative signalling pathways may converge to reactivate 

downstream effectors through pathway crosstalk or re-engage other components 

of the oncogenic output. This is termed as pathway bypass. Pathway indifference 

describes alterations that result in cell states that are independent of the targeted 

oncogenic pathway, leading to activation of alternative oncogenic outputs that are 

not disrupted by drug action (Konieczkowski et al., 2018). Examples of these 

resistance mechanisms will be elaborated on in the following sections for each 

category of PAM inhibitor (from section 1.5). 

1.6.1. Resistance to PI3K inhibitors 

Acquired and intrinsic resistance has been observed in PI3K inhibitors. Pathway 

reactivation was observed through parallel effectors, SGK1 overexpression, and 

upstream effectors through PTEN loss and RTK overregulation (Elkabets et al., 2013; 

Juric et al., 2015; Castel and Scaltriti, 2017; Zorea et al., 2018). Pathway bypass 

mechanisms were observed such as through PIM1 or p90RSK3 and p90RSK4 

overexpression feeding into PAM pathway components (Serra et al., 2013; Le et al., 

2016). Additionally, epigenetic alterations to the genes H19 and PSTA1 in GISTs 

were observed as pathway indifferent mechanisms of resistance to PI3K inhibitors 

(Ravegnini et al., 2019). 

1.6.2. Resistance to mTOR inhibitors 

Resistance to mTOR inhibitors has been extensively studied. There have been many 

reports that have identified intrinsic and acquired alterations of the eIF4F complex 

and reactivating the PAM pathway as a means to overcome allosteric or kinase 

inhibition of mTOR (Dilling et al., 2002; Thoreen et al., 2009; Alain et al., 2012; 

Hoang et al., 2012; Cope et al., 2014; Hassan et al., 2014; Mallya et al., 2014; Y 

Martineau et al., 2014; Mi et al., 2015; Nogami et al., 2015). These mainly involve 

upregulation of eIF4E or inactivation of 4EBP1 through reduced expression or 

increased phosphorylation. These are the most common methods of resistance to 
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mTOR inhibitors. Alterations in ERK have also contributed to pathway bypass 

resistance through cross-talk to mTORC1 for torkinib resistance (PP242; Hoang et 

al., 2012) and pathway indifference resistance mechanisms by stabilising the 

transcription factor CREB and upregulating the transcription of oncogenes MYC and 

YAP1 (Muranen et al., 2016). 

1.6.1. Resistance to AKT inhibitors 

Currently, several studies have observed and defined intrinsic resistance 

mechanisms to both allosteric and ATP-competitive AKT inhibitors, however no 

reports of acquired resistance to AKT inhibitors have been published. Intrinsic 

mechanisms published against MK-2206 and ipatasertib have all shown PAM 

pathway reactivation through hyperactivation of upstream effectors such as the 

RTK, HER2 or target alteration of AKT3 (Qi et al., 2015; Stottrup et al., 2016; 

Wehrenberg-Klee et al., 2016). Capivasertib specific intrinsic resistance mechanisms 

include pathway bypass by upregulation of Ras signalling and PAM pathway 

reactivation through parallel effector, SGK1 hyperactivation and reactivation of 

downstream effectors increasing autophagy (Davies et al., 2012; Lamoureux et al., 

2013; Sommer et al., 2013). 
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Figure 1.11 – Convergence of drug resistance mechanisms on PAM signalling.  
Reported drug resistance mechanisms (*) against PAM inhibitors as described in text, illustrated 
according to mechanism type as Konieczkowski, (2018). U = upstream effector alterations; T = target 
alterations; P = parallel effector alterations; D = downstream effector alterations to AKT inhibition 
(capivasertib). 

1.6.1. Resistance to CDPS inhibitors 

As most of the CDPS inhibitors described here are in preclinical or early phase 

clinical development, potential resistance mechanisms of these drugs has been 

relatively unexplored. However, as CDPS is the convergence point of several growth 

factor pathways, alterations of CDPS components is a common mechanism in many 

chemo-naïve and drug resistant tumours. Many studies have shown that the 

inhibitors described in this section hold promise for combination therapy and 

reduce the likelihood of drug resistance to PAM and MAPK inhibitors and cytotoxic 
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therapies as well (Zhang et al., 2008; Cencic et al., 2011, 2013; Boussemart et al., 

2014). 

1.7. Overview and aims of this thesis 

The PAM pathway is one of several signalling pathways which is particularly 

important for regulating cell growth, proliferation, metabolism, survival and other 

phenotypes in the cell.  As many of these phenotypes are also useful for 

oncogenesis, it is unsurprising that deregulation of this pathway is commonly 

observed in many cancers (Fruman et al., 2017).  

For this reason, AKT inhibitors such as capivasertib amongst other PAM inhibitors 

are undergoing development as a novel form of targeted cancer treatment. As 

described above, for many PAM inhibitors acquired resistance is a major barrier to 

their clinical success, and it is likely that the progression of AKT inhibitors will be 

impacted also. Understanding potential resistance mechanisms can support the 

clinical utility of these drugs through screening patients for intrinsic or acquired 

resistance and determining effective therapeutic strategies to prevent or counteract 

resistance.  

One method to investigate drug resistance mechanisms is by using cell line models. 

Resistant isogenic lines are relatively cheap, require fewer ethical considerations 

and are less laborious to generate. In addition, these can be easily employed in high 

throughput and candidate screens for rapid identification of resistance 

mechanisms. However, monolayer culturing methods are limited in their capacity to 

properly represent a tumour environment and may limit or remove entirely the 

influences of intratumoural, microenvironment and immune interactions on 

resistance generation (McDermott et al., 2014; Goodspeed et al., 2016; Namekawa 

et al., 2019). Regardless, there are several studies which have successfully 

demonstrated that cell line models can be used to identify clinically relevant drug 

resistance mechanisms (Dilling et al., 2002; Thoreen et al., 2009; Nazarian et al., 

2010; Alain et al., 2012; Hoang et al., 2012; Cope et al., 2014).  
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This project uses the A2780 ovarian carcinoma cell line and its isogenic capivasertib-

resistance subpopulation (A2780 254Rp) to identify and validate candidate 

resistance mechanisms and associated oncogenic phenotypes. The A2780 ovarian 

carcinoma cell line was selected as a model as this cell line harbours a loss-of-

function PTEN mutation (383-391 deletion; Saito et al., 2000), and a gain-of-

function mutation on PIK3CA (G>A substitution at 1093; Oda et al., 2008) which 

increases p110α PI3K activity; thus it represents a sensitive tumour type that might 

be selected for capivasertib treatment. The parental A2780 (PAR) cell line was 

exposed to dose-escalation of CCT129254 over a period of six months by Dr Denis 

Akan (Akan, 2015) to generate the CCT129254-resistant subline, A2780 254Rp. 

CCT129254 was employed as it is a close analogue to capivasertib (Figure 1.10) and 

large quantities of compound were more accessible at the time of resistance 

generation.   

 

Aims: 

This aim of this project was to investigate the A2780 PAR and 254Rp cell lines to 

identify and validate candidate acquired resistance mechanisms to capivasertib, 

associated oncogenic phenotypes and potential strategies to prevent or overcome 

resistance. 

Objectives: 

• Identify candidate resistance mechanisms in vitro in A2780 254Rp by: 

o Examination of morphological differences with A2780 PAR 

o Cross-resistance profiling to a range of targeted inhibitors 

o Examination of baseline and drug-treated PAM pathway signalling 

compared with A2780 PAR 

• Validate identified resistance mechanisms in A2780 cell lines 

• Devise therapeutic strategies for overcoming identified resistance 

mechanisms. 
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2. Materials and Methods 

2.1. Compounds and Materials 

Compounds used on cultured cells were prepared and maintained in sterile 

conditions in solvents as per Table 2.1. Other chemicals and reagents were 

purchased from Sigma-Aldrich (Germany) unless otherwise indicated. 

Table 2.1 –  List of compounds used for cross-resistance profiling, western blotting and other cell-
based experiments.          

Drug Target Solvent [Stock] Supplier 

4EGI-1 
eIF4F initiation 
complex 

DMSO 50 mM Adooq, USA 

capivasertib/ 
AZD5363 

AKT (ATP-
competitive) 

DMSO 20 mM Selleck Chemicals, USA 

CCT129254 
AKT (ATP-
competitive) 

DMSO 20 mM 
Institute of Cancer 
Research, courtesy of John 
Caldwell and Ian Collins 

cycloheximide 
(CHX) 

Protein synthesis 
elongation 

DMSO 
100 
mg/ml 

Sigma Aldrich, Germany 

everolimus/ 
RAD001 

mTORC1 only 
(substrate 
recruitment) 

DMSO 100 nM Fluka Analytics, Switzerland 

geneticin/ 
G418 

Cytotoxic antibiotic 
(protein synthesis 
elongation) 

Saline 50 mg/ml Santa Cruz, USA 

ipatasertib/  
GDC-0068 

AKT (ATP-
competitive) 

DMSO 20 mM Selleck Chemicals, USA 
 

MK-2206 AKT (allosteric) DMSO 20 mM 

MRT00206081 MNK DMSO 20 mM 
MRC Technology (LifeARC), 
courtesy of Andy Merritt 
and Ed McIver 

pictilisib/ 
GDC-0941 

Pan PI3K class I 
mTOR kinase 

DMSO 20 mM 

Selleck Chemicals, USA 
 

ravoxertinib/ 
GDC-0994 

ERK DMSO 20 mM 

selumetinib/ 
AZD6244 

MEK DMSO 10 mM 

vistusertib/ 
AZD2014 

mTOR kinase DMSO 10 mM 
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2.2. Cell lines and culture 

2.2.1. A2780 cell line 

The A2780 cell line is a chemo-naïve human endometrioid ovarian adenocarcinoma 

cell line originated from a 53-year-old African female in 1982-86 (Beaufort et al., 

2014). Currently known mutations in A2780 include a 383-391 deletion 

(corresponding to a K128 – R130 amino acid deletion and loss of PTEN lipid 

phosphatase activity; Saito et al., 2000), and a PIK3CA 1093 G>A substitution 

(corresponding to p110α E365K amino acid substitution, which increases p110α 

PI3K activity; Oda et al., 2008). The parental A2780 cells were obtained from the 

Health Protection Agency (Salisbury, UK). A subpopulation of A2780 cells resistant 

to capivasertib analogue CCT129254 (A2780-254R) was generated by Dr Denis Akan 

(Institute of Cancer Research, UK; Akan, 2015). 

2.2.2. Routine cell culture 

All cell lines used were maintained in Dulbecco’s Modified Eagle Medium (DMEM; 

ThermoFisher Scientific, USA) containing high glucose, L-glutamine but no pyruvate, 

and supplemented with 10% (v/v) heat-inactivated foetal bovine serum (FBS; 

ThermoFisher Scientific, USA) and no antibiotics. The cells were incubated in normal 

growth conditions at 37˚C in a humidified 5% CO2 incubator. Cells were passaged 

when approximately 70-90% confluent.  Cells grown in T25 flasks were rinsed with 

2ml phosphate-buffered saline (PBS; Oxoid, UK) prior to detachment from flask with 

0.5ml 0.05% Trypsin-EDTA solution (ThermoFisher Scientific).  Detached cells were 

resuspended in complete DMEM and split appropriately (approximately 1:10-100 

dilution) into 5ml complete DMEM into a fresh flask. Some remaining cells were 

reserved in the trypsinised flask as a backup. Volumes were tripled for use in T75 

flasks and multiplied seven-fold for T175 flasks. 

In order to seed a specific number of cells for an assay, cells were counted after 

trypsinisation and resuspension in complete DMEM. 10μl of suspended solution 

was diluted 1:5 in trypan blue to detect viability of cells and counted using a 
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BRAND® counting chamber. An appropriate volume of calculated concentration of 

cells was diluted in complete DMEM for plating. 

Cell lines were routinely tested approximately every 6 months to ensure they were 

free from Mycoplasma contamination using the VenorGeM® Mycoplasma PCR 

detection kit (Minerva Labs, UK).  

To prevent genetic deviation, cell populations were passaged continuously for no 

longer than 4-6 months. Freeze-downs of cells were thawed as quickly by warming 

in 37˚C water bath. Once fully thawed, DMSO was removed by diluting the cells in 

5ml complete DMEM and centrifuged at 270 x g for five minutes at room 

temperature (RT). The culture medium was carefully aspirated and cell pellet was 

resuspended in fresh 5ml and transferred to a T25 flask to allow to settle overnight. 

To maintain resistant flasks, the drug was added to resistant cells five days post 

thawing. A confirmatory SRB growth assay (section 2.3.2) against CCT129254 was 

performed with newly thawed cells and old passaging cells to ensure response to 

drug is maintained. 

A subpopulation of each cell line was frozen down within two passages of thawing. 

Cells were grown to approximately 80% of a T75, trypsinised, resuspended in 

complete DMEM (as section 2.2.1) and spun down at 270 x g for five minutes at RT. 

Culture medium was carefully aspirated and cell pellet resuspended in 3ml of 

freeze-down media (10% DMSO in complete DMEM). Cells were aliquoted into 

three cryovials each and cooled to -80˚C inside Mr. FrostyTM
 Freezing container 

(ThermoFisher Scientific, USA) supplied with RT propan-2-ol (replenished every five 

freeze-thaws).  

2.2.3. Generation of CCT129254-resistant A2780 cells 

Polyclonal CCT129254-resistant A2780 cells (A2780 254Rp) were generated by Dr 

Denis Akan (Akan, 2015). In brief, CCT129254 sensitive A2780 parental (PAR) cells 

were incubated in complete DMEM with half-maximal growth inhibitory 

concentration (GI50) of CCT129254 in normal growth conditions until cells reached 
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70% confluency. Cells were treated with incrementally increased concentration of 

drug after passaging for a period of six months. 

Clonal populations of A2780 254Rp were generated by seeding the cells at 0.5 

cells/100μl in each well of a 96-well plate and checked once a day until visible 

colonies formed. Single colonies were picked for growing up to 24-well plates once 

reaching a sufficient colony size (approximately 1mm) within 11-21 days post 

plating. Culture medium was removed carefully by pipetting away from colony, and 

cells were incubated in 60μl trypsin for approximately two minutes at RT. Cells were 

agitated by resuspending with 200μl complete DMEM and transferred cells to a 

final volume of 500μl in 24-well plate, and complete DMEM added to trypsinised 

well as a backup. At 70% confluency, cells were washed with 200μl PBS, trypsinised 

with 100μl trypsin and resuspended in 2ml final volume in 6 well plate. This process 

was repeated with double volumes into T25 and passaged as section 2.2.1.  

All resistant cells were routinely maintained in 56μM CCT129254 (the maximum 

concentration used for generation of resistant population by Dr Denis Akan (Akan, 

2015) and removed from selective pressure into drug-free complete DMEM one 

week prior to plating for experiments. 

2.3. Sulforhodamine B (SRB) growth assay 

2.3.1. SRB growth assay 

Sulforhodamine B dye (SRB) provides an estimate of the concentration of cells 

through binding to amino-acids, and therefore can be used to measure the 

proliferation of cells (Skehan et al., 1990) both treated and untreated with drugs.  

Cells were seeded at cell concentrations as indicated in 160μl complete DMEM and 

allowed to attach for 48 hours prior to treatment. For investigation of cross-

resistance to different compounds, cells were treated with a range of 

concentrations by serially diluting compounds (1.5-5 fold) in complete DMEM and 

adding 40μl of each concentration to wells, further diluting the compound 5-fold to 

the concentrations indicated.  Cells were left to incubate for 96 hours in drug. After 
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this time, the culture medium was removed, and cells were fixed with 10% (w/v) 

trichloroacetic acid (TCA) for 30 minutes and washed three times with water. Fixed 

cells were stained with 0.4% (w/v) SRB solubilised in 1% (v/v) acetic acid (Fisher 

Scientific, UK) for 30 minutes, and subsequently washed thrice with 1% (v/v) acetic 

acid until wells became clear before drying for at least three hours at 37 ˚C.  

Protein-bound SRB was solubilised in 100μl 10mM Tris base and absorbances were 

read at a wavelength of 490nm in a Victor X4 Multilabel Plate Reader (PerkinElmer 

Life Sciences, USA). Raw values were blanked using cell-less wells with 10mM Tris 

and normalised to a percentage of the average of the untreated control per drug. 

The GI50 values were determined using GraphPad Prism 6 (GraphPad Software Inc, 

USA). Resistance Factors (RF) values were calculated as the ratio of CCT129254-

resistant cells GI50 to PAR GI50. RF presented in text, tables and bar charts as the 

average RFs of at least three independent experiments. Statistical significance of RF 

was calculated using the unpaired t test with Welch’s correction of resistant to PAR 

GI50 values. 

𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 (𝑅𝐹) =  
𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑡 𝐺𝐼50

𝑝𝑎𝑟𝑒𝑛𝑡𝑎𝑙 𝐺𝐼50
 

2.3.2. SRB growth assay optimisation (determining 96-well seeding 

concentration) 

The cell seeding concentration for 96-well format SRB growth assay was optimised 

per cell line to accommodate cell line differences in doubling times when 

responding to drug treatment. Cells were plated at several cell concentrations (as 

indicated in text) in seven 96-well plates in 200μl complete DMEM. Every 24 hours, 

one plate was fixed, stained and analysed as described for the SRB growth assay 

(section 2.3.1). Raw absorbances were used to generate growth curves in GraphPad 

Prism 6. The ideal cell concentration was that which the cells remained in 

logarithmic growth over the course of the hypothetical 96-hour drug incubation 

period (indicated by the dotted lines in Figures 2.1-2.4). 
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Logarithmic doubling times for each cell line was calculated using the following 

formulae where the duration in hours (hrs) is the difference in time between the 

time of the initial OD signal (48 hrs) and final OD (144hrs). This was averaged across 

at least three independent experiments as indicated. 

𝐷𝑜𝑢𝑏𝑙𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 (𝐷𝑇; ℎ𝑟𝑠) =  
𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 (ℎ𝑟𝑠) × log(2)

log(𝑓𝑖𝑛𝑎𝑙 𝑂𝐷) − log(𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑂𝐷)
 

The growth of the A2780 PAR and 254Rp for SRB experiments in Chapter 3 were 

investigated at the following seeding concentrations: 200, 400, 800, 1600 and 3200 

cells per well. Figure 2.1Error! Reference source not found. showed with increased 

cell concentration, both PAR and 254Rp cell lines reached logarithmic growth at 

earlier time points. The optimal seeding concentration for both PAR and 254Rp cell 

lines was 800 cells per well. Through examination of the optical density (OD) in log10 

(Figure 2.1B and D), there was consistent logarithmic growth between the two time 

points indicated, with the least plateau by 146 hours and lag beyond 50 hours post 

cell plating of the five seeding concentrations tested.  

 



2. Materials and Methods 

 

 

77 
 

 

Figure 2.1 – A2780 PAR and 254Rp growth in 96-well plates.  
Cells were plated at seeding concentrations indicated in the keys over seven plates, each fixed every 
24 hours and analysed by SRB growth assay. Characterisation of growth of both cell lines were 
through analysis of decimal (A and C) or log10 (B and D) raw absorbance (OD490) over time in hours 
after cell plating. Growth curves were generated using Graphpad Prism 6. The time between broken 
lines (t0 and t96) indicate the 96-hour time frame of hypothetical drug incubation, starting 48 hours 
post cell plating, in an SRB growth assay. Data points present the mean for five technical replicates. 
Data representative of four independent experiments. 

As can be seen in Figure 2.2, by overlaying the growth curves for PAR and 254Rp 

cells plated at 800 cells per well, there was no difference in growth patterns 

throughout the entire assay and thus indicated 800 cells per well as the optimal 

seeding concentration for direct drug-profiling comparison. The average doubling 

times of the cells during the incubation period at 800 cells per well were calculated 

as 26.3 hours for PAR and 26.8 hours for 254Rp. 

A B 

C D 
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Figure 2.2 – Overlay of A2780 PAR and 254Rp growth in 96-well plates at optimal seeding 
concentration.  
Data taken from Figure 2.1, to overlay growth characterisations of PAR and 254Rp cells. Growth 
curves were generated using Graphpad Prism 6. The time between broken lines (t0 and t96) indicate 
the 96-hour time frame of hypothetical drug incubation, 48 hours post cell plating, in an SRB growth 
assay. Data points present the mean ± SD for five technical replicates. Data representative of four 
independent experiments. 

The growth of the A2780 254Rp subclones, 254R-B and 254R-D in Chapter 4, was 

investigated at the following seeding concentrations: 800, 1600 and 3200 cells per 

well. The optimal seeding concentration for both 254Rp subclones was 1600 cells 

per well. This concentration showed the most logarithmic growth during the 

incubation period, with the least plateau by 146 hours and least lag beyond 50 

hours post plating the five seeding concentrations tested. Additionally, the growth 

for both 254R-B and D at 1600 cells per well overlapped the logarithmic growth for 

PAR and 254Rp at 800 cells per well (Figure 2.3). 
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Figure 2.3 – A2780 254Rp subclones 254R-B and 254R-D growth in 96-well plates.  
A2780 PAR, 254Rp, 254R-B and 254R-D cells were plated and fixed and growth curves generated as 
Figure 2.1. Characterisation of A2780 254R-B (A and B) and 254R-D (C and D) growth in 96-well 
plates through analysis of decimal (A and C) or log10 (B and D) raw absorbance (OD490) over time. The 
time between broken lines (t0 and t96) indicate the 96-hour time frame of hypothetical drug 
incubation, starting 48 hours post cell plating, of an SRB growth assay. Data points present the mean 
for five technical replicates. Data representative of three independent experiments. 

The seeding concentration was also optimised for the four selected 254R-B-4EBP1 

subpopulations (Chapter 6), in order to accurately determine the GI50 and RF values 

to capivasertib. The ideal cell concentration was that which the growth of the cells 

mimicked best the untransfected 254R-B cells, remaining in logarithmic growth over 

the course of the hypothetical 96-hour drug incubation period (indicated by the 

dotted lines of Figure 2.4). 

The optimal seeding concentration for all 254R-B-4EBP1 subpopulations was 3200 

cells per well (Figure 2.4). This was the concentration that mimicked growth the 

best with 254R-B in all subclones. Although a higher concentration may have 

exhibited less lag beyond the drug incubation start point (48 hours), the growth 

remained logarithmic throughout most of the incubation period. 

 

A B 

C D 
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Figure 2.4 – A2780 254R-B-4EBP1 subpopulations growth in 96-well plates.  
A2780 PAR, 254Rp, 254R-B and 254R-B-4EBP1 cells were plated and fixed and growth curves 
generated as Figure 2.1. Characterisation of 254R-B-4EBP1-WT14 (A), WT17 (B), 5A4 (C) and 5A11 (D) 
growth in 96-well plates through analysis of decimal (left) or log10 (right) raw absorbance (OD490) 
over time. The time between broken lines (t0 and t96) indicate the 96-hour time frame of 
hypothetical drug incubation, starting 48 hours post cell plating, of an SRB growth assay. Data points 
present the mean for five technical replicates. Data representative of three independent 
experiments. 

 

A 

B 

C 

D 
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2.4. Cell lysis and western blotting 

2.4.1. Cell lysis 

Cells were plated at 5x105 (or 1x106 in A2780-254R subclones) in 10 cm dishes or 

7.5x104 in 6-well plates and allowed to adhere for up to 72 hours. If drug treatment 

was required, cell medium was replenished after 48hrs with drug-treated media (at 

concentrations indicated in text) and incubated for 24 hours unless otherwise 

indicated. At lysis, culture medium was removed, and plates rinsed twice with 2ml 

ice-cold PBS. Ice-cold lysis buffer (50mM  HEPES pH 7.4, 250mM NaCl, 0.1% 

Nonidet-P40, 1mM DTT, 1mM EDTA pH8.0, 1mM NaF, 10mM β-glycerophosphate, 

0.1mM sodium orthovanadate and Complete™ protease inhibitor cocktail [Roche, 

Switzerland]) was added and cells were manually scraped. Lysates were collected in 

pre-chilled microcentrifuge tubes and incubated on ice for 30 minutes. Insoluble 

material in lysates were cleared by centrifugation at 14,000 x g for 10 minutes at 

4˚C, and the cleared lysate was transferred to a clean microcentrifuge tube and kept 

on ice for immediate use or snap-frozen on dry ice and stored at -80°C. 

2.4.2. Determination of protein concentration 

The bicinchoninic acid (BCA) assay was used to determine the protein concentration 

in cell lysates (Smith et al., 1985).  Cleared cell lysate was diluted 10 or 20-fold in 

double distilled (ddH2O), and 10μl was added in triplicate to a 96-well plate. 

Copper(II) sulfate solution was mixed with BCA at a 1:50 dilution, and 200μl was 

added to each well. Samples were mixed thoroughly and incubated at 37˚C for 30 

minutes. Absorbances were read at a wavelength of 560nm in a Victor X4 Multilabel 

Plate Reader (PerkinElmer Life Sciences, USA). 

Concentrations of lysates were calculated by cross-comparing the lysate absorbance 

values against a standard curve, generated from including 10μl per well in triplicate 

of bovine serum albumin (BSA) protein standards (0.1-1mg/ml) or ddH2O on every 

plate tested. Analysis was performed in Microsoft Excel 2016 (Microsoft, USA).  
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2.4.3. SDS-PAGE and western blotting 

The levels of protein expression and phosphorylation at specific sites across cell 

lysates were semi-quantitively investigated by Laemmli sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE; Laemmli, 1970) and western blotting 

(Hirano et al., 1993). 

Cell lysates were normalised to the same protein concentration in lysis buffer, and 

5X sample buffer (312.5mM Tris pH6.8, 6%(w/v) SDS, 50% glycerol, 25%(v/v) β-

mercaptoethanol, 0.25%(w/v) bromophenol blue) was added. The samples were 

subsequently denatured and reduced by boiling samples at 95°C for five minutes. 

Equal quantities of protein sample (20-70μg as required), depending on the protein 

molecular weight of interest, were loaded onto 6%, 10% or 15% Tris-glycine gels (6-

15% acrylamide/bis(v/v), 0.375M Tris pH8.8, 0.1% SDS(w/v), 0.05% ammonium 

persulfate(w/v) and 0.005% tetramethylethylenediamine) with a 4% tris-glycine 

stacking gel  (4% acrylamide/bis(v/v), 0.125M Tris pH6.8, 0.1% SDS(w/v), 0.05% 

ammonium persulfate(w/v) and 0.01% tetramethylethylenediamine) polymerised 

within 3 days of running. Gels were run in a Tris-glycine running buffer (25mM Tris, 

190mM glycine, 0.1% SDS) at 150V for 60-90 minutes. 7.5μl of Dual Precision 

Prestained Protein Markers (BioRad, USA) or Page Ruler Plus prestained protein 

ladder (ThermoFisher Scientific, USA) were loaded in separate wells to the samples 

to identify the positions of relevant sized proteins within the gel. 

Protein was transferred to methanol-activated 0.2μm pore Immobilon-P PVDF 

membrane (Millipore, USA) using the wet transfer system (Hirano et al., 1993). 

Most transfers were run at 100V for 90-120 minutes, dependent on molecular 

weight and acrylamide percentage of gel, in pre-chilled transfer buffer (25mM Tris-

base, 190mM glycine, 10%(v/v) methanol). For investigation of very high molecular 

weight proteins (i.e. eIF4G – 220 kDa), resolved 6% gels were transferred overnight 

(18-24 hours) at 30V in 4°C cold room. 

Following transfer, membranes were re-activated in methanol and incubated in 

ponceau S solution (0.1% ponceau S in 5% acetic acid) for one minute and rinsed in 
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ddH2O, to determine the quality of transfer. Membranes were appropriately sliced 

to separate proteins of interest for probing in primary antibody (Table 2.2). 

Membranes were blocked on a rocking platform at RT for one hour in blocking 

buffer: Tris Buffered Saline Tween buffer (TBST; 50mM Tris pH8.0, 150mM NaCl, 

0.1% Tween-20 (v/v)) containing 5% milk. Subsequently, membranes were 

incubated in primary antibody diluted in blocking buffer overnight at 4˚C (Table 

2.2).  Membranes were washed twice for 10 minutes with TBST, and incubated in 

goat anti-rabbit or anti-mouse secondary horseradish peroxidase-conjugated (HRP) 

antibody (BioRad, USA; Table 2.1) for one hour at RT. Membranes were washed 

four times for five minutes each, and detection was performed using Enhanced 

Chemiluminescence (ECL) Western Blotting Substrate (Pierce Biotechnology, USA) 

or Clarity™ Western ECL Blotting Substrates (Bio-Rad, USA). Bands were developed 

by exposure to Amersham Hyperfilm ECL (GE Healthcare, UK) or developed using 

Syngene GBox system and Genesys software (Syngene, USA).  

Membranes were probed for phosphorylated proteins and stripped for detection of 

total protein expression. Antibodies stripped from the membrane by incubating in a 

stripping buffer (50mM glycine, 1%(w/v) SDS, pH2.0) for five minutes on a rocking 

platform, washed twice in TBST for five minutes each, and re-probed with relevant 

antibodies overnight at 4°C or 1-3 hours at RT depending on quality of the antibody. 

2.4.1. Densitometric quantification of bands 

Quantification of band density was performed using Image J software. Images were 

imported and band density was calculated as percentage of the sum density of 

analysed bands. Each sample band normalised to its respective loading control 

(GAPDH). 
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Table 2.2 – List of antibodies used for western blot analysis. Cat No., catalogue number; CST, Cell 
Signaling Technology; PD, antibody dilution used on m7GTP agarose beads for eIF4E pull down. 

Primary antibody Supplier Cat No. Species Dilution 

4EBP1 CST, USA 9644 Rabbit 
1:4000 
PD: 1:5000 

4EBP1 pT37/T46 CST, USA 2855 Rabbit 1:1000 

AKT CST, USA 4691 Rabbit 1:5000 

AKT pS473 CST, USA 9271 Rabbit 1:1000 

AKT pT308 CST, USA 4056 Rabbit 1:1000 

Cleaved PARP CST, USA 9541 Rabbit 1:500 

c-Myc (G-4) Santa Cruz, USA sc-377552 Mouse 1:200 

Cyclin D1 (HD-11) Santa Cruz, USA SC-246 Mouse 1:1000 

eIF4E CST, USA 2067 Rabbit 
1:5000 
PD: 1:3000 

eIF4G CST, USA 2469 Rabbit 
1:5000 
PD: 1:3000 

ELK Santa Cruz, USA sc-365876 Mouse 1:200 

ELK pS383 Santa Cruz, USA sc-8406 Mouse 1:200 

ERK CST, USA 4695 Rabbit 1:1000 

ERK pT202/Y204 CST, USA 4370 Rabbit 1:1000 

GAPDH Chemicon, USA MAB374 Mouse 1:100,000 

GSK-3β CST, USA 9315 Rabbit 1:1000 

GSK-3β pS9 CST, USA 5558 Rabbit 1:1000 

His-probe Antibody (H-3) Santa Cruz, USA sc-8036 Mouse 1:200 

MEK CST, USA 9122 Rabbit 1:1000 

MEK pS217/S221 CST, USA 9154 Rabbit 1:1000 

p70 S6K CST, USA 9202 Rabbit 1:500 

p70 S6K pT389 CST, USA 9205 Rabbit 1:500 

PRAS40 CST, USA 2691 Rabbit 1:4000 

PRAS40 pT246 CST, USA 2640 Rabbit 1:2000 

p90RSK R&D Systems, USA MAB2056 Mouse 1:500 

p90RSK pT359 CST, USA 8753 Rabbit 1:500 

S6RP CST, USA 2217 Rabbit 1:4000 

S6RP pS235/236 CST, USA 2211 Rabbit 1:4000 

S6RP pS240/4 CST, USA 2215 Rabbit 1:4000 

tubulin Bio-Rad, USA 9280-0050G Rabbit 1:1000 

TSC2 CST, USA 4308 Rabbit 1:1000 

TSC2 pS939 CST, USA 3615 Rabbit 1:1000 

TSC2 pT1462 CST, USA 3617 Rabbit 1:500 

TSC2 pS1387 CST, USA 5548 Rabbit 1:1000 

Secondary antibody 

Anti-mouse HRP 
conjugate 

Bio-Rad, USA 170-6516 Goat 1:10,000 

Anti-rabbit HRP conjugate Bio-Rad, USA 170-6515 Goat 1:10,000 
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2.4.2. Co-immunoprecipitation (eIF4E) 

To investigate the interaction between eIF4E and its competitive binding partners 

eIF4G and 4EBP1, 7-methyl GTP (m7GTP) immobilised on agarose beads were used 

as a 5’ mRNA cap-mimetic to isolate eIF4E from cell lysates, and western blotting 

was used to semi-quantitatively determine the amount of each binding partner 

bound. 

Cells were plated, drug-treated if necessary, lysed and protein concentration 

determined, as described above in section 2.5.1-2, using 200μl non-denaturing lysis 

buffer (NDLB; 1X Cell Lysis Buffer: 20mM Tris-HCl pH 7.5, 150mM NaCl, 1mM 

disodium EDTA, 1mM EGTA, 1% Triton, 2.5mM sodium pyrophosphate, 1mM 

sodium orthovanadate and 1μg ml-1 leupeptin; Cell Signaling Technologies, USA). 

Lysates were diluted to 0.5mg/ml in NDLB. 

15μl immobilised γ-Aminophenyl-m7GTP agarose beads (30μl 50% slurry; Jena 

Bioscience, Germany) were washed twice with 200μl NDLB. 250μg sample was 

added to the washed beads and incubated on a rotating wheel at 4 ˚C overnight. 

Beads were centrifuged at 2,500  x g for one minute, to separate the output lysate 

from the beads and the beads were then washed three times with 400μl NDLB. 50μl 

2X sample buffer was added, and bound proteins were denatured by incubating the 

beads at 60˚C for 10 minutes to prevent agarose melting. Bead-free input and 

output lysates samples were prepared as section 2.5.2. 

eIF4G and 4EBP1 levels bound to eIF4E in prepared bead samples were analysed by 

western blotting (section 2.5.3). eIF4E was used as an equivalent loading control 

between sample conditions. 

2.5. Gene expression microarray analysis 

A2780 PAR and 254Rp cells were grown, lysed and RNA purified by Dr Denis Akan 

(Akan, 2015). RNA samples were run using the Agilent Two-Colour Microarray-

Based Gene Expression Analysis at Oxford Gene Technology (Oxford, UK) and 

supplied data was analysed by Dr Akan using Genespring GX 12.6 (Agilent 

Technologies, USA). In brief, A2780 PAR and 254Rp were assessed for significant 
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changes in expression of mRNAs using a t-test. Significance was determined as 

greater than a 2-fold change in expression. Significant mRNAs were cross-examined 

in Reactome software to identify PAM pathway components with significantly 

altered expression in 254Rp compared to PAR. 

2.6. Plasmid DNA preparation 

2.6.1. Plasmids 

All of the plasmids used in this project were obtained as kind gifts. The pRL-

(PV)IRES-FL plasmid was received from Dr Simon Cook (The Babraham Institute, 

Cambridge, UK) and reconstituted by Denis Akan in 100μl TE buffer (10mM Tris pH 

8.0, 1mM EDTA). The pcDNA5-FRT-eGFP plasmid was obtained from Professor Mark 

Smales (University of Kent, UK). The pcDNA3-4EBP1WT-HISMYC and pcDNA3-

4EBP15A-HISMYC plasmids were received from Professor Chris Proud (SAHMRI, 

Australia). 

2.6.2. Transformation of plasmid DNA 

Plasmid DNA was grown up by transforming into XL-1 calcium competent DH5α 

E.coli cells (a kind gift from Professor Mark Smales, University of Kent, UK). 10ng of 

prepared plasmid DNA was spiked into 100μl freshly thawed glycerol stock of 

competent cells.  The DNA:E.coli mixture was incubated on ice for 30 minutes, heat 

shocked at 42˚C for 90 seconds, and further incubated on ice for two minutes.  

900μl SOB media (2% (w/v) bacto-tryptone, 0.5% (w/v) yeast extract, 0.05% (w/v) 

NaCl, 20mM MgCl2 and 0.5% glucose) was added to cells and incubated at 200rpm 

at 37˚C for one hour.  Transformed bacteria were plated onto LB agar plates (1% 

(w/v) bacto-tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl and 1.5% (w/v) agar) 

containing 100μg/μl ampicillin and incubated at 37˚C overnight.  Individual colonies 

were used to inoculate 3ml lysogeny broth (LB) plates (1% (w/v) bacto-tryptone, 

0.5% (w/v) yeast extract and 1% (w/v) NaCl) supplemented with 100μg/μl ampicillin 

and incubated at 37˚C, at 130rpm overnight. For large-scale purification of plasmid 
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DNA, 3ml cultures were used to inoculate 250ml 100μg/μl ampicillin LB broth for 

incubation overnight.   

2.6.3. Plasmid preparations 

Plasmid DNA was isolated from cells by transforming DH5α E.coli and cultured 

overnight in 250ml 100μg/μl ampicillin LB broth (as section 2.6.2) and cells were 

pelleted by centrifugation at 6,000 x g at 4˚C for 15 minutes. The plasmid DNA was 

harvested from the pellet using the QIAGEN Plasmid Maxi Kit (QIAGEN, Germany) 

following the manufacturer’s instructions.  

Ethanol precipitation was used to purify and concentrate plasmid DNA. 
1

10
 volume 

3M sodium acetate pH5.2 and two volumes -20˚C ethanol (EtOH) was added to 

extracted DNA, vortexed for 10 seconds and chilled at -80 ˚C for 20 minutes. 

Precipitated DNA was centrifuged for 5 minutes at 14,000 x g, washed with 500μl 

4˚C 70% EtOH and air-dried. DNA was resuspended in sterile TE buffer and 

concentration measured using a Nanodrop ND-1000 UV/Vis spectrophotometer 

(Nanodrop, USA). 

2.7. Lipid-mediated transfection 

2.7.1. Transient transfection 

To express exogenous proteins of interest, cells were transfected using TransIT®-LT1 

(Mirus Bio, USA) and relevant protein coded plasmids. Cells were plated at 3x105 

cells per well in 6-well plate and allowed to adhere overnight.  DNA-lipid complexes 

were prepared (as per manufacturer’s instructions; 2.5μg plasmid DNA with 7.5μl 

lipid) in OptiMEM GlutaMAX (Life Technologies, USA) before addition to the cells 

and allowed 48 hours incubation for transfection and expression of plasmid to take 

place. Volumes were scaled up accordingly for the culture dish size used. 
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2.7.2. Plasmid transfection optimisation 

Transfection efficiency was optimised utilising the transfection of pcDNA5-FRT-eGFP 

(from Professor Mark Smales) to visually compare transfection efficiency by 

fluorescence microscopy. Transfection reagents tested include TransIT®-LT1 (Mirus 

Bio, USA) and Lipofectamine 2000 (ThermoFisher Scientific, USA). Cells were 

transiently transfected with 2.5μg plasmid as section 2.7.1, following 

manufacturer’s instructions and recommended DNA:lipid ratios. 48 hours post-

transfection, cells were visualised using either Leica MZ FLIII (Leica Camera AG, 

Germany) or Lumascope 620 (Etaluma, USA) fluorescence microscopes. At time of 

transfection, cells were equally confluent (80-90%) confluent. Therefore, the 

transfection efficiency was calculated and compared based on the approximate 

intensity of eGFP fluorescence. 

Transfection efficiency (%) =  
Area of GFP positive cells

Total area of cells 
 × 100 

The ideal lipid:DNA ratio was defined as the ratio which gave the greatest 

transfection efficiency for both PAR and 254R-B. Figure 2.5 and Figure 2.6 show the 

transfection in PAR cells using Lipofectamine 2000 and TransIT-LT1, respectively. 

The transfection in 254R-B cells using Lipofectamine 2000 and TransIT-LT1, were 

shown in Figure 2.7Error! Reference source not found. and Figure 2.8 respectively. 

No eGFP expression was observed in either of the mock-transfected PAR or 254R-B 

cells. The PAR cells exhibited equal intensity of transfected cells with either 

recommended lipid:DNA ratio using Lipofectamine 2000 (Figure 2.5). TransIT-LT1 

exhibited a far greater transfection efficiency in 3:1 lipid:DNA ratio and no 

transfection at 1:1 (Figure 2.6). In 254R-B, the transfection efficiency was generally 

lower than the PAR cell line in similar conditions, however the best efficiency for 

Lipofectamine 2000 at 2:1 (Figure 2.7) exhibited a similar transfection efficiency to 

either TransIT-LT1 ratios tested (Figure 2.8). TransIT-LT1 was selected at ratio 3:1 to 

carry forward for the DLRA transfection for both cell lines as this was the most 

efficient and cost-effective condition for transfection. 
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Figure 2.5 – Transfection of pcDNA5-FRT-eGFP in A2780 PAR cells using Lipofectamine 2000. 
Cells were plated at 3x105 cells per well in a 6-well plate, 24 hours prior to transfection. 2.5µg of 
pcDNA5-FRT-eGFP or RNAse free water (mock) was complexed with two recommended transfection 
reagent (TR):DNA ratios, and added to cells as per manufacturer’s instructions. Cells were visualised 
at 40X magnification under FITC or brightfield, 48 hours post-transfection. 
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Figure 2.6 – Transfection of pcDNA5-FRT-eGFP in A2780 PAR cells using Trans-IT LT1. 
PAR cells were plated, transfected and visualised as Figure 2.5, using Trans-IT as transfection 
reagent. 40X magnification. 
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Figure 2.7 – Transfection of pcDNA5-FRT-eGFP in A2780 254R-B cells using Lipofectamine 2000. 
254R-B cells were plated, transfected and visualised as Figure 2.5, using Lipofectamine 2000 as 
transfection reagent. 40X magnification. 
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Figure 2.8 – Transfection of pcDNA5-FRT-eGFP in A2780 254R-B cells using Trans-IT LT1. 
254R-B cells were plated, transfected and visualised as Figure 2.5, using Trans-IT LT1 as transfection 
reagent. 40X magnification. 

 



2. Materials and Methods 

 

 

93 
 

2.7.3. Generation of stable over-expressing 4EBP1 cell lines 

For stable expression of protein of interest (i.e. 4EBP1), transfected cells were 

treated with geneticin (G418) to select for cells with plasmid and geneticin 

resistance marker incorporated into the genome. Cells were plated at 5x105 cells in 

T25 flasks and allowed to adhere overnight. 6.5μg plasmid DNA (pcDNA3, pcDNA3-

4EBP1WT-HISMYC or pcDNA3-4EBP15A-HISMYC) was complexed with 18.75μl 

TransIT®-LT1 in OptiMEM GlutaMAX for 15-30 minutes, before addition to cells and 

allowed 48 hours incubation at normal growth conditions (section 2.2.1).  

Transfected cells were subsequently trypsinised and cells were plated across all six 

wells of a 6-well plate and allowed to adhere for six hours. The cells were treated 

with a variety of concentrations of G418 (as determined by kill curve in section 

2.7.4) between 0.25 and 1.5mg/ml under normal growth conditions, with drug-

treated media replenished every 2-3 days until resistant populations developed. 

Mock transfected cells were run alongside transfected cells to identify when all 

remaining cells in plasmid transfected plates are resistant to G418. 

Single colonies were isolated once reaching a sufficient colony size (approximately 

1mm) within 11-21 days of plating. Culture medium was removed carefully by 

pipetting away from the colonies and transferred by sucking it up with a pipette tip 

pre-dipped in trypsin. Cells were resuspended in trypsin to break up the colony and 

immediately transferred to 500μl complete DMEM in a 24-well plate. At 70% 

confluency, cells were passaged to T25 flasks. After isolation of colonies, cells were 

maintained in half concentration of G418 used for their selection to ensure plasmid 

remained incorporated into the genome. 

2.7.4. G418 kill curve 

Cells were mock transfected with TransIT®-LT1 in T25 flasks as section 2.7.3 and 

RNAse-free dH2O to replace plasmid DNA. Following plating into a 6-well plate, cells 

were drugged with 0.25, 0.5, 0.75, 1.0 and 1.5mg/ml G418. Drug-treated media was 

replenished every 2-3 days for a period of 10 days. Pictures of cells were taken using 

the Olympus CKX53 Inverted Microscope and GXCAM-U3-5 camera (Olympus, USA).   
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2.8. Cap-dependent protein synthesis assay 

2.8.1. Dual luciferase reporter assay 

A dual luciferase reporter assay was used to determine the relative level of cap-

dependent mRNA translation through use of the bicistronic pRL-IRES-FL dual 

luciferase plasmid. The plasmid contains two luciferase genes, Renilla and firefly, 

separated by a polioviral IRES (Li et al., 2002; Cope et al., 2014). Renilla luciferase 

mRNA translation is an indicator of cap-dependent protein synthesis, whereas 

firefly luciferase mRNA translation is driven by IRES-mediated protein synthesis. 

Renilla expression was normalised to firefly luciferase expression as a control, in 

order to compare relative cap-dependent protein synthesis across transfected cells 

with differing transfection efficiencies. 

Cells were plated at 1x105 cells per well in six-well plates and allowed to adhere 

overnight. Cells were transfected with pRL-IRES-FL plasmid, pcDNA5-FRT-eGFP 

(transfection positive control) or RNAse-free ddH2O (mock transfection) using 

TransIT®-LT1, as described in section 2.7.1.  Cells were incubated in normal growth 

conditions for 48 hours post-transfection to allow gene expression before lysis. 

Lysis and determination of luciferase expression was carried out as per 

manufacturer’s instructions from the Dual-Luciferase Reporter Assay System 

(Promega, USA). For lysis, cells were washed twice with pre-chilled PBS, lysed and 

scraped in 250μl 1X Passive Lysis Buffer and collected in microcentrifuge tubes to 

incubate on ice for 15 minutes. Lysates were cleared by centrifugation at 14,000 x g 

for three minutes at 4°C, and either used immediately or snap-frozen and stored at 

-80˚C for later use.  Protein concentration of cleared lysates was determined by BCA 

assay (section 2.4.2) and lysates were normalised to the same protein concentration 

in 1X Passive Lysis Buffer. 

For the dual luciferase assay, 20μl of sample was pipetted into triplicate wells of 

opaque white-walled 96-well plates. To determine firefly luciferase levels, 100μl of 

Luciferase Assay Reagent II was added, and samples were mixed by pipetting up and 

down thrice. Luciferase activity as light emitted was immediately measured using 



2. Materials and Methods 

 

 

95 
 

the default luciferase protocol on Victor X4 Multilabel Plate Reader (PerkinElmer 

Life Sciences, USA), utilising a one second measurement period.  The firefly 

luciferase reaction was stopped and Renilla luciferase reaction initiated by adding 

100μl Stop & Glo reagent and mixed thoroughly by pipetting. Renilla luciferase 

activity was immediately measured as described above.                                                                                                        

Raw signals for Renilla and firefly were blank corrected with mock transfected cell 

lysate from the relevant cell line, and transfection efficiency ratio as calculated in 

section 2.8.2 was used to correct signals to the control (i.e. A2780 PAR) and observe 

comparative raw luciferase signals. Blank corrected Renilla values were normalised 

to blank corrected firefly luciferase signals in order to compare relative cap-

dependent protein synthesis between A2780 PAR and resistant cells. Data analysis 

was performed in Microsoft Excel 2016. 

2.9. Polysome Profiling 

2.9.1. Cell lysis 

Cells were plated at 15x106 in T175 flasks and allowed to adhere overnight. At time 

of harvest, cells were spiked with cycloheximide to 0.1mg/ml final concentration 

and incubated for five minutes at 37°C. Culture medium was removed, and cells 

washed twice with ice-cold 0.1mg/ml cycloheximide in PBS. Ice-cold polysome 

profiling lysis buffer (300mM NaCl, 15mM Tris-HCl pH7.5, 15mM MgCl2, 0.5% (v/v) 

TritonX-100, 5mM β-mercaptoethanol, 0.5mM phenylmethylsulfonyl fluoride 

(PMSF) and 0.1mg/ml cycloheximide in RNase/DNase free H2O) was added and cells 

were scraped. Lysates were collected in pre-chilled RNase/DNase free 

microcentrifuge tubes and incubated on ice for five minutes. Lysates were cleared 

of insoluble material by centrifugation at 10,000 x g for three minutes at 4°C and 

were transferred to a fresh RNase/DNase free microcentrifuge tube and kept on ice 

for immediate use or snap-frozen on dry ice to store at -80°C. The protein 

concentration of lysates was determined using the BCA assay (section 2.4.2). 
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2.9.2. Polysome and sub-polysome separation by sucrose gradient and 

polysome profiling 

1ml of each lysate was loaded onto separate 10-50% RNase/DNase free sucrose 

gradients (Acros Organics, USA; frozen when made and allowed to thaw and 

gradients diffuse overnight) in Beckman 14x96mm polyallomer tubes (Beckman 

Coulter, USA). These were centrifuged at 180,000 x g for 135 minutes at 4°C. 

Absorbance of gradient fractions were read at a wavelength of 254nm in a BR-188 

Gradient Fractionation System (Brandel, USA) to draw a physical or digital trace 

over time. The traces were analysed either by importing the digital copy into 

Microsoft Excel 2016 software, or by scanning the hard copy using CanoScan 

LiDE120 (Canon., Japan), tracing in Inkscape and calculating the area under the 

curve using ImageJ software (Zuccotti and Modelska, 2016). The area under the 

curves were calculated separately to measure the relative sub-polysome and 

polysome percentages.  

2.10. Knockdown of gene expression with small interfering RNA 

2.10.1. siRNA knockdown 

Transfection of small interfering RNA (siRNA) oligonucleotides was used to facilitate 

transient knockdown of target gene expression, using Lipofectamine 2000. The 

oligonucleotide sequences used to deplete gene expression are listed in Table 2.3. 

Oligonucleotide-lipid complexes were prepared (as per manufacturer’s instructions) 

in OptiMEM GlutaMAX and incubated at RT for 15 minutes to allow for complex 

formation.  

Meanwhile, cells were trypsinized and counted for reverse transfection. For 96-well 

plates, 50μl of oligonucleotide-lipid complex was added to each well before 

addition of 1x104 cells in 110μl complete DMEM per well. Transfected cells were 

allowed 24 hours incubation in normal growth conditions for sufficient knockdown 

of target mRNA to take place, before drug treatment in 40μl per well (as SRB growth 

assay, section 2.4.2.) Cells were incubated for a further 72 hours in normal growth 



2. Materials and Methods 

 

 

97 
 

conditions and plates were fixed, stained and analysed as SRB growth assay (section 

2.4.2). 

For analysis of protein knockdown levels by western blot, cells were transfected in 

three 6-well plates with 0.5ml oligonucleotide/lipid mixture and 1.1ml of 3x105 cells 

per well and 400μl complete DMEM was added at time of 96-well plate drug 

treatment.  Cells were harvested at 24 hours (96-well plate drug treatment), 48 

hours (optimal knock down) and at 96 hours (SRB assay end time point) post 

reverse-transfection and analysed by western blot as described in section 2.5. 

2.10.1. siRNA knockdown optimisation 

To ensure the greatest target gene knockdown with limited toxicity (Chapter 6), 

transfection conditions such as cell seeding concentrations and transfection reagent 

percentage were optimised. Several transfection reagents including HiPerFect 

(QIAGEN, Germany), TransIT®-X2 (Mirus Bio, USA) and Lipofectamine 2000 (Life 

Technologies, USA) were tested at a range of 0.1-0.4% 5nM and 20nM Death 

control oligonucleotides (QIAGEN, USA) were transfected as a means of 

determining transfection efficiency, and mock transfection (RNAse-free water) and 

non-targeting oligonucleotides were used as a negative control to investigate 

toxicity of transfection reagent conditions.  

Preliminary optimisation was carried out over three seeding concentrations of PAR 

cells: 4,000, 8,000 and 16,000 cells per well across all three transfection reagents.  

The results in Figure 2.9 show that across all transfection reagents and seeding 

concentrations, an increase in titrated transfection reagent increased toxicity. At 

4,000 cells per well, the culture viability of mock and NT transfected cells was 

reduced by at least 50% with the lowest concentration (0.1%) of either 

Lipofectamine 2000 or TransIT-X2. Although minimal toxicity was witnessed at 0.1% 

with HiPerFect (84% culture viability), the culture viability with either death 

oligonucleotide concentration was high (62-72% culture viability), indicating poor 

transfection efficiency at 4,000 cells per well.  
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At greater seeding concentrations, less toxicity with mock or NT transfection was 

witnessed for all transfection reagents. HiPerFect was again the least toxic of all 

lipids, regardless of concentration (55-98%), however it again exhibited the lowest 

growth inhibition with transfection of the death oligonucleotide. At 16,000 cells per 

well, HiPerFect exhibited no window between the mock, NT and the death 

oligonucleotide controls at 0.1-0.2% lipid. TransIT-X2 was less toxic than 

Lipofectamine 2000, and comparatively transfected 25nM death oligonucleotide 

more effectively than HiPerFect, however the transfection efficiency of the 5nM 

death oligonucleotide was poor, exhibiting no greater reduction in culture viability 

than the mock and NT controls. Although Lipofectamine 2000 was toxic at 4,000 

cells per well, it appeared to have the greatest toxicity-effectivity window of all 

lipids at 8,000 (0.1% lipid) and 16,000 (0.2% lipid) cells per well seeded with a 57-

59% difference in culture viability between mock and NT controls and death 

oligonucleotides. Therefore Lipofectamine 2000 was taken forward for further 

optimisation. 

As large toxicity-effectivity windows existed for transfections for both 8,000 and 

16,000 cells per well seeding concentrations at 0.1-0.2% Lipofectamine 2000, the 

seeding concentration was further optimised – investigating 10,000 and 13,000 cells 

per well. Figure 2.10 shows that both seeding concentrations exhibited larger 

toxicity-effectivity windows, particularly at 0.1% Lipofectamine. However, the 

culture viability of the mock and NT controls with 0.2% Lipofectamine 2000 was 

reduced from 82-89% with 16,000 cells per well to 54-69% with the lower 

concentrations. Figure 2.11Error! Reference source not found. presents a summary 

of the toxicity and effectivity of 0.1% Lipofectamine 2000 across the seeding 

concentrations tested in Figures 2.9 and 2.10. The greatest window was observed 

with a seeding concentration of 10,000 cells per well, with a culture viability of at 

least 95% for the mock and NT controls, and less than 13% for both death 

oligonucleotide controls. Therefore, the optimal conditions for PAR siRNA 

transfection were defined as 0.1% Lipofactamine 2000 and seeding 10,000 cells per 

well. 
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Figure 2.9 – Determining optimal transfection reagent for siRNA knockdown studies in PAR cells 
A2780 PAR cells plated at 4,000 (top row), 8,000 (middle row) or 16,000 (bottom row) cells per well 
were reverse transfected with HiPerFect (left column), Lipofectamine 2000 (middle column) or 
TransIT-X2 (right column) at the concentrations indicated, with RNAse free water (mock), 25nM non-
targeting Allstarnegative control oligonucleotide (NT), or 5 or 25nM Allstar positive control 
oligonucleotide (Death). After 96 hours cells were subsequently fixed and analysed using the SRB 
culture viability assay. All data were normalised to the mock untransfected control (0% transfection 
reagent) and analysed using GraphPad Prism 6.  

 

Figure 2.10 – Optimisation of PAR seeding concentration with lipofectamine 2000 reagent  
A2780 PAR cells plated at 10,000 (left), 13,000 (middle) or 16000 (right) cells per well were reverse 
transfected with Lipofectamine 2000 (middle) at the concentrations indicated with oligonucleotides 
as Figure 2.9. SRB growth assay was performed and analysed as Figure 2.9. 
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Figure 2.11 – Transfection efficiency and toxicity at 0.1% Lipofectamine across seeding 
concentrations  
The effect on culture viability of A2780 PAR cells across the seeding concentrations investigated in 
Figure 2.9 and 2.10, after reverse-transfection with 0.1% Lipofectamine 2000.  

After optimisation of cell seeding concentration and transfection reagent 

percentage, target gene knockdown was optimised. Reverse transfection of gene 

targeting oligonucleotides was performed as section 2.9.1 in 6 well plates with 

concentrations of 1, 3, 10 and 30nM.  

Initially, three 4EBP1-targeting oligonucleotides were tested for their ability to 

knockdown 4EBP1 levels at two concentrations 3nM and 10nM after 48 hours. The 

oligonucleotides were Stealth, Flexitube 2 and Flexitube 5 and their targets on 

4EBP1 mRNA are indicated on Figure 2.12A. The optimised reverse transfection 

conditions were scaled up to 6-well dishes to yield sufficient protein for western 

blotting. Figure 2.12B showed that the NT control transfection did not reduce 4EBP1 

levels, compared with the mock transfection control. All three oligonucleotides 

tested reduced the expression of 4EBP1. Flexitube 5 gave the greatest reduction in 

4EBP1 levels, especially at 10nM. Flexitube 2 exhibited some knockdown of 4EBP1 

but not to the same level as Flexitube 5. The Stealth oligonucleotide gave the least 

effective knockdown. Therefore, Flexitube oligonucleotides 2 & 5 were taken 

forward for 4EBP1 siRNA knockdown in Chapter 6. 
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Figure 2.12 – Optimisation of 4EBP1 oligonucleotide knockdown 
(A) Schematic of the regions of 4EBP1 mRNA where the 4EBP1 oligonucleotides, Stealth, Flexitube 2 
and 5 target. (B) Western blot analysis of 4EBP1 knockdown with 4EBP1 oligonucleotides. A2780 PAR 
cells were reverse transfected with RNAse free water (mock; M), 25nM non-targeting Allstar 
negative control oligonucleotide (NT), or 4EBP1 oligonucleotide (Stealth, Flexitube 2 or 5) at 
concentrations indicated. Reverse-transfection was performed using 0.1% Lipofectamine 2000 in 6-
well plates and incubated for 48 hours. Cells were subsequently lysed and analysed by western 
blotting. Lysate proteins were separated by SDS-PAGE, transferred to PVDF membranes and probed 
with antibodies against phosphorylated proteins and developed. Membranes were probed with 
antibodies as indicated. GAPDH was used as a loading control. 

A 

B 



 

 

 

102 
 

 

 
 

 

 

 

 

Chapter 3 

3. Identification of candidate drivers of 
resistance to capivasertib in A2780 254Rp 

  



3. Identification of candidate drivers of resistance to capivasertib in A2780 254Rp  

 

 

103 
 

3. Identification of candidate drivers of resistance to 

capivasertib in A2780 254Rp cells 

3.1. Introduction 

The majority of deaths from cancer are due to the failure of treatment by drug 

resistance, which is as high as 90% in metastatic cancers (Longley and Johnston, 

2005). Despite the development of novel molecular-targeted therapies, drug 

resistance remains a major barrier to their success as well.  

There are many research groups looking to identify mechanisms of drug resistance, 

and there are several methods by which to do this. Characterisation of patient-

derived samples would be the ideal method to provide the most clinically relevant 

mechanisms. However, due to logistical issues, patient-derived samples may not 

necessarily be the most practical model. Regardless, these clinical samples have 

been applied to validate the clinical relevance of mechanisms identified through in 

vitro based methods (Nazarian et al., 2010; Garraway and Jänne, 2012). The most 

common methodologies are the use of functional genomics; bioinformatic screens 

and comparative characterisation of isogenic and non-isogenic resistant cell lines 

(Garraway and Jänne, 2012). 

Isogenic cell lines were used for this project, and may be acquired in two ways: 1) 

mimicking the cyclic treatment of chemotherapy by short-term pulsing of cells with 

a clinically relevant concentration of inhibitor over an extended period of time or, 2) 

by the dose-escalation method (Garraway and Jänne, 2012; McDermott et al., 

2014). Although 1) is the most clinically relevant method for generating acquired 

resistant populations, the resistance is often low and transient (McDermott et al., 

2014). The dose escalation method frequently generates resistance which is higher 

and more stable and thus more practical for investigation. Although this method is 

clinically artificial in comparison, it is a proven successful means of identifying 

clinically relevant resistance mechanisms (Nazarian et al., 2010).  
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This thesis sets to carry on the work initiated by Dr Denis Akan (Akan, 2015) to 

identify candidate resistance mechanisms to capivasertib. The isogenic A2780 

254Rp cell line was generated by dose escalating the heterogenetic A2780 parental 

(PAR) cells with the capivasertib-analogue, CCT129254 over time and monitored for 

increase in half-maximal growth inhibition concentrations (GI50) to the drug.  After 6 

months, the resistant subpopulation GI50 to CCT129254 was twenty times greater 

than the original PAR line. The cells were also cross-resistant to capivasertib. A2780 

254Rp showed no cross-resistance to cytotoxic chemotherapeutics, nor 

overexpressed MDR1 (multidrug resistance protein 1), compared to PAR, which thus 

suggested resistance was not due to a general drug-efflux mechanism. A2780 254Rp 

did exhibit resistance to multiple AKT, PI3K and mTORC inhibitors and changes in 

the baseline phosphorylation of S473 and T308 of AKT, indicative of increased 

activation. Sequencing of AKT isoforms observed no mutations between PAR and 

254Rp. Exome sequencing identified a novel mutation in PHLPP1, an AKT and 

p70S6K phosphatase, however knockdown of PHLPP1 alone in PAR cells did not 

induce capivasertib resistance. Baseline expression of p70S6K was increased and 

4EBP1 was decreased in the 254Rp cell line, and phosphorylation of both proteins 

was resistant to AKT inhibition by MK-2206 and CCT129254, but not to the mTORC 

inhibitors everolimus or vistusertib. The resistant cell line exhibited reduced 4EBP1 

binding with eIF4E and concomitant increase in eIF4G to eIF4E binding and cap-

dependent protein synthesis. As p70S6K and 4EBP1 are both mTORC1 substrates, 

the data taken together suggested that mTORC1 activity was increased in A2780 

254Rp, resulting in increased cap-dependent protein synthesis driving acquired 

resistance to capivasertib (Akan, 2015). 

This aim of this chapter was to validate the mTORC1 hyperactivity in A2780 254Rp 

cells as observed by Dr Akan and identify the acquired mechanism driving the 

mTORC1 hyperactivity and resistance to capivasertib. 
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3.2. Results 

3.2.1. Investigation of morphology of A2780 PAR and 254Rp cell lines 

Examining cellular morphology is a simple and direct way of characterising cells and 

can easily highlight any distinct changes between cell lines, which may be the 

phenotypic result of the resistance mechanism. An example is the epithelial to 

mesenchymal transition (EMT; Beaufort et al., 2014; Haslehurst et al., 2012). 

Figure 3.1A shows the morphology of the A2780 PAR and 254Rp. Figure 3.1B also 

presents the morphology data in a quantifiable way, through the average number of 

protrusions per cell in a population. Both PAR and 254Rp cell lines were adherent 

and regularly shaped with few protrusions, consistent with epithelial-like cells such 

as A2780 (Haslehurst et al., 2012). The individual cells of the PAR cell line were 

generally more rounded and appeared ‘pebble-like’, with on average 1.4 

protrusions per cell. The untreated 254Rp cells (254Rp [UT]), were more polygonal 

in shape with on average 1.6 protrusions per cell.  

254Rp were maintained in 56μM of CCT129254, to ensure retention of resistance 

mechanisms. This was the maximum concentration used in generation of this 

isogenic cell line by Dr Denis Akan (Akan, 2015). When maintained in CCT129254 

(254Rp (T)), the cells exhibited a very flat morphology across the dish, with a greater 

number of protrusions per cell (2.6), compared with 254Rp (UT). 
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Figure 3.1 – Morphology of A2780 PAR and 254Rp cell lines.  
(A) Morphology of A2780 PAR and 254Rp cell lines at 40x magnification, phase contrast. Cells were 
plated to the same cell concentration (5x105 cells in T25 flask) and left to adhere for 24 hours. UT= 
released from maintenance in CCT129254 for one week, T = maintained in 56μM CCT129254. Scale 
bar indicates 100μm. Representative of two repeats. (B) Bar chart of average protrusions per cell. 

3.2.2. Profiling of A2780-254Rp cell line sensitivity to PAM inhibition  

The A2780 254Rp cell line was generated by Dr Denis Akan (Akan, 2015) using 

CCT129254, an analogue of capivasertib. The cross-resistance of 254Rp to 

capivasertib was therefore investigated to confirm this cell line as a relevant model 

for identifying resistance mechanisms to the drug. 

GI50 determinations for the PAR and 254Rp cell lines were carried out using the SRB 

growth assay. The wells were plated at the optimised seeding concentration (800 

cells per well) and incubated with a serial dilution of inhibitor for 96 hours, and the 

percentage of remaining surviving cells was determined using the SRB dye (Skehan 

et al., 1990). The GI50 was determined as the concentration by which the 

percentage of remaining cells was 50% of the untreated control. The ratio of 254Rp 
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GI50 to PAR GI50 was used to calculate the Resistance Factor (RF) and defined the 

level of resistance in 254Rp. 

𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 (𝑅𝐹) =  
254𝑅𝑝 𝐺𝐼50

𝑃𝐴𝑅 𝐺𝐼50
 

As shown in the example dose response curves in Figure 3.2, the 254Rp cell line 

showed a clear difference in GI50 concentration to CCT129254 (15.73µM) compared 

with PAR (0.71μM), resulting in an RF value of 23.2. There was an even greater fold 

resistance to capivasertib, with a PAR GI50 of 0.11μM and 254Rp GI50 of 10.92μM, 

corresponding to nearly 100-fold resistance. This indicated that the 254Rp cell line 

was resistant to both CCT129254 and its analogue capivasertib and was thus 

confirmed to be a relevant model for identifying mechanisms of capivasertib 

resistance. 

  



3. Identification of candidate drivers of resistance to capivasertib in A2780 254Rp  

 

 

108 
 

 

Figure 3.2 – Determination of resistance of A2780 254Rp cells to CCT129254 and capivasertib. 
(A) A simplified schematic to show the target of capivasertib and its close analogue CCT129254 to 
the ATP-binding pocket of AKT. Pointed arrows indicate activation, block-head arrows indicate 
inhibition. PIP3 = PtdIns(3,4,5)P3. Periods (.) indicate protein interaction and binding. (B) 
Representative dose response curves for CCT129254 (left) and capivasertib (right). A2780 PAR and 
254Rp cells were treated with serially diluted concentrations of drug for 96 hours and surviving cells 
were determined by SRB growth assay. Dose response curves generated and half-maximal growth 
inhibition concentrations (GI50) were calculated using GraphPad Prism 6. Data points present mean ± 
SD of three technical replicates. The broken line on the Y-axis indicates the points on the curves 
where growth was inhibited by 50% (GI50). Data representative of ≥four independent experiments. 
(C) Summary of GI50 concentrations and resistance factors (RF) to CCT129254 and capivasertib in 
A2780 PAR and 254Rp cells. GI50 values presented as mean ± SD of GI50 values from ≥four 
independent experiments. Resistance Factors (RF) presented as mean RF of ≥four independent 
experiments. Individual independent RF values calculated as the ratio of 254Rp GI50 to PAR GI50. N = 
number of independent experiments. Statistics: Unpaired t test with Welch’s correction of 254Rp to 
PAR GI50 values, *p<0.05, **p<0.01, ***p<0.001, N.S = non-significant. Values rounded to two 
decimal places. 
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Alteration of the drug target is one of the simplest resistance mechanisms that can 

reactivate the drug-targeted pathway (Konieczkowski et al., 2018). Previous studies 

show that alterations in AKT lead to resistance to AKT inhibitors (Carpten et al., 

2007; Stottrup et al., 2016). As 254Rp showed cross-resistance to capivasertib, 

cross-resistance profiling with other AKT inhibitors (ipatasertib and MK-2206) was 

investigated. 

Ipatasertib (GDC-0068) is an ATP-competitive kinase inhibitor of AKT (Figure 3.3A; 

Blake et al., 2012; Lin et al., 2013) which is currently in Phase III clinical trials as a 

combination therapy with paclitaxel, abiraterone or palbociclib, particularly in 

breast and prostate cancers. Tumour populations with hyperactive PAM pathway 

signalling showed the greater sensitivity (clinicaltrials.gov; Tabernero et al., 2011). 

The structure of ipatasertib is similar to capivasertib (Figures 1.9 and 1.10), so it is 

therefore unsurprising that 254Rp showed significant cross-resistance to ipatasertib 

(Figure 3.3) with a GI50 of 6.33μM compared with a PAR GI50 of 0.14μM, which 

equated to nearly 50-fold resistance. 

MK-2206 is a non-ATP-competitive allosteric AKT inhibitor. It is highly selective for 

AKT and induces a ‘closed’ conformational change in the kinase to inhibit both its 

activation and activity (Lindsley, 2010; Mundi et al., 2016). It is currently in Phase II 

clinical trials (clinicaltrials.gov). Interestingly, 254Rp was also significantly resistant 

to allosteric AKT inhibition by MK-2206 (Figure 3.3), with a GI50 value of 2.17μM 

compared with a PAR GI50 of 0.08μM, corresponding to a 27.2-fold RF.  

Taken together, these data showed that 254Rp cells were resistant to AKT inhibitors 

despite inhibition by two different methods.  
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Figure 3.3 – Determination of resistance of A2780 254Rp cells to ipatasertib and MK-2206. 
(A) A simplified schematic to show the target of the ATP-competitive inhibitor ipatasertib to the ATP-
binding pocket of AKT and allosteric inhibitor MK-2206, through blocking the binding of AKT to 
PtdIns(3,4,5)P3 (PIP3). Pointed arrows indicate activation, block-head arrows indicate inhibition. 
Periods (.) indicate protein interaction and binding. (B) Representative dose response curves for 
ipatasertib (left) or MK-2206 (right), as Figure 3.2. Data representative of ≥four independent 
experiments. (C) Summary of GI50 concentrations (GI50) and resistance factors (RF) to MK-2206 and 
ipatasertib in A2780 PAR and 254Rp cells, analysed and formatted as Figure 3.2. 

 

The most common resistance mechanisms to targeted therapies are those that 

reactivate the originally inhibited signalling pathway (Konieczkowski et al., 2018). To 

further investigate whether the resistance mechanism may circumvent AKT activity 

by reactivating the PAM pathway, cross-resistance to inhibitors of other nodes of 
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the PAM pathway was examined, including PI3K inhibition with pictilisib (GDC-0941) 

and mTORC inhibitors everolimus (RAD001) and vistusertib (AZD2014). 

Pictilisib is an ATP-competitive pan-class I PI3K inhibitor (Folkes et al., 2008), 

targeting upstream of AKT. As observed in Figure 3.4, 254Rp was resistant to 

pictilisib showing a 9.8 fold increase in GI50 (21.8μM) compared to PAR (162.7μM). 

Everolimus is an allosteric inhibitor of the mTOR complex 1 (mTORC1; Schuler et al., 

1997; Sedrani et al., 1998). It is an analogue of rapamycin (rapalogue) and acts with 

a similar mechanism of action by forming a complex with FKBP12 which can bind to 

the FKBP12-rapamycin-binding (FRB) domain of mTOR and inhibit substrate 

recruitment to mTORC1 by steric hinderance (Yip et al., 2010; Aylett et al., 2016). 

Vistusertib is an ATP-competitive mTOR kinase inhibitor and negates the activity of 

both mTOR complexes 1 and 2 (Pike et al., 2013). Figure 3.4 shows that 254Rp cells 

exhibited resistance to both inhibitors, however the cells were more resistant to 

inhibition of both complexes by vistusertib (4.6 RF) than mTORC1 specific inhibition 

by everolimus (2.8 RF).  

As 254Rp cells were identified as resistant to mTORC1 inhibition, cross-resistance to 

inhibitors targeting downstream of this complex was investigated. Two of the best 

studied substrates are p70S6K and 4EBP1, both of which are involved in cap-

dependent protein synthesis (CDPS; Wang and Proud, 2011; Huang and Fingar, 

2014). Therefore, the response to the CDPS inhibitors, 4EGI-1 and MRT00206081 

was investigated.  

As illustrated in Figure 3.5A, 4EGI-1 is an inhibitor of the binding of eIF4E and eIF4G 

directly (Moerke et al., 2007) and also indirectly by enhancing 4EBP1 activity to 

sequester eIF4E (Sekiyama et al., 2015). Wang et al., 2015 suggests it weakly targets 

mTORC1 as well. MRT00206081 is a selective MNK inhibitor kindly donated by Andy 

Merritt and Ed McIver from MRC Technology. Interestingly, no cross-resistance was 

observed to 4EGI-1 or MRT00206081, with resistance factors below 2-fold (1.4 and 

1.7 RF respectively; Figure 3.5).  
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Figure 3.4 – Determination of resistance of A2780 254Rp cells to PI3K and mTOR inhibitors.  
(A) A simplified schematic to show the target of the mTORC1 specific rapalogue everolimus, mTOR 
kinase inhibitor vistusertib and PI3K inhibitor pictilisib. Pointed arrows indicate activation, block-
head arrows indicate inhibition. Periods (.) indicate protein interaction and binding. (B) 
Representative dose response curves for pictilisib (top left), everolimus (bottom left) or vistusertib 
(bottom right), as Figure 3.2. Data representative of ≥three independent experiments. (C) Summary 
of GI50 concentrations (GI50) and resistance factors (RF) to pictilisib, everolimus or vistusertib in 
A2780 PAR and 254Rp cells, analysed and formatted as Figure 3.2. 
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Figure 3.5 – Determination of resistance of A2780 254Rp cells to protein synthesis inhibitors 
(A) A simplified schematic to show the target of the eIF4E/eIF4G interaction inhibitor 4EGI-1, and 
MNK inhibitor MRT00206081. Pointed arrows indicate activation, block-head arrows indicate 
inhibition. Periods (.) indicate protein interaction and binding. (B) Representative dose response 
curves for 4EGI-1 (left), and MRT00206081 (right), formatted as Figure 3.2. Data representative of 
≥three independent experiments. (C) Summary of GI50 concentrations (GI50) and resistance factor 
(RF) values to 4EGI-1 and MRT00206081 in A2780 PAR and 254Rp cells, analysed and formatted as 
Figure 3.2. 

Figure 3.6 shows a comparative summary of the resistance factors for all drugs 

tested. 254Rp cells were significantly resistant to AKT inhibitors (23-100 RF), less 
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resistant to PI3K and mTORC inhibitors (3-10 RF), whereas no significant cross 

resistance was observed with protein synthesis inhibitors.  

 

Figure 3.6 – Graphical summary of resistance factors of A2780 254Rp cells.  
Bar chart representing mean and error bars as SD for 254Rp RF values for all AKT (green), PI3K (blue), 
mTORC (orange) and protein synthesis (pink) inhibitors investigated in chapter 3.2. Mean RF values 
and SD calculated as average of RF values and SD from ≥ three individual experiments. Individual RF 
values calculated as ratio of 254Rp GI50 to PAR GI50. Statistics as calculated in Figure 3.2. 

3.2.3. PAM pathway signalling in A2780 PAR and 254Rp cells 

Cross-resistance to inhibitors of mTORC1 but not CDPS (Figure 3.6) suggested that 

the resistance mechanism may involve signalling downstream of mTORC1. 

Therefore, PAM pathway signalling proximal to mTORC1 was investigated by 

western blotting.  

Clear differences in the baseline levels of phosphorylation were observed in several 

components of the PAM pathway (Figure 3.7). There was a small decrease in AKT 

phosphorylation at serine 473 (S473) between PAR and 254Rp, which is 

phosphorylated by mTORC2 and is indicative of decreased maximal activity of AKT 

(Pearce et al., 2010). This may cause the reduction in serine 9 (S9) phosphorylation 

on GSK-3β but was not reflected in reduced signalling at threonine 246 (T246) of 

PRAS40; both direct substrates of AKT.  
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The most significant changes in signalling were downstream of mTORC1. There was 

a marked increase in phosphorylation of serine 235 and 236 (S235/6) of S6RP (S6 

ribosomal protein), which is phosphorylated by p70S6K (p70 ribosomal S6 kinase) 

and p90RSK (p90 ribosomal S6 kinase; Roux et al., 2007). 4EBP1 (eukaryotic 

translation initiation factor 4E [eIF4E]-binding protein 1), exhibited a reduction in 

expression and phosphorylation at threonine 37 and 46 (T37/46) in 254Rp 

compared to PAR, which is directly targeted by mTORC1 (Figure 3.7B). These 

residues are priming sites by mTORC1, which lead to phosphorylation of further 

residues on 4EBP1 to fully inhibit its ability to bind to eIF4E (Fadden et al., 1997; 

Herbert et al., 2002). The ratio of p4EBP1 to total 4EBP1 expression can influence  

4EBP1/eIF4E stoichiometry, therefore densitometric analysis was performed on the 

baseline phosphorylation and expression of 4EBP1. Figure 3.9C shows there was a 

significant reduction in p4EBP1:4EBP1 ratio from 0.75 to 0.45, resulting in a 1.67 

fold reduction between PAR and 254Rp, which suggests there may be an alteration 

on 4EBP1/eIF4E stoichiometry. Hyperphosphorylation of 4EBP1 has been previously 

reported to increase 4EBP1 degradation (Elia et al., 2008), although other studies 

have directly conflicted with this finding (Yanagiya et al., 2012). 

Taken together, the increased S6RP activity may suggest increased mTORC1 activity, 

although it is unclear whether p4EBP1 is increased due to reduced 4EBP1 

expression. Although PRAS40 is involved in mTORC1 regulation, there was no 

alteration of T246 phosphorylation in 254Rp and thus unlikely the cause of 

increased mTORC1 activity in 254Rp. 
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Figure 3.7 - Baseline signalling of key nodes in PAM pathway in A2780 PAR and 254Rp cell lines.  
(A) Western blot of the baseline signalling in PAM pathway. Cells were plated at 5x105 in 10cm tissue 
culture dishes and incubated at normal growth conditions for 72 hours. 254Rp cells were released 
from CCT129254 at least one week prior to plating. Lysate proteins were separated by SDS-PAGE, 
transferred to PVDF membranes and probed with antibodies against phosphorylated proteins and 
developed. Subsequently, blots were stripped and reprobed with antibodies against total proteins as 
indicated. Superscript (e.g. AKT S473) indicates signalling at phosphorylation site in superscript. 
GAPDH was used as a loading control. Data are most representative of six independent experiments. 
(B) A simplified schematic of the PAM pathway illustrating the relationship of the components (blue), 
investigated in (A). Phosphorylated residues are represented as dark red (P)s, with amino residue 
defined. Black arrows and block-headed arrows indicate phosphorylation of target induces activation 
or inhibition respectively. Black dotted arrows indicate phenotypic output. Fat red arrows illustrate 
increase or decrease of phosphorylated residue or protein in 254Rp, as per western blot in (A). 

Absence of red arrow indicates no change. C) Bar chart of average ratio of 4EBP1T37/46:total 4EBP1. 

Band intensities were determined using Image J, and relative densities calculated and analysed in 
Microsoft Excel. Statistics: Welch’s t test of PAR to 254Rp p4EBP1;t4EBP1 ratios, *p<0.05. 

As both S6RP and 4EBP1 are downstream of mTORC1, their altered baseline 

signalling may suggest that the activity of mTORC1 was increased. PAM pathway 

signalling was examined to observe if 254Rp cells respond differently with inhibition 

of AKT, compared to PAR. MK-2206 was used for this investigation instead of 
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CCT129254 or capivasertib as MK-2206 as an allosteric inhibitor is more AKT-

selective (Smyth and Collins, 2009; Hirai et al., 2010). This is particularly important 

because both ATP-competitive inhibitors also target p70S6K, which is a substrate of 

mTORC1 (Davies et al., 2012; Addie et al., 2013). 

Both PAR and 254Rp cells were exposed for 24 hours to a range of concentrations of 

MK-2206 and PAM pathway signalling was analysed by western blotting. As shown 

in Figure 3.8, treatment with MK-2206 reduced the phosphorylation of S473 of AKT 

with increasing concentrations of drug, indicative of reduced maximal activity of 

AKT. This phosphorylation was undetectable by 0.1μM of drug in both cell lines. 

Consistent with Figure 3.7, there was a slight decrease in baseline phosphorylation 

at this residue in 254Rp, compared with PAR. The phosphorylation of AKT 

substrates, GSK-3β (S9) and PRAS40 (T246) also exhibited a dose-dependent 

reduction in signal. 

Interestingly, the phosphorylation of threonine 389 (T389) of p70S6K was resistant 

to AKT inhibition. This signalling was sensitive to MK-2206 in PAR, being completely 

undetectable by 0.01μM, compared with a detectable band in 254Rp even at the 

highest concentration tested (10μM). Additionally, despite a reduction in 4EBP1 

expression in 254Rp, 4EBP1 phosphorylation appeared to be resistant to MK-2206 

treatment. This was observed by hyperphosphorylated higher molecular weight 

(HMW) isoforms of total 4EBP1 requiring greater concentrations of MK-2206 in 

254Rp to bandshift to hypophosphorylated low molecular weight (LMW) isoforms. 

These resistant hyperphosphorylated 4EBP1 isoforms were also phosphorylated at 

T37/46. T389 of p70S6K and T37/46 of 4EBP1 are directly phosphorylated by 

mTORC1, and thus the resistance to MK-2206 suggests that mTORC1 activity was 

independent of AKT signalling in 254Rp cells. 

To investigate whether MK-2206 resistant phosphorylation of these sites was 

dependent on mTORC1 activity, these cells were treated for 24 hours with the 

allosteric mTORC1 inhibitor  everolimus and PAM signalling examined by western 

blotting.  
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Figure 3.8 – PAM pathway signalling in A2780 PAR and 254Rp cells in response to MK-2206 
A2780 PAR and 254Rp cells were plated at 5x105 in 10cm tissue culture dishes and incubated at 
normal growth conditions for 72 hours. Plates were treated with a range of concentrations of MK-
2206 for 24 hours prior to lysis. 254Rp cells were released from CCT129254 at least one week prior 
to plating. Western blot procedure used as described in Figure 3.7. Superscript (e.g. AKT S473) 
indicates signalling at phosphorylation site in superscript. GAPDH was used as a loading control. Data 
are representative of three independent experiments. D = DMSO only control. 

In Figure 3.9, AKT S473 phosphorylation was not inhibited by everolimus as 

witnessed with MK-2206 (Figure 3.8). Instead, S473 was increased in 254Rp with 

increasing concentration of everolimus. This is an understood phenomenon with 

mTORC1 inhibition by rapamycin analogues, and was likely due to release of 

negative feedback via IRS-1 (O’Reilly et al., 2006; Breuleux et al., 2009). For all 

markers of the PAM pathway investigated, the response to everolimus in 254Rp 

was nearly identical to PAR. The complete abolishment of T389 on p70S6K and 

bandshift of 4EBP1 isoforms by 0.5nM for both cell lines was in marked contrast to 

that observed for AKT inhibition by MK-2206 in Figure 3.8. Taken together, p70S6K 

and 4EBP1 phosphorylation are not resistant to mTORC1 inhibition. 
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Figure 3.9 – PAM pathway signalling in A2780 PAR and 254Rp cells in response to everolimus 
A2780 PAR and 254Rp cells were released and plated as described in Figure 3.8. Plates were treated 
with a range of concentrations of everolimus for 24 hours prior to lysis. Western blot procedure used 
as described in Figure 3.7. GAPDH was used as a loading control. Superscript (e.g. AKT S473) indicates 
signalling at phosphorylation site in superscript. Data are representative of three independent 
experiments. D = DMSO only control. 

3.2.4. Investigation of SGK1 overexpression as a candidate resistance 

mechanism to capivasertib 

Regulation of mTORC1 activity involves a complex network of regulators (Figure 

1.4). Heightened mTORC1 activity may be a result of reduced activity of negative 

regulators; increased activity of positive regulators or alternatively a change in 

activity of the subunits of mTORC1 itself (Wang and Proud, 2011; Laplante and 

Sabatini, 2012).  

One prominent activator of mTORC1 is the Ras-like GTPase Rheb (Groenewoud et 

al., 2013). Rheb is negatively regulated through inhibition by the heterodimeric 
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tumour suppressor complex (TSC): hamartin (TSC1)/tuberin(TSC2) – shown in Figure 

1.4. TSC2 harbours a GTPase activating protein (GAP) domain that drives Rheb into 

the inactive GDP-bound state, thereby inactivating it (Groenewoud et al., 2013). 

This branch of mTORC1 regulation was further investigated as TSC inhibition is 

regulated through several mechanisms independent of AKT, including ERK, p90RSK, 

AMPK and SGK1 (Groenewoud et al., 2013; Castel et al., 2016). SGK1 is of particular 

interest as it has been previously identified as a marker of intrinsic AKT inhibitor 

resistance (Sommer et al., 2013), and Castel et al., (2016) identified that SGK1 has 

high similarity in the kinase domain to AKT and can compensate for the inhibitory 

action on TSC1/TSC2 by phosphorylating all AKT-targeted residues on TSC2. 

Array comparative genomic hybridisation (aCGH) using Agilent 4x44k aCGH platform 

was performed on RNA isolated from A2780 PAR and 254Rp cells and data were 

analysed using Genespring GX by Dr Denis Akan (Akan, 2015) to identify expression 

changes genes with significant fold change (>2 fold or <-2 fold) between the two cell 

lines. Identified genes were cross-examined in Reactome to highlight members of 

the PAM pathway that may reactivate the pathway in 254Rp. Table 3.1 presents a 

list of genes with significant fold change associated with the PAM pathway, 

including SGK1, identified in red, with 7.9-fold increase in mRNA expression. 

AKT inhibits the TSC by phosphorylating TSC2 at serines 939 (S939), 981, (S981), 

1130 (S1130), 1132 (S1132) and threonine 1462 (T1462; Kwiatkowski and Manning, 

2005). Based upon the hypothesis that SGK1 may compensate AKT activity during 

AKT inhibition(Castel et al., 2016), the phosphorylation levels at residues S939 and 

T1462 as well as AMPK-targeted serine 1387 (S1387) were investigated by western 

blot to observe whether AKT-targeted residues and not AMPK-targeted residues are 

resistant to AKT inhibition by MK-2206 in 254Rp cells compared with PAR. 

Both AKT-targeted TSC2 phosphorylation sites (S939 and T1462) appeared to 

respond to AKT inhibition by MK-2206 in a dose-dependent fashion in both PAR and 

254Rp populations at the highest concentrations. Reduction in signal at both 

residues requires a greater concentration of MK-2206 than S473 of AKT, with near 

undetectable signal at 10μM and 0.1μM respectively. Phosphorylation at these sites 
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are not resistant to MK-2206 in 254Rp compared to PAR. Interestingly, 

phosphorylation of the AMPK-targeted TSC2 site, S1387 was increased in both PAR 

and 254Rp cell lines with increasing MK-2206 concentration. Taken together, 

phosphorylation at AKT targeted residues of TSC2 is not resistant to AKT inhibition 

in 254Rp. 

Table 3.1 – Gene expression microarray analysis in A2780 254Rp cells 
Array comparative genomic hybridisation (aCGH) using Agilent 4x44k aCGH platform was performed 
on RNA isolated from A2780 PAR and 254Rp cells. Data was analysed using Genespring GX by Dr 
Denis Akan and cross-examined in Reactome to identify PAM pathway genes with significantly 
altered expression in 254Rp compared to PAR. Text in red indicates genes previously associated with 
AKT inhibitor resistance. 
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Figure 3.10 – Investigating SGK1 as a candidate to increase mTORC1 activity via TSC2 signalling  
(A) A simplified schematic of a hypothetical model of SGK1 inducing activity of mTORC1 during 
capivasertib treatment in 254Rp cells through compensation for loss of TSC2 inhibition from AKT. 
Based upon Castel et al., (2016). (B) Western blot analysis of TSC2 signalling with treatment of MK-
2206. A2780 PAR and 254Rp cells were plated and  treated with a range of concentrations of MK-
2206 and proteins separated and detected by western blot as described in Figure 3.8. Green 
asterisks indicated AKT-targeted TSC2 residues and purple asterisk indicates AMPK-targeted TSC2 

residues as illustrated in (A). Superscript (e.g. AKT S473) indicates signalling at phosphorylation site in 

superscript. GAPDH was used as a loading control. Data are representative of three independent 
experiments. D = DMSO only control. 
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3.3. Discussion 

This aim of this chapter was to validate the mTORC1 hyperactivity in A2780 254Rp 

cells observed by Dr Akan (Akan, 2015) through examination of the morphology, 

cross-resistance profiling and PAM signalling of the cells. These data were used to 

investigate acquired mechanisms driving the mTORC1 hyperactivity and resistance 

to capivasertib. 

3.3.1. Morphology and cross-resistance profiling 

The morphology was examined first as this is the simplest technique to narrow 

down candidate resistance mechanisms and phenotypes, such as EMT (Haslehurst 

et al., 2012; Beaufort et al., 2014). No stark changes in morphology were observed 

in 254Rp, compared with PAR, indicating that the resistance mechanism was 

unlikely to involve an invasive, migratory phenotype. 

As 254Rp cells were also resistant to CCT129254 and capivasertib (Figure 3.2), these 

cells were taken forward for further study of resistance mechanisms to capivasertib. 

As well as observing 100-fold resistance to capivasertib, 254Rp cells were also 

significantly resistant to the allosteric inhibitor MK-2206 (27-fold; Figure 3.3). This 

finding was significant as it highlights several properties of the resistance 

mechanism. Firstly, it suggests that the resistance mechanism was not specific to 

ATP-competitive AKT inhibitors, and thus less likely to involve AKT directly. To 

confirm this, in vitro kinase investigations of AKT in 254Rp by Dr Denis Akan showed 

no increase in AKT activity, nor were mutations found on any of the three AKT 

isoforms (Akan, 2015). Secondly, the resistance mechanism was  unlikely to involve 

drug efflux through MDR1 overexpression (Gottesman et al., 2002; Türk and 

Szakács, 2009), as the chemical structures of the AKT inhibitors possess little 

homology. Additionally, no cross-resistance to known MDR1 substrates, nor 

overexpression of MDR1 protein was found in 254Rp (Akan, 2015). Finally, the 

resistance mechanism was likely to be proximal to AKT as cross-resistance to two 

different methods of AKT inhibition was unlikely a result of adaptation of other off-

target effects of CCT129254 such as p70S6K (McHardy et al., 2010). There are 
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several other types of allosteric AKT inhibitors such as PH domain inhibitors (such as 

triciribine), alkyl phospholipids (such as miltefosine) and irreversible AKT inhibitors 

(such as lactoquinomycin). Investigation of 254Rp cross-resistance to these also 

would further validate 254Rp as a good model for resistance mechanisms to AKT 

inhibitors in general. Taken together, the resistance mechanism is likely to confer 

resistance via a regulator of AKT, or due to circumvention of AKT function 

downstream. 

Alongside cross-resistance to AKT inhibition, 254Rp cells also demonstrated 

statistically significant cross-resistance to PI3K (9.8 RF) and mTORC (2.8 and 4.6 RF) 

inhibition (Figure 3.4), although the level of resistance was not as great as to AKT 

inhibitors (23.2-99.8 RF). There may be several reasons for this phenomenon: 1) The 

resistance mechanism feeds into both mTORC1-dependent and independent 

signalling, and thus mTORC1 inhibitors target one of multiple nodes required for 

AKT inhibitor resistance (e.g. SGK1). 2) The mechanism is an alteration of a subunit 

of mTORC1, which is not fully inhibited by mTORC inhibitors. 3) There are multiple 

resistance mechanisms in the heterogenetic 254Rp polyclonal population. A 

combination of these factors may also be possible. 

Taking together the data so far, the resistance mechanism is likely to be 

downstream of AKT and therefore also downstream of PI3K. The relative reduction 

in level of resistance of pictilisib (Figure 3.4) compared to the AKT inhibitors 

suggests then that the resistance mechanism may be dependent on signalling from 

PI3K but also receives residual signalling from another PI3K-dependent source. 

There was no cross-resistance of 254Rp to inhibitors of cap-dependent protein 

synthesis (Figure 3.5). As the inhibitors tested target components of CDPS 

downstream of mTORC1, tied with significant resistance to inhibitors upstream, it 

may suggest that the resistance mechanism lies in this area. It is worth taking note 

that both inhibitors may have off-target effects, since 4EGI-1 requires high 

concentrations for mechanism of action (Sekiyama et al., 2015) it may interfere with 

targets other than eIF4E and 4EBP1, one previously reported weak target being 

mTORC1 (Wang et al., 2015). The MNK inhibitor MRT00206081 is also a recently 
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developed drug, with high selectivity for both MNK1 and MNK2 and high specificity 

with 4 out of 250 (including MNKs) kinases tested observed with greater than 50% 

inhibition at 1μM treatment (data unpublished). It is possible that the sensitivity of 

both cells lines to both inhibitors may be due to a lack of intended target inhibition. 

Currently, there are no FDA-approved alternative inhibitors which acutely target the 

CDPS eIF4F complex. However, the eIF4E antisense nucleotide, LY2275796 which is 

currently the only CDPS inhibitor progressing through clinical trials, may be a more 

suitable alternative for cross-resistance profiling of CDPS inhibitors in the A2780 cell 

lines (clinicaltrials.gov; Lu et al., 2016). Further development into CDPS targeting 

compounds is important for the clinical use of kinase therapies, as CDPS is being 

revealed as nexus of resistance for PAM and MAPK pathway targeting therapeutics 

(Cope et al., 2014; Boussemart et al., 2014).  

Taken together, cross-resistance profiling data suggests that the resistance 

mechanism of 254Rp is likely to be circumventing the function of AKT, downstream 

of AKT and PI3K. This mechanism may also feed into mTORC1 signalling.  

3.3.2. PAM pathway signalling analysis 

Through observation of the baseline signalling of the PAM pathway in A2780 PAR 

and 254Rp cells (Figure 3.7), several alterations within the pathway were noted. A 

decrease in S473 phosphorylation on AKT suggests that AKT activation was reduced 

in 254Rp and the resistance mechanism may be less dependent on AKT activity. This 

supports the AKT inhibitor cross-resistance data that the resistance mechanism was 

unlikely to directly involve AKT itself. The most marked changes in baseline PAM 

signalling observed were downstream of mTORC1 with a significant increase in 

phosphorylation of S235/6 on S6RP and a reduction in T37/46 phosphorylation of 

and total 4EBP1 protein. S235/6 on S6RP are phosphorylated by p70S6K and p90RSK 

(Roux et al., 2007), and thus could indicate an increase in the signalling by one or 

both kinases. Resistance of T389 p70S6K to exposure to MK-2206 highlights that 

p70S6K was likely to contribute towards increased S6RP phosphorylation. 

Additionally, 4EBP1 observed a greater maintenance of its hyperphosphorylated 

isoforms with increasing concentrations of MK-2206 (Figure 3.8), indicating that 
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although there was less 4EBP1 protein in 254Rp cells, proportionally, more of the 

total protein was in its phosphorylated state and was resistant to AKT inhibition. 

4EBP1 phosphorylated at T37/46 residues also appeared to be resistant to MK-2206 

as well. Since both observed p70S6K and 4EBP1 MK-2206-resistant residues are 

phosphorylated by mTORC1 (Pearce et al., 2010; Showkat et al., 2014), this may 

suggest an increase in mTORC1 activity. Interestingly, at the baseline level, 

proportional p4EBP1 appears to be reduced in 254Rp compared with PAR, based 

upon densiometric analysis in Figure 3.7. 4EBP1 turnover has been linked with its 

phosphorylation status (Elia et al., 2008; Yanagiya et al., 2012), however if 

phosphorylation of 4EBP1 is resistant to AKT and mTORC1 inhibition, the overall 

reduction in p4EBP1 may be due to a homeostatic mechanism to compensate for 

this. The effect of the p4EBP1:4EBP1 ratio on the turnover of 4EBP1 could be 

confirmed investigation of the half-life of 4EBP1 in both cell lines, using a 

cycloheximide time-course assay. Another explanation for reduced 4EBP1 

expression may lie in alternative 4EBP isoforms (4EBP2 and 4EBP3) predominating 

in activity (Tsukumo et al., 2016). The 4EBP1 antibody used does not cross-react 

with other 4EBP isoforms. This can be further investigated with pan-4EBP and 

4EBP2 and 4EBP3 specific antibodies. 

The increase in mTORC1 activity was further investigated by observing the response 

of PAM signalling in PAR and 254Rp cells when treated with everolimus (Figure 3.9). 

Interestingly, the phosphorylation of 4EBP1 and T389 p70S6K were not resistant to 

everolimus in 254Rp cells. This further highlighted that the MK-2206 resistant 

phosphorylation of these proteins was dependent on mTORC1 activity. As S235/6 

S6RP is phosphorylated by p70S6K and p90RSK, depletion of p70S6K activity by 

everolimus shows minimal residual signalling of this site and thus was unlikely to 

contribute towards cross-resistance to everolimus (Figure 3.4) observed in drug-

profiling or is otherwise significant in only a small population of the heterogenetic 

254Rp cells. This could be validated using an p90RSK inhibitor in conjunction with 

everolimus. 

An increase in mTORC1 activity can increase the activity of p70S6K and decrease 

activity of 4EBP1. Both S6RP and 4EBP1 have roles in cap-dependent protein 
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synthesis (CDPS): S6RP is a 40S ribosomal subunit protein (Hutchinson et al., 2011) 

and 4EBP1 is an inhibitor of the eIF4F complex (Averous and Proud, 2006). p70S6K is 

known to phosphorylate other substrates involved in protein synthesis such as 

eIF4B – an activator of the eIF4A helicase; PDCD4 – an eIF4A inhibitor, which 

phosphorylation inactivates; and SKAR, an mRNA splicing factor (Fenton and Gout, 

2011). CDPS has been previously reported to play a role in resistance to PAM 

inhibitors (Dilling et al., 2002; N. Ilic et al., 2011; Cope et al., 2014; Tsukumo et al., 

2016) thus, it may be possible that capivasertib resistance in 254Rp cells is also 

driven by increased CDPS. 

As hyperactivity of mTORC1 in 254Rp was confirmed, further investigations were 

carried out to investigate the mechanisms driving mTORC1 activity. Heightened 

mTORC1 activity may be a result of a reduction in regulation by mTORC1 inhibitors 

such as PRAS40, an increase in activity of positive regulators such as Rheb or 

alternatively a change in activity of the subunits of the complex itself (Wang and 

Proud, 2011; Laplante and Sabatini, 2012) 

PRAS40 was eliminated as a potential candidate because phosphorylation at T246 

was not resistant to MK-2206. This residue is important for the release of inhibitory 

binding to mTORC1 (Wang et al., 2007), and thus a lack of resistance to MK-2206 at 

this site implies the dynamics of PRAS40 and mTORC1 binding was similar in both 

cell lines. This can be validated by analysis of PRAS40 binding with 

immunoprecipitation of RAPTOR. Additionally, as observed in Figure 3.4, 254Rp are 

cross-resistant to vistusertib, which targets both mTORC1 and mTORC2, the latter of 

which is important for AKT activation (Laura R. Pearce et al., 2010). Therefore, the 

resistance mechanism will unlikely involve PAM pathway components along the 

AKT-mTORC1 axis, such as PRAS40. Consistent with this, no alterations were 

observed by exome sequencing or microarray analysis along this axis (Akan, 2015). 

SGK1 was investigated as a resistance candidate because its signalling is not 

dependent on the PAM pathway, but Castel et al., (2016) suggests that it may feed 

into mTORC1 signalling via TSC1/2. Additionally, microarray data exhibited a near 

eight-fold increase in mRNA expression in 254Rp cells. Although SGK1 may 
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compensate for AKT activity in JIMT1 and HCC1954 breast carcinoma cell lines 

(Castel et al., 2016), the overexpression of SGK1 mRNA (Figure 3.10) in 254Rp did 

not correlate with TSC2 phosphorylation resistance to AKT inhibition, when 

compared with PAR. In fact, TSC2 S939 and T1462 phosphorylation appeared 

sensitive in 254Rp compared to PAR. However, as phosphorylation at AKT-targeted 

sites S939 and T1462 required over 100-fold greater concentration than S473 on 

AKT or S9 on GSK-3β (Figure 3.8) to exhibit the same reduction in signal, this may 

suggest that these sites are not very dependent on AKT signalling in A2780 cells. 

Interestingly, phosphorylation of the AMPK-targeted TSC2 site, S1387 was increased 

in both PAR and 254Rp cell lines with increasing MK-2206 concentration, suggesting 

that AMPK activity is increased. As AKT-dependent phosphorylation of AMPK alpha 

subunits negatively regulates its activity, MK-2206 alleviates this inhibition from 

AKT. SGK1 protein overexpression was not analysed by western blot as there are no 

good-quality commercial antibodies for this target. Although SGK1 may not 

necessarily be involved in mTORC1 hyperactivation, it may be important to 

determine whether the overexpression of SGK1 in 254Rp is a result of changes in 

SGK1 gene transcription or altered mRNA or protein turnover. Taken together, SGK1 

was not taken forward for further investigation as a mechanism of the increase in 

mTORC1 activity.  

In summary, the data presented in this chapter suggests that resistance to 

capivasertib in the A2780 254Rp cell line circumvents the function of AKT through 

hyperactivation of mTORC1, which is modulated by a mechanism proximal to, but 

unlikely within the AKT-mTORC1 axis. SGK1 was investigated as a potential 

candidate but failed to demonstrate a role in increasing mTORC1 activity within the 

254Rp cell line. Due to the polyclonal nature of this cell line, there may exist 

multiple mechanisms within this cell line. The following chapters aim to eliminate 

this issue through further characterisation of subclonal populations of the 254Rp 

cell line to identify candidate mechanisms driving resistance to capivasertib.
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4. Identification of candidate drivers of resistance to 

capivasertib in A2780 254Rp subclones 

4.1. Introduction 

It has been well documented that tumours exhibit wide heterogeneity, both 

histopathologically and genetically, and also in the inter- and intra-tumoral setting. 

More recently it has been discovered that intra-tumour heterogeneity can exist at 

genetic, transcriptomic and proteomic levels. It is widely understood that a major 

source of such heterogeneity is the intrinsic genetic instability of cancerous cells, 

however diverse phenotypes can also be influenced by extrinsic factors such as pH, 

hypoxia, paracrine signalling, other microenvironment interactions, and drug 

exposure. All these drive different degrees of selection pressures. The 

heterogenetic cells within a tumour may respond to therapy in a variety of ways, 

leading to polyclonal drug resistance (Burrell and Swanton, 2014). 

Polyclonal resistance to targeted therapies has been clinically identified within 

tumours, where drug resistance may be driven by more than one resistance 

mechanism within a tumour, which can arise from multiple clonal populations. For 

example, Bettegowda et al., (2014) showed that tumours from 17/24 colorectal 

cancer patients with acquired resistance to cetuximab or panitumumab, harboured 

multiple mutations within the EGFR pathway that were not present pre-treatment. 

Another study showed one lung cancer patient with crizotinib-resistant non-small-

cell lung cancer with two ALK (anaplastic lymphoma receptor tyrosine kinase) 

secondary mutations in two independent cell populations within the same tumour 

(Choi et al., 2010). 

The heterogeneous nature of tumours will ultimately lead to cancer cell lines that 

are also heterogeneic. This means that generation of drug-resistant isogenic cell 

lines by dose escalation drug-exposure of a polyclonal parental cell line (A2780 PAR 

in this case), may also produce a similar polyclonal drug resistance phenotype in the 

resistant population (A2780 254Rp; McDermott et al., 2014). 
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A pooled population of cells exhibiting polyclonal drug resistance poses a challenge 

for identifying candidate resistance mechanisms. Many common forms of cellular 

analysis technologies such as exome-sequencing or western blotting require a large 

number of cells to yield sufficient nucleic acids or protein for evaluation. If a 

polyclonal drug resistant population is used for such techniques, the resulting data 

may be noisy and unclear, rendering the sample difficult for identifying resistance 

mechanisms. Subcloning resistant polyclonal populations may overcome these 

challenges by generating a population of cells that are more genetically identical. 

Subcloning can be performed by isolating resistant colonies during drug selection or 

by limited dilution, plating 0.5 cells per well of a 96-well plate (McDermott et al., 

2014). Generating clonal populations by either method requires the cells to be able 

to grow independently of one another, which may not necessarily be the case for 

every cell in a heterogenetic population. Therefore, not all resistance mechanisms 

can be isolated in this way. This is particularly true for resistance mechanisms that 

may have co-evolved together and form co-dependence (Burrell and Swanton, 

2014). However, resistance mechanisms investigated post-subcloning tend to be 

more stable, and thus easier to identify, and often do not require drug maintenance 

(McDermott et al., 2014). Ultimately, subcloning of cells has been used to identify 

clinically relevant resistance mechanisms (Nazarian et al., 2010), and thus is a 

legitimate method for identifying candidate resistance mechanisms to targeted 

therapies. These can be built upon to understand the nature of polyclonal drug 

resistance (Burrell and Swanton, 2014).   

In Chapter 3, the morphology, cross-resistance and PAM (PI3K/AKT/mTOR) 

signalling of A2780 parental (PAR) and CCT129254-resistant (254Rp) cells were 

investigated to identify candidate resistance mechanisms to capivasertib. However, 

the 254Rp cells displayed conflicting results, as AKT inhibitor-resistant mTORC1 

signalling was sensitive to the mTORC1 inhibitor everolimus, despite displaying 

statistically significant cross-resistance to the drug. This phenomenon may occur if 

254Rp is a polyclonal drug resistant population. The aim of this chapter, therefore, 

was to subclone the A2780 254Rp cell line and investigate the clonal populations to 

identify candidate resistance mechanisms driving resistance to capivasertib. 
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4.2. Results 

4.2.1. Generation and screening of A2780 254Rp subclones 

To generate the A2780-254Rp subclonal populations, the limited dilution method 

was employed. Cells were seeded at 0.5 cells per well across a 96-well plate and left 

to grow in the absence of CCT129254 for one week until colonies became visible. 

These were passaged into larger plates and treated with 56μM CCT129254 (as 

254Rp) once passaged into T25 flasks. From a total of 11 colonies originally isolated, 

eight of these survived growing up into T25 flasks. These populations are 254R- A, B, 

D, E, F, H, J and K. 254R-C, G and I did not survive expansion into larger flasks. 

As with A2780 254Rp cells, the morphology of the 254Rp subclones were examined 

(Figure 4.1). All subclones, except 254R-F exhibited similar morphology to 254Rp. 

Cells were adherent and regularly shaped with few protrusions, characteristic of 

epithelial-like cells. All subclones except 254R-E and F exhibited between 1.4-1.6 

protrusions on average per cell, thus were similar to PAR and 254Rp. 254R-F cells 

were more elongated in shape compared with 254Rp, which is more characteristic 

of fibroblast-like cells and may be indicative of an epithelial to mesenchymal 

transition (EMT) phenotype.  
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Figure 4.1 – Morphology of A2780 PAR, 254Rp and 254Rp subcloned cell lines, A-K.  
(A) Morphology of A2780 PAR, 254Rp and 254Rp subclones A-K at 40x magnification, phase contrast. 
Cells were plated to same cell concentration and left to adhere for 24 hours. UT= released from 
maintenance in CCT129254 for one week, T = maintained in 56μM CCT129254. Scale bar indicates 
100μm. Representative of two repeats. (B) A bar graph of average protrusions per cell. 
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The resistance factor (RF) values were determined for CCT129254 and its close 

analogue capivasertib (AZD5363) for the 254Rp subclones. Figure 4.2 shows that all 

the subclones were significantly resistant to both CCT129254 (6.3-11 RF) and 

capivasertib (16-54 RF), with similar RFs to 254Rp (9.6 and 37 RF respectively). As all 

subclones were resistant to capivasertib, none were excluded at this stage. 

Cross resistance to mTORC1 inhibitors was also investigated in the 254Rp subclones. 

Figure 4.3 shows that although all subclones exhibited a greater GI50 value than PAR 

for the allosteric mTORC1 inhibitor, everolimus (RAD001; >2 RF), none were 

statistically significant according to Welch’s t test. The standard deviation for all cell 

lines treated with everolimus was very high. The response to mTORC inhibitors 

across the 254Rp subclones was varied. 254Rp exhibited 4.9 RF, therefore the 

resistance of 254R-A (5.5 RF) was similiar. 254R-B and E observed the greatest 

resistance (11-13 RF) and the rest of the subclones were less resistant than 254Rp 

(2.5-3.5 RF). 

Most subclones were significantly resistant to the mTOR kinase inhibitor vistusertib 

(AZD2014; 4.3-5.8 RF), with levels similar to 254Rp (6.7 RF) except 254R-D and J (3.6 

and 3.0 RF, respectively).  
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AKT inhibition

 
 
Figure 4.2 – Determination of resistance of A2780 254Rp subclones to CCT129254 and capivasertib. 
(A) Representative dose response curves for CCT129254 (left) or capivasertib (right), for 254R-A, B, 
D, E (top), F, H, J and K (bottom). A2780 PAR, 254Rp (800 cells per well) and 254Rp subclones (3200 
cells were well) were plated and after 48 hours treated with serially diluted concentrations of drug 
for 96 hours and surviving cells were determined by SRB growth assay. Dose response curves 
generated and half-maximal growth inhibition concentrations (GI50) were calculated using GraphPad 
Prism 6. Data points present mean ± SD of three technical replicates. The broken line on the Y-axis 
indicates the points on the curves where growth was inhibited by 50% (GI50). Data representative of 
≥three independent experiments. (B) Summary of GI50 concentrations and resistance factors (RF) to 
CCT129254 and capivasertib in A2780 PAR and resistant cells. GI50 values presented as mean ± SD of 
GI50 values from ≥three independent experiments. Resistance Factors (RF) presented as mean RF of 
≥three independent experiments. Individual independent RF values calculated as the ratio of 245R(X) 
GI50 to PAR GI50. Statistics: Unpaired t test with Welch’s correction of 254R(X) to PAR GI50 values, 
*p<0.05, **p<0.01, ***p<0.001, N.S = non-significant.  
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mTORC inhibition 

 

Figure 4.3 – Determination of resistance of A2780 254Rp cells to mTORC inhibitors. 
(A) Representative dose response curves for everolimus (left) and vistusertib (right), for 254R-A, B, D, 
E (top), F, H, J and K (bottom). SRB growth assay was performed and generation of dose response 
curves as described in Figure 4.2. Data representative of ≥three independent experiments. (B) 
Summary of GI50 concentrations and resistance factors (RF) to everolimus and vistusertib in A2780 
PAR, 254Rp and 254Rp subclones, analysed and formatted as described in Figure 4.2. 
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Figure 4.4A shows a summary of RF values presented in Figures 4.2 and 4.3. 

Resistance to capivasertib was greater than CCT129254 in all resistant cell lines. 

Similarly to 254Rp, the RF values for most of the subclones for both AKT inhibitors 

were greater than either of the mTORC inhibitors, everolimus or vistusertib. Most of 

the 254Rp subclones exhibited a greater RF value to vistusertib than everolimus. 

The exceptions were 254R-B and E, by which resistance to everolimus was greater 

than vistusertib and greater than (254R-E) or equal (254R-B) to CCT129254. 

According to the Welch’s t test, neither everolimus RF values for 254R-B or E were 

statistically significant. Taken together, the cross-resistance profiles can be divided 

into two groups: 1) high everolimus resistance (254R-B and E) and 2) and low 

everolimus resistance (254R-A, D, F, H, J and K). 

Figure 4.4B shows for all 254R subclones, the baseline signalling of the PAM 

pathway downstream of mTORC1. Compared with PAR, the phosphorylation of 

threonine 389 (T389) on p70S6K was increased in every subclone, although none 

exhibited as great an increase as 254Rp. Phosphorylation at serines 235 and 236 

(S235/6) on S6RP were equal to PAR in all subclones except 254R-A and F. 

Phosphorylation at threonine 37 and 46 (T37/46) on 4EBP1 was reduced compared 

to PAR in all resistant lines, with 254R-B, E and F exhibiting the least reduction. 

254R-B, E and F also exhibited the greatest total 4EBP1 expression across the 

subclones.  

4EBP1 phosphorylation and expression closest to the PAR level was present in both 

subclones with high RF value to everolimus (254R-B and E; group 1), and low 4EBP1 

phosphorylation and expression was present in nearly all subclones with lower 

everolimus resistance (254R-A, D, F, H, J and K; group 2). 254R-F was the exception 

to this with high 4EBP1 but low everolimus resistance, in addition also exhibited 

fibroblastic morphology and was thus assigned to a third group. 

Two subclones were selected for further investigation for candidate resistance 

mechanisms to capivasertib. 254R-B was selected from group 1 and 254R-D was 

selected from group 2 as these exhibited the greatest resistance to capivasertib for 

each group respectively. 
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Figure 4.4 – Screening of A2780 254Rp clones for cross-resistance and baseline mTORC1 signalling 
(A) Bar chart summary representing mean and error bars as SD for RF values of A2780 254Rp and 
254Rp subclonal cell lines for AKT inhibitors (green) and mTORC inhibitors (orange), taken from 
Figures 4.2 and 4.3. Individual and mean RF values, SD and statistics calculated as Figure 4.2. (B) 
Western blot analysis of baseline mTORC1 signalling in A2780 PAR, 254Rp and 254Rp subclones. Cells 
were plated at 5x105 in 10cm tissue culture dishes and incubated at normal growth conditions for 72 
hours. All resistant cell lines were released from CCT129254 at least one week prior to plating cells 
for lysis. Lysate proteins were separated by SDS-PAGE, transferred to PVDF membranes and probed 
with antibodies against phosphorylated proteins and developed. Subsequently, blots were stripped 

and reprobed with antibodies against total proteins as indicated. Superscript (e.g. AKT S473) indicates 

phosphorylation at residues in superscript. Alpha-tubulin was used as a loading control. 
Representative of three independent experiments. 
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4.2.2. Cross-resistance profiling of A2780-254Rp subclones 254R-B and 254R-

D to PAM inhibitiors. 

The seeding concentration was optimised for the selected subclones, 254R-B and D 

in order to determine any changes in GI50 and RF values influenced by suboptimal 

seeding number.  

Cross resistance profiling was repeated and expanded for 254R-B and D at the 

revised 1600 cells (Figure 2.3) per well seeding concentration. In Figure 4.5, 254R-B 

exhibited high cross-resistance to all ATP-competitive and allosteric AKT inhibitors 

tested (10-40 RF). Resistance to vistusertib was comparatively low (4 RF), however 

254R-B exhibited greater than double the resistance factor to everolimus (96 RF) 

than capivasertib. 254R-B also showed no significant resistance to cap-dependent 

protein synthesis (CDPS) inhibitor 4EGI-1 (1.2 RF), compared to PAR.  

Cross-resistance profiling for 254R-D was observed at the revised seeding 

concentration in Figure 4.6. 254R-D exhibited high cross-resistance to ATP-

competitive inhibitors CCT129254 and capivasertib (11-40 RF). Interestingly, cross-

resistance to the allosteric inhibitor MK-2206 was comparatively less (2.2 RF), but 

nonetheless statistically significant. 254R-D was also significantly resistant to the 

mTOR kinase inhibitor vistusertib (3.3 RF), and resistance to mTORC1-specific 

allosteric inhibitor everolimus was greater (12 RF). The large standard deviation 

exhibited with everolimus determined this phenomenon statistically non-significant 

by Welch’s t test. 

Resistance factors to CCT129254, capivasertib and vistusertib for both subclones 

showed less than two-fold difference between the original seeding concentration 

(3200 cells per well; Figures 4.2 and 4.3) and the final revised concentration (1600 

cells per well; Figures 4.5 and 4.6). Interestingly, although the resistance factors for 

everolimus deviated largely between both seeding concentrations in both 

subclones, this was contributed by variations for both PAR and subclone GI50 values. 

This was a result of high standard deviation, which is a common phenomenon of 

this drug (Fallahi-Sichani et al., 2013). Regardless, in both cell concentrations, the 

subclones demonstrated a trend towards resistance to everolimus. 
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Figure 4.5 – Summary of cross-resistance profiling of A2780 254R-B to PAM pathway inhibitors at 
revised seeding concentrations. 
(A) Bar chart representing mean and error bars as SD of RF values for AKT (green), mTORC (orange) 
and CDPS (pink) inhibitors in 254R-B cells plated at revised seeding concentration (1600 cells per 
well). Mean RF values and SD calculated as average of RF values and SD from ≥ three individual 
experiments. Individual RF values calculated as ratio of 254R-D GI50 to PAR GI50. Statistics as 
calculated in Figure 4.2. (B) Summary of GI50 concentrations and RFs to PAM inhibitors indicated in 
A2780 PAR and 254R-D cells (plated at 1600 cells per well); analysed and formatted as described in 
Figure 4.2. 
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Figure 4.6 – Summary of cross-resistance profiling of A2780 254R-D at revised seeding 
concentration to PAM pathway inhibitors  
(A) Bar chart representing mean and error bars as SD of RF values for AKT (green), mTORC (orange) 
and CDPS (pink) inhibitors in 254R-D cells plated at revised seeding concentration (1600 cells per 
well). Mean RF values and SD calculated as Figure 4.6. Statistics as calculated in Figure 4.2. (B) 
Summary of GI50 concentrations and RFs to PAM inhibitors indicated in A2780 PAR and 254R-D cells 
(plated at revised seeding concentration); analysed and formatted as described in Figure 4.2. 

4.2.3. Baseline PAM pathway signalling in A2780 254R-B and 254R-D 

Exploration of the baseline signalling of the PAM pathway was expanded in 254R-B 

and D to investigate signalling up- and downstream of mTORC1. There was little 

change in baseline signalling of PAM pathway components upstream of mTORC1 in 

254R-B except for total GSK-3β expression. However, phosphorylation of serine 473 

(S473) of AKT appeared reduced in 254R-D, indicative of decreased maximal activity 

of AKT (Pearce et al., 2010). This correlated with a reduction in phosphorylation of 

threonine 246 (T246) of PRAS40. Phosphorylation at serine 9 (S9) on GSK-3β was 

A 

B 
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slightly reduced and total expression increased in 254R-D. Downstream of mTORC1, 

T389 of p70S6K was increased in both subclones, which was not due to a change in 

total p70S6K. Neither subclone exhibited an increase in S6RP phosphorylation but 

for both, 4EBP1 phosphorylation at T37/46 and total protein expression was 

reduced. 

 

Figure 4.7 – Analysis of baseline PAM pathway signalling in A2780 PAR and 254Rp subclones 254R-
B and 254R-D cell lines.  
(A) A2780 PAR, 254R-B and D cells were released and plated and western blot performed on lysates 

as described in Figure 4.4. GAPDH was used as a loading control. Superscript (e.g. AKT S473) indicates 

signalling at phosphorylation site in superscript. Data are representative of two independent 
experiments. (B) A simplified schematic of the PAM pathway illustrating the relationship of the 
components (blue), investigated in (A). Phosphorylated residues are represented as dark red (P)s, 
with amino residue defined. Black arrows and block-headed arrows indicate phosphorylation of 
target induces activation or inhibition respectively. Black dotted arrows indicate phenotypic output.  

In summary, changes in baseline PAM signalling in 254R-B were downstream of 

mTORC1, although GSK-3β expression was also increased. In contrast, 254R-D 

exhibited alterations in phosphorylation of all PAM pathway components 

investigated, except at S6RP. Taken with the cross-resistance profiling data from 

A B 
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Figures 4.5 and 4.6, these data suggest that 254R-B and D exhibit two distinctly 

different mechanisms of resistance. Additionally, the altered baseline signalling of 

p70S6K and 4EBP1 in both 254R-B and D may suggest that these mechanisms 

converge to confer resistant mTORC1 signalling. Therefore, the signalling of 

mTORC1 substrates in response to MK-2206 and everolimus was investigated in 

254R-B and D compared with PAR. 

4.2.4. Response of A2780 PAR and 254R-B to PAM inhibitors 

MK-2206 was used to investigate the response to AKT inhibition instead of 

CCT129254 or capivasertib because MK-2206 is an allosteric inhibitor and thus more 

AKT-selective (Smyth and Collins, 2009; Hirai et al., 2010). This is particularly 

important because both ATP-competitive inhibitors also target p70S6K, 

downstream of mTORC1 (Davies et al., 2012; Addie et al., 2013). PAR and 254R-B 

cells were exposed for 24 hours to a range of concentrations of drug and signalling 

was analysed by western blotting.  

The response of 254R-B to MK-2206 is shown in Figure 4.8. The phosphorylation of 

S473 on AKT was undetectable by 0.1μM MK-2206 in both PAR and 254R-B. Total 

AKT in untreated cells was than drug-treated cells. This was likely because the 

antibody targeting total AKT was raised against the unphosphorylated carboxyl-

terminal residues of AKT, which may overlap with S473 (cellsignal.co.uk) and thus 

have a greater affinity for non-phosphorylated AKT. T389 phosphorylation of 

p70S6K is undetectable in PAR whereas the baseline phosphorylation in 254R-B is 

considerably greater, and decreases in a dose-dependent manner. Despite the 

noteable increase in p70S6K phosphorylation, there was not a subsequent increase 

in phosphorylation of S6RP at S235/6 or S240/4 in 254R-B; in contrast, the baseline 

for both signals appeared reduced. T37/46 phosphorylation and total expression of 

4EBP1 was reduced in 254R-B compared with PAR. Taken together, despite an 

increase in p70S6K phosphorylation, mTORC1 signalling in 254R-B was not resistant 

to MK-2206. 
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Figure 4.8 – PAM pathway signalling in A2780 PAR and 254R-B cells in response to MK-2206 
A2780 PAR and 254R-B cells were plated at 5x105 in 10cm tissue culture dishes and incubated in 
normal growth conditions for 72 hours. Plates were treated with a range of concentrations of MK-
2206 for 24 hours prior to lysis. 254R-B cells were released from CCT129254 at least one week prior 

to plating. Western blot procedure used as described in Figure 4.4. Superscript (e.g. AKT S473) 

indicates signalling at phosphorylation site in superscript. GAPDH was used as a loading control. Data 
are representative of three independent experiments. S = short exposure; L = long exposure. 

As 254R-B exhibited a high RF value to the allosteric mTORC1 inhibitor everolimus, 

the effect of this drug on AKT and mTORC1 substrate signalling was also 

investigated (Figure 4.9). AKT S473 phosphorylation was relatively unchanged in 

both cell lines. The phosphorylation of p70S6K (T389) and S6RP (S235/6 and S240/4) 

decreased with increasing concentrations of everolimus. For all these residues, the 

signal was undetectable by 1nM in both cell lines except S235/6 of S6RP of which a 

signal was still detectable at the highest 100nM dose in 254R-B. Interestingly, a 

reduction in signal at S6RP S235/6 was witnessed between 0.1 and 1nM in 254R-B.  

The baseline phosphorylation of 4EBP1 (T37/46) was less in 254R-B compared with 

PAR (Figure 4.9). In both cell lines, high molecular weight (HMW) 
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hyperphosphorylated isoforms of 4EBP1 shifted to low molecular weight (LMW) 

hypophosphorylated isoforms with increasing concentrations of everolimus. 

However, in both cell lines, T37/46 phosphorylation of 4EBP1 was detectable in 

HMW isoforms at 1nM unlike T389 of p70S6K. It was previously published that 

rapalogues such as everolimus exhibit a greater affinity for inhibiting p70S6K 

signalling than 4EBP1 (Thoreen et al., 2009). Therefore, 4EBP1 was not inhibited as 

effectively as p70S6K by everolimus. However, despite this phenomenon neither 

p70S6K nor 4EBP1 phosphorylation was more resistant to mTORC1 inhibition in 

254R-B compared with PAR. Taken together, phosphorylation of S235/6 on S6RP 

was independent of mTORC1 inhibition by everolimus in 254R-B. 

 

Figure 4.9 – PAM pathway signalling in A2780 PAR and 254R-B cells in response to everolimus 
A2780 PAR and 254R-B cells were released and plated as described in Figure 4.8. Plates were treated 
with a range of concentrations of everolimus for 24 hours prior to lysis. Western blot procedure used 
as described in Figure 4.4. GAPDH was used as a loading control. Superscript (e.g. AKT S473) indicates 
signalling at phosphorylation site in superscript. Data are representative of two independent 
experiments. S = short exposure; L = long exposure 
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In Figures 4.4 and 4.8, baseline 4EBP1 expression in 254R-B appeared similar to the 

level of PAR, however in Figure 4.7 and 4.9, the expression appeared notably lower 

than PAR. 254R-B was selected in part because 4EBP1 expression was similar to 

PAR, unlike the low everolimus resistant subclones such as 254R-D. Therefore, the 

expression of 4EBP1 in 254R-B was investigated. Protein samples from three 

biological repeats were run in parallel and densitometric analysis performed to 

quantify the levels of T37/46 phosphorylated and total 4EBP1 in both cell lines. The 

relative density of the lysates, normalised to the GAPDH loading control showed a 

statistically significant 60% reduction in the T37/46 4EBP1 signal, however, despite 

a 30% reduction in 4EBP1 expression between PAR and 254R-B, this was not 

statistically significant. Between PAR and 254R-B, there was a 36.7% reduction in 

p4EBP1:4EBP1 ratio from 0.75 to 0.45, which suggests that the greater reduction in 

p4EBP1 than 4EBP1 in 254R-B is likely to alter the 4EBP1/eIF4E stoichiometry to 

favour increased 4EBP1 binding of eIF4E. In addition to this, densitometric analysis 

of the data in Figure 4.7 shows there is also a reduction in eIF4E:4EBP1 ratio from 

0.73 to 0.42, indicating a 42.2% reduction. This may further impact the 4EBP1/eIF4E 

stoichiometry to favour increased 4EBP1 binding of eIF4E. 

In summary, 254R-B exhibited some alterations in mTORC1 signalling in response to 

PAM inhibitor treatment. Although 254R-B exhibited no resistance to mTORC1 

signalling to MK-2206, 4EBP1 phosphorylation and expression was reduced and less 

functionally active regardless of improved activity by drug action. Additionally, 

254R-B also observed strong S235/6 S6RP resistance to everolimus, which was not 

observed with MK-2206 treatment. 
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Figure 4.10 – Analysis of baseline 4EBP1 signalling across multiple A2780 PAR and 254R-B 
biological repeats.  
(A) Untreated samples of A2780 PAR and 254R-B used in experiments for Figures 4.8 and 4.9 were 
analysed by western blot as described in Figure 4.4. Samples labelled as 1, 2 and 3 represent three 
separate biological repeats, plated identically on different days. GAPDH was used as a loading 
control. Superscript indicates signalling at respective phosphorylation site.  (B) Bar charts of relative 

density of 4EBP1T37/46 (left) and total 4EBP1 (right) bands from (A). Band intensities were 

determined using Image J, and relative densities calculated, adjusted to GAPDH loading, normalised 
to PAR n1 and analysed in GraphPad Prism 6. Dotted lines represent the mean of three biological 
repeats for A2780 PAR or 254R-B cells as indicated. Statistics: Welch’s t test of PAR to 254R-B relative 
densities, *p<0.05, N.S = non-significant.  

A 

B 
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4.2.5. Response of A2780 PAR and 254R-D to PAM inhibitors 

The response of 254R-D to MK-2206 was shown in Figure 4.11. MK-2206 reduced 

the phosphorylation of S473 on AKT with increasing concentrations of drug, 

indicative of reduced maximal activity of AKT (Pearce et al., 2010). The 

phosphorylation was undetectable by 0.1μM in both PAR and 254R-D. 

Phosphorylation of T389 on p70S6K in PAR increased with greater concentrations of 

MK-2206, which was not exhibited in 254R-D, nor in previous MK-2206 treated blots 

for PAR (Figures 3.8 and 4.8). In both PAR and 254R-D, T389 p70S6K 

phosphorylation drops between 1 and 10μM. An equal dose-dependent reduction 

of S235/6 on S6RP was observed in both cell lines, and phosphorylation of S240/4 

was slightly greater for each dose in PAR. The bandshift from high to low molecular 

weight forms of T37/46 phosphorylated 4EBP1 was observed at a lower 

concentration of MK-2206 in 254R-D (0.5μM) than PAR (1μM). Taken together, 

p70S6K and 4EBP1 phosphorylation were not resistant to AKT inhibition by MK-

2206.  

The effect of mTORC1-specific inhibition (everolimus) on these targets in 254R-D 

was also investigated (Figure 4.12). Consistent with Figure 4.7, baseline S473 

phosphorylation of AKT was markedly less in 254R-D compared with PAR. S473 was 

also slightly reduced with increasing concentrations of everolimus in PAR, but 

slightly increased in 254R-D. The phosphorylation of T389 of p70S6K and S235/6 

and S240/4 of S6RP decreased with increasing concentrations of everolimus. In all 

of these residues, the signal was undetectable by 1nM. Baseline T37/46 

phosphorylation of 4EBP1 was markedly less in 254R-D compared with PAR (Figure 

4.12). In both cell lines, HMW isoforms shifted to LMW isoforms with increasing 

concentrations of everolimus. The short exposure (S) for PAR and long (L) for 254R-

D show that this band shift begins to occur between 0.1nm and 1nM in both cell 

lines. However, unlike with p70S6K and S6RP, T37/46 phosphorylation of 4EBP1 was 

still detectable in HMW isoforms even at 100nM for both cell lines. The bandshift at 

1nM was also observed with total 4EBP1. Taken together, p70S6K and 4EBP1 

phosphorylation were not resistant to mTORC1 inhibition.  
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In summary, mTORC1 signalling was not resistant to MK-2206 or everolimus in 

254R-D cells. 

 

Figure 4.11 – PAM pathway signalling in A2780 PAR and 254R-D cells in response to MK-2206 
A2780 PAR and 254R-D cells were released, plated and drug-treated as described in Figure 4.8. 

Western blot procedure used as described in Figure 4.4. Superscript (e.g. AKT S473) indicates 

signalling at phosphorylation site in superscript. GAPDH was used as a loading control. Data are 
representative of three independent experiments. S = short exposure; L = long exposure. 
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Figure 4.12 – PAM pathway signalling in A2780 PAR and 254R-D cells in response to everolimus 
A2780 PAR and 254R-D cells were released, plated and drug-treated as described in Figure 4.9. 

Western blot procedure used as described in Figure 4.4. Superscript (e.g. AKT S473) indicates 

signalling at phosphorylation site in superscript. GAPDH was used as a loading control. Data are 
representative of two independent experiments.  
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4.3. Discussion 

The primary aim of this chapter was to subclone the A2780 254Rp cell line and 

further examine subclonal populations to identify candidate mechanisms driving 

resistance to capivasertib. 

4.3.1. Generation and screening of A2780 254Rp subclones 

The subcloning of A2780 254Rp resulted in the generation of eight clonal 254R cell 

lines: 254R-A, B, D, E, F, H, J and K. All of the subclones were screened for 

morphological differences, cross-resistance to CCT129254, capivasertib, everolimus 

and vistusertib and changes in baseline signalling of mTORC1 substrates to identify 

subclones to take forward with distinctly different resistance mechanisms. The 

subclones revealed a diversity in cross-resistance profiling and mTORC1 signalling, 

however they could be broadly categorised into three groups (Figure 4.4). 

The subclones in group 1 (254R-B and E) exhibited high RF values to everolimus and 

the phosphorylation and expression of 4EBP1 was similar to PAR. Group 2 subclones 

(254R-A, D, G, H, J and K) exhibited low everolimus resistance and phosphorylation 

and expression of 4EBP1 was reduced compared with PAR. Group 3 (254R-F only) 

exhibited low everolimus resistance, 4EBP1 phosphorylation and expression was 

similar to PAR and the morphology was more fibroblast-like than the epithelial-like 

shape of PAR and other resistant cell lines.  

Two subclones were selected for further investigation for candidate resistance 

mechanisms to capivasertib. 254R-B was selected from group 1 and 254R-D was 

selected from group 2 as these exhibited the greatest resistance to capivasertib for 

each respective group. 254R-F would also be interesting to investigate further. An 

EMT phenotype has been previously associated with resistance to AKT inhibitors 

(MK-2206; Stottrup et al., 2016) and can be further explored by assessing 

alterations in the levels of E-cadherin, N-cadherin and vimentin. Additionally, 

alterations in the signalling of mTORC1 substrates may suggest that alterations in E-

cadherin may be dependent on mTORC1 signalling (Kim et al., 2014). 
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Ultimately, the generation of only 8 254Rp subclones, provides a limited scope 

towards the potential diversity of capivasertib polyclonal resistance mechanisms 

which may be present in the heterogenetic 254Rp population. Additionally, the 

similarity of subclones to allow their categorisation into three distinct groups, may 

highlight a more restricted variety of mechanisms. The main cause of this may be 

the limited dilution technique used to generate capivasertib-resistant clonal 

populations. For this technique, the cells are required to be able to grow 

independently of one another, which may not necessarily be possible for every cell 

in a polyclonal resistant population. Therefore, not all resistance mechanisms can 

be isolated in this way. This is particularly true for resistance mechanisms that may 

have co-evolved together and form co-dependence (Burrell and Swanton, 2014). 

Furthermore, the use of resistant isogenic cell lines as models of drug resistance 

carry their own limitations altogether as they are less capable of properly 

representing a tumour environment in terms of the influences from intratumoural, 

microenvironment and immune interactions on resistance generation (McDermott 

et al., 2014; Goodspeed et al., 2016; Namekawa et al., 2019). 

4.3.2. Identification of candidate drivers of capivasertib resistance in 254R-B 

After selection, cross-resistance profiling was repeated with a revised seeding 

concentration. 254R-B cells exhibited cross-resistance to all AKT inhibitors tested 

(10-40 RF; Figure 4.5) and even greater fold resistance to everolimus (96 RF).  

Under AKT inhibition with MK-2206 (Figure 4.8), T389 phosphorylation of p70S6K 

was 254R-B was greater than PAR for each concentration and was likely due to the 

increase in baseline phosphorylation of this residue. Interestingly, this increase did 

not translate to increased or resistant phosphorylation of the p70S6K substrate, 

S6RP (S235/6 and S240/4). Nevertheless, this does not necessarily rule out p70S6K 

phosphorylation of other substrates such as eEF2K, eIF4B, PDCD4 and SKAR (Fenton 

and Gout, 2011). Therefore, the activity of these should be investigated. These data 

suggest that resistance of 254R-B to MK-2206 as observed in Figure 4.5 does not 

depend on altered signalling of mTORC1 substrates. 
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As 254R-B exhibited a large fold-resistance to the allosteric mTORC1 inhibitor 

everolimus, the effect of this drug on AKT and mTORC1 substrate signalling in 254R-

B was also investigated (Figure 4.9). The most notable event was S6RP 

phosphorylation at S235/6. Although the signal was undetectable by 0.1nM in PAR, 

the signal in 254R-B dropped between 0.1nM and 1nM and did not decrease further 

with increasing concentrations of everolimus. The drop in signal between 0.1nM 

and 1nM in 254R-B correlated with a complete abolition of T389 p70S6K 

phosphorylation, and combined with no further drop in signal, suggested additional 

S235/6 phosphorylation by an mTORC1-independent kinase, such as p90RSK (Roux 

et al., 2007). Interestingly, this resistant signalling was not observed with MK-2206 

treatment, although previous studies have shown that resistance to PAM inhibitors 

associated with resistant S6RP S235/6 phosphorylation also harbour cross-

resistance to MK-2206 (Serra et al., 2013).  

The baseline level of phosphorylation and total expression of 4EBP1 appeared 

inconsistent between Figures 4.4 and 4.7-9 and was further investigated in Figure 

4.10. Densitometric analysis of 4EBP1 showed that phosphorylation at T37/46 was 

significantly reduced by 60% and total expression was reduced by 30%. This 

translated to a 36.7% reduction in p4EBP1:4EBP1 ratio between PAR and 254R-B, 

which suggests that the 4EBP1/eIF4E stoichiometry may be altered to favour 

increased 4EBP1 binding of eIF4E. Also, considering that in Figure 4.7, eIF4E showed 

minimal change between PAR and 254R-B, densitometric analysis of the data 

showed there was also a 42.2% reduction in eIF4E:4EBP1 ratio, which could further 

impact the 4EBP1/eIF4E stoichiometry to favour increased 4EBP1 binding of eIF4E, 

and therefore a reduction in eIF4F complex assembly and cap-dependent protein 

synthesis. Previous studies have shown that alterations of the balance of these two 

proteins can lead to resistance to mTORC inhibitors (Dilling et al., 2002; Alain et al., 

2012; Cope et al., 2014). As discussed previously, 4EBP1 phosphorylation may be 

linked with its degradation. Similarly to Chapter 3, the effect of reduced 4EBP1 

phosphorylation (60%; Figure 4.10) on 4EBP1 degradation in 254R-B (Yanagiya et 

al., 2012), could be investigated using a cycloheximide half-life assay.  
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In summary, 254R-B exhibited changes in the activity of 4EBP1 and S6RP that may 

be involved in driving resistance to capivasertib. These may be independent of one 

another, with one or both driving resistance, or may be the result of a driver further 

upstream of both. 

4.3.3. Identification of candidate drivers of capivasertib resistance in 254R-D 

Cross-resistance profiling highlighted that 254R-D cells were resistant to both ATP-

competitive AKT inhibitors, CCT129254 and capivasertib (11-40 RF; Figure 4.6). 

Interestingly, the RF value for the allosteric AKT inhibitor, MK-2206, although 

statistically significant was far lower (2.2 RF). This was lower than either of the 

mTORC inhibitors tested (3.3-12.4 RF). It was therefore unsurprising that mTORC1 

signalling in 254R-D exhibited no resistance to MK-2206 (Figure 4.11). 254R-D also 

exhibited low RF to the mTOR kinase inhibitor vistusertib (3.3 RF), which indirectly 

affects AKT activity through mTORC2 phosphorylation of S473 (Pearce et al., 2010). 

As 254R-D was resistant to the ATP-competitive inhibitors, CCT129254 and 

capivasertib, but less resistant to other direct or indirect forms of AKT inhibition, 

this suggests that the resistance mechanism may be specific to ATP-competitive AKT 

inhibitors. This can be confirmed through cross-resistance profiling with alternative 

ATP-dependent (e.g. ipatasertib) and independent AKT inhibitors (e.g. miltefosine, 

triciribine; Mundi et al., 2016; Revathidevi and Munirajan, 2019). Sensitivity to MK-

2206 implies that the drug can overcome and inhibit the resistance mechanism of 

capivasertib. As MK-2206 is a selective AKT inhibitor (Hirai et al., 2010), it does not 

target additional nodes than those also targeted by capivasertib. Therefore the 

resistance mechanism may affect the shared drug target, AKT. Interestingly, 

baseline phosphorylation of S473 of AKT was reduced in 254R-D (Figure 4.7), 

indicative of a reduction in AKT activity (Pearce et al., 2010), suggesting that 254R-D 

may be less dependent on AKT signalling. Despite this reduction, it would be useful 

to investigate whether this and AKT-substrate residues such as S9 GSK-3β and T246 

PRAS40 are resistant to capivasertib, to indicate resistant activity of AKT. This may 

also be supplemented with an in vitro kinase assay. Previous studies have shown 

that mutations in AKT can lead to AKT inhibitor resistance (Carpten et al., 2007), 
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therefore sequencing of all three isoforms in PAR and 254R-D may identify a 

mutation causing resistance to capivasertib. 

Alternatively, resistance may be the result of a bypass mechanism from alterations 

of other AGC kinases targeted by capivasertib and CCT129254, such as p70S6K or 

PKA, which drive the same oncogenic output (Davies et al., 2009; Addie et al., 2013; 

Konieczkowski et al., 2018). As S6RP phosphorylation was unchanged in 254R-D, at 

baseline or with MK-2206 or everolimus drug treatment, this suggests alterations of 

p70S6K function may be less likely, however it has yet to be investigated whether 

S6RP phosphorylation  is resistant to capivasertib. 

In summary, the data presented in this chapter suggest that A2780 254R-B and D 

exhibit two distinct phenotypes which were likely to correlate with two distinct 

resistant mechanisms. This would confirm that resistance to capivasertib in the 

original A2780 254Rp cell line was polyclonal, however this does not give insight 

into the respective proportions of different resistant populations within 254Rp. The 

following chapters will further investigate resistance mechanisms to capivasertib in 

254R-B. The candidates identified in this chapter, alterations in 4EBP1 and S6RP 

both converge functionally to increase cap-dependent protein synthesis (CDPS). 

Chapter 5 aims to explore the role of CDPS in the resistance phenotype and Chapter 

6 investigates the above candidates further. 
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5. Investigating cap-dependent protein 
synthesis as a resistance phenotype in 

A2780 254R-B 
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5. Cap-dependent protein synthesis as a resistance 

phenotype in A2780 254R-B 

5.1. Introduction 

Protein synthesis is one of the most energy consuming processes of the cell, and 

when uncontrolled it can be highly advantageous for oncogenesis, promoting 

aberrant cell growth and proliferation. This highlights the importance of the high 

level of regulation overseeing protein synthesis (Nandagopal and Roux, 2015). 

There are two main methods: cap-dependent (CDPS) and cap-independent (IRES-

mediated; CIPS) protein synthesis. The former is dominant under normal growth 

conditions, however in times of stress and low nutrients, CDPS is reduced to 

conserve cellular energy and IRES-mediated protein synthesis increases (Qin et al., 

2016). 

CDPS requires the m7G-cap at the 5’ terminus of mRNA for ribosome docking  

involving a concerted effort of a number of eukaryotic initiation factors (eIFs) as 

illustrated in Figure 5.1. The mRNA cap is recognised by the cap-binding protein, 

eIF4E, through binding with the scaffold protein eIF4G (von der Haar et al., 2000; 

Youtani et al., 2000). eIF4E, eIF4G and the RNA-helicase, eIF4A, together form the 

heterotrimeric eIF4F complex. 4EBP1 inhibits eIF4F assembly by binding and 

sequestration of eIF4E (Figure 5.1; Gingras et al., 2001; Nandagopal and Roux, 

2015).  

The eIF4F complex when assembled can initiate CDPS. eIF4G interacts with several 

translation factors, including eIF3 within the pre-initiation complex (PIC) in order to 

bridge the S6RP-bound 40S ribosomal subunit to the mRNA (Gingras et al., 2001; 

Klann et al., 2004). Subsequently, eIF4A can unwind secondary structures within the 

5’-UTR of the mRNA and allow the ribosomal scanning for the AUG start codon 

(Figure 5.1). When the start codon is established, the initiation factors dissociate 

and allow recruitment of the 60S ribosomal subunit, forming a translation-

competent 80S ribosome that can begin polypeptide chain synthesis, termed 

translation elongation (Gingras et al., 2001; Nandagopal and Roux, 2015). 
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Figure 5.1 – Simplified schematic of the role of 4EBP1 and S6RP in cap-dependent protein 
synthesis. 
When 4EBP1 is hypophosphorylated (yellow), it can bind to and sequester the mRNA cap-binding 
protein, eIF4E (4E). 4EBP1 becomes inactivated (grey) through phosphorylation of several residues 
and cannot bind with eIF4E. eIF4E brings the mRNA to the scaffold protein eIF4G (4G), and with 
eIF4A (4A) form the eIF4F initiation complex. This allows subsequent recruitment of the pre-initiation 
complex (PIC) for ribosomal docking. S6RP is bound to the 40S ribosomal subunit. 1 = eIF1; 1A = 
eIF1A; 2 = eIF2; 3 = eIF3; 5 = eIF5; 40S = 40S ribosomal subunit; P = phosphorylated residues; tRNA 
(yellow on eIF2). Black line with black and grey circle represents mRNA transcript with m7G cap. 
Illustration based upon information from Ren-Jang, (2010). 

The restricted availability of eIF4E makes this initiation factor a rate-limiting 

component of the eIF4F complex. The quantity of eIF4E that can bind with eIF4G is 

regulated by sequestration by eIF4E-binding proteins (4EBPs). When 4EBP1 is in a 

hypophosphorylated state, it strongly binds with eIF4E and sequesters its ability to 
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interact with eIF4G. When hyperphosphorylated, 4EBP1 becomes inactive and 

allows the formation of the eIF4F complex (Nandagopal 2016; Gingras 2001). mTOR 

is the main and best studied kinase of 4EBP1, which target the residues, T37 and 

T46 (Nandagopal 2016; Qin; Gingras). Phosphorylation of other less studied 4EBP1 

residues may be phosphorylated by GSK-3β, p38MAPK, ERK, PIM1, ATM and CDK1 

(Gingras et al., 2001; Roux and Topisirovic, 2018). 

CDPS is the convergence point of both PI3K/AKT/mTOR (PAM) and Mitogen-

Activated Protein Kinase (MAPK) pathways, and thus it is unsurprising that 

components of CDPS are often altered and drive resistance to inhibitors of both 

pathways (Dilling et al., 2002; Nina Ilic et al., 2011; Alain et al., 2012; Boussemart et 

al., 2014; Cope et al., 2014). Oncogenic alterations of such components often lead 

to increased CDPS, and therefore either increased global cell growth and 

proliferation, or increased translation of selective oncogenic mRNAs (Gingras et al., 

2001; Qin et al., 2016). 

Several mRNA transcripts contain long and structured 5’UTRs. These are highly 

dependent on eIF4A helicase activity in unwinding the structure in order to allow 

for effective ribosomal scanning. As eIF4A activity is dependent on eIF4E availability 

for assembling the eIF4F complex, these mRNAs are termed, eIF4E-sensitive. This 

regulation is commonly found on mRNA transcripts encoding for proto-oncogenes 

such as many growth factors, cytokines, protein kinases, transcription factors, 

polyamine biosynthesis proteins and cell cycle regulators (Figure 5.2; Polunovsky 

and Bitterman, 2002; Nandagopal and Roux, 2015; Qin et al., 2016). 

In Chapter 4, resistant subclones of A2780 254Rp were investigated for resistance 

mechanisms to capivasertib (AZD5363). 254R-B exhibited resistance to AKT and 

mTORC1 inhibitors, but not to the eIF4F complex assembly inhibitor, 4EGI-1. This in 

combination with reduced 4EBP1 expression and increased S6RP phosphorylation 

indicate that the resistance mechanism may converge at CDPS as a resistance 

phenotype in 254R-B. The aim of this chapter is to determine whether CDPS is 

altered in 254R-B and investigate the implications of phenotype. 
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Figure 5.2 – Simplified schematic of protein synthesis of eIF4E-sensitive mRNA transcripts.  
Illustrations based and adapted from Roux and Topisirovic, (2012) and Leppek et al., (2018). (A) The 
complexity of the secondary structure of the 5’UTR of mRNA can influence cap-dependent protein 
synthesis. The greater the complexity, the greater the requirement for eIF4F complex helicase 
activity, which is dependent on availability of eIF4E – thus termed eIF4E-sensitive transcripts. 4A = 
eIF4A; 4E = eIF4E; 4G = eIF4G. Black line with black and grey circle represents mRNA transcript with 
m7G cap. (B) The translational activity of eIF4E-insensitive mRNAs (top row) are marginally 
influenced by the changes in eIF4E availability, whereas eIF4E-sensitive mRNAs (bottom row) in 
contrast are strongly influenced by eIF4E availability. 
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5.2. Results 

5.2.1. Dynamics of 4EBP1 and eIF4G binding to eIF4E in A2780 PAR and 254R-

B cells 

In Chapter 4, a reduction in 4EBP1 phosphorylation and expression alongside 

sensitivity to eIF4F complex assembly inhibitor, 4EGI-1 suggested that the resistance 

mechanism may directly or indirectly involve 4EBP1. As the best studied role of 

4EBP1 is its binding and sequestration of mRNA cap-binding initiation factor, eIF4E 

(Gingras et al., 2001; Nandagopal and Roux, 2015), this interaction was investigated 

by 7-methyl-GTP (m7GTP) pull down assay to determine if the functional activity of 

4EBP1 had changed in 254R-B. 

PAR and 254R-B cell lines were treated for 24 hours with PAM inhibitors. All of the 

drugs tested inhibited the activity of mTORC1, directly or indirectly, and therefore 

decrease the phosphorylation of 4EBP1 at T37/46, and theoretically increase 4EBP1-

eIF4E binding. Using agarose-bound m7GTP, acting as a mimetic of the mRNA cap, 

eIF4E was isolated from non-denatured cell lysates, along with its associated 

proteins, as illustrated in Figure 5.3. These were analysed by western blot. The 

concentrations used for treatment corresponded with the half-maximal growth 

inhibition concentrations (GI50) for PAR (low concentration) and 254R-B (high 

concentration) in each case respectively. In all of the pull downs in Figure 5.4, 4EBP1 

was observed as a single band rather than multiple bands, as only the 

hypophosphorylated isoform of 4EBP1 can bind with eIF4E (Gingras et al., 2001).  
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Figure 5.3 – Schematic of the m7GTP pull down assay 
Schematic based upon information from www.thermofisher.com. Agarose beads (light grey circle) 
bound with m7GTP (black circle) were used to isolate eIF4E (4E) from cell lysate, and associated 
proteins were analysed by western blot. In the absence of an inhibitor (bottom left), some 4EBP1 will 
be phosphorylated and unable to bind with eIF4E, therefore facilitating eIF4E-eIF4G binding. In the 
presence of an inhibitor (MK-2206, capivasertib, everolimus or vistusertib), phosphorylation of 
4EBP1 will be reduced and thus more 4EBP1 can actively  bind with eIF4E, and thus greater levels of 
eIF4E found bound to 4EBP1 and less  to eIF4G. 4A = eIF4A; 4G = eIF4G. Non-specific proteins in cell 
lysate are represented as blue ovals. 

The proteins associated with eIF4E were first examined with treatment of MK-2206 

(Figure 5.4A). This was used to investigate the response to AKT inhibition alone 

because MK-2206 is an allosteric inhibitor and thus more AKT-selective (Smyth and 

Collins, 2009; Hirai et al., 2010). Figure 5.4A shows that the baseline binding of 

4EBP1 to eIF4E appeared to be reduced in 254R-B compared with PAR. The level of 

4EBP1 binding with eIF4E increases with MK-2206 in both cell lines, however on 

average the increase in 4EBP1 binding was much greater in PAR (16 fold) than 254R-

B (4 fold; Figure 5.5A). eIF4G binding was dramatically reduced with 4μM MK-2206 

in PAR (by 57%) compared to on average 17% reduction in 254R-B (Figure 5.5B).  

With increasing concentrations of capivasertib (Figures 5.4B and 5.5), the level of 

4EBP1 isolated with eIF4E also increased in PAR (6.5 fold) and a concomitant 
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reduction in eIF4G signal (39%) was observed. Similarly to MK-2206, despite the 

increase in 4EBP1 binding with increased capivasertib, in 254R-B, this increase was 

not to the same extent at 4μM (3.7 fold) as witnessed in PAR. Consequently, 254R-B 

exhibited only a 2.9% reduction in eIF4G binding between 0μM and 4μM 

capivasertib. 

In Figure 5.4C, a similar result was also witnessed with treatment of the mTORC 

inhibitors, everolimus and vistusertib. With increasing concentrations of drug, there 

was an increase in 4EBP1 binding with eIF4E in PAR (everolimus 7.7 fold and 

vistusertib 6.2 fold). Concomitantly, both drugs also exhibited a reduction in eIF4G 

binding in PAR (66.3% and 39% respectively). Comparatively in 254R-B, 4EBP1 

binding to eIF4E increased with drug concentration, however, these were not 

observed to the same extent as in PAR (both 4.5 fold). eIF4G-eIF4E binding was 

reduced by 30% for both drugs in 254R-B between the maximum concentration and 

DMSO control. Taken together, the binding of 4EBP1 to eIF4E was overall less 

responsive to 4EBP1 phosphorylation inhibition in 254R-B versus PAR. 
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Figure 5.4 – Dynamics of 4EBP1 and eIF4G binding to eIF4E under PAM inhibitor treatment in 
A2780 PAR and 254R-B cells 
Cells were plated at 5x105 in 10cm tissue culture dishes and incubated at normal growth conditions 
for 72 hours. Cells were treated with (A) MK-2206, (B) capivasertib, (C) MK-2206 (M; µM), 
everolimus (E; nM) or vistusertib (V; nM) at PAR GI50, 254R-B GI50 concentrations or DMSO-only (D; 0 
µM), 24 hours prior to lysis in non-denaturing lysis buffer. 250µg protein was incubated with m7GTP-
bound agarose beads for 24 hours to isolate eIF4E and eIF4E-bound proteins. Beads were washed 
and proteins denatured in sample buffer at 60oC to minimise melting of beads. Bead-bound lysate 
proteins were separated by SDS-PAGE, transferred to PVDF membranes and probed with antibodies 
against total proteins and developed. Representative of ≥ two independent experiments. 
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Figure 5.5 – Quantitative analysis of the dynamics of 4EBP1 and eIF4G binding to eIF4E under PAM 
inhibitor treatment in A2780 PAR and 254R-B cells 
The relative induction of 4EBP1 or eIF4G binding to eIF4E with PAM inhibitor treatment. Pull down 
western blots as Figure 5.4 were quantified using densitometry. 4EBP1 or eIF4G band intensities 
were determined using Image J, adjusted to eIF4E loading and analysed in Microsoft Excel. (A) 
Induction was calculated as the fold difference between the adjusted area band intensity of 4EBP1 in 
DMSO control versus the maximum drug concentration per drug. (B) % Reduction was calculated as 
the % difference between the adjusted area band intensity of eIF4G in DMSO control versus the 
maximum drug concentration per drug. Average of ≥ two independent experiments. 

5.2.2. Investigation of cap-dependent protein synthesis in A2780 PAR and  

254R-B cells 

Alterations in the ratio of 4EBP1 or eIF4G binding with eIF4E may suggest that cap-

dependent protein synthesis was altered in 254R-B. The dual-luciferase reporter 

assay (DLRA) is a method by which the CDPS can be investigated between the two 
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cell lines. This method involves transfection of a bicistronic luciferase construct, and 

thus the method of transfection in these cell lines required optimisation. 

Relative CDPS can be measured as a ratio of Cap-Dependent (CDPS) to Cap-

Independent, IRES-mediated protein synthesis (CIPS). By transfecting the bicistronic 

pRL-IRES-FL plasmid (kindly gifted by Dr. Simon Cook; Babraham Institute, 

Cambridge), CDPS and CIPS were quantified within A2780 PAR and 254R-B cells. 

Figure 5.6A shows the pRL-IRES-FL plasmid contains two luciferase genes, Renilla 

and firefly luciferases, separated by the poliovirus internal ribosome entry site 

(IRES; Li et al., 2002; Cope et al., 2014). Expression of Renilla luciferase protein is 

indicative of CDPS, whereas firefly luciferase expression is regulated by CIPS. The 

level of luciferase expression is proportionate to the luciferase intensity which can 

be quantified using the DLRA. The Renilla luciferase intensity can be divided by the 

firefly luciferase signal to calculate the relative CDPS ratio (Figure 5.6B). 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐶𝐷𝑃𝑇 =  
Renilla 𝑙𝑢𝑐𝑖𝑓𝑒𝑟𝑎𝑠𝑒 𝑠𝑖𝑔𝑛𝑎𝑙

𝑓𝑖𝑟𝑒𝑓𝑙𝑦 𝑙𝑢𝑐𝑖𝑓𝑒𝑟𝑎𝑠𝑒 𝑠𝑖𝑔𝑛𝑎𝑙
 

In Figure 5.6C, Renilla expression was on average 200% greater in 254R-B than PAR 

and firefly luciferase was reduced by 83%. This suggests that CDPS was increased in 

254R-B and CIPS was reduced, which overall resulted in a greater increase in 

relative CDPS. 254R-B exhibited a 9-fold increase in relative CDPS than PAR (Figure 

5.6D).  
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Figure 5.6 – Determination of relative levels of cap-dependent and IRES-dependent protein 
synthesis in A2780 PAR and 254R-B cell lines. 
(A) Schematic of pRL-IRES-FL plasmid, based upon information from Li et al., (2002). Renilla luciferase 
expression is controlled by cap-dependent protein synthesis, whereas firefly luciferase expression is 
under the control of a polio-viral internal ribosome entry site (IRES). (B) Luciferase signal correlates 
with luciferase expression. Relative CDPS was calculated as the ratio of Renilla luciferase signal to 
firefly luciferase signal in PAR and 254R-B separately. RL = Renilla luciferase; FL = firefly luciferase. (C 
and D) Cells were plated at 3x105 cells per well in a 6-well plate, 24 hours prior to transfection. 2.5µg 
of RNAse free water (mock), pRL-IRES-FL or pcDNA5-FRT-eGFP (eGFP) was complexed with Trans-IT 
LT1 transfection reagent at 3µl:1µg lipid:DNA ratio and added to cells as per manufacturer’s 
instructions. 48 hours post-transfection, cells were lysed, protein concentration normalised and light 
emitted was measured for Renilla luciferase (RL) and firefly luciferase. Average of three independent 
experiments. Analysis performed using Graphpad Prism 6. (C) Bar graph depicting the luciferase 
signal intensities for Renilla and firefly luciferase. (D) Bar graph depicting the ratio of Renilla:firefly 
luciferase signals calculated by division of Renilla by firefly luciferase signals for each cell line, and 
normalised to PAR.  
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5.2.3. Investigation of global protein synthesis in A2780 PAR and 254R-B cells 

The increase in CDPS observed in 254R-B, may increase global protein synthesis in 

the resistant cell line and so this was investigated using polysome profiling. 

Polysome profiling is a method to quantify altered protein synthesis via the 

assumption that mRNA with more ribosomes bound will have greater translational 

activity. Therefore, cells with more actively translated mRNA (polysomes) exhibit 

increased global protein synthesis. This can be measured as relative polysome and 

sub-polysome percentages (Warner et al., 1963). 

PAR and 254R-B cells were grown overnight and lysed using cycloheximide (CHX)-

containing non-denaturing lysis buffer. CHX is an inhibitor of the elongation step of 

protein synthesis, thus immobilising ribosomes on mRNA and preserving their 

location at the time of drug exposure (Ingolia, 2010). Cleared lysates were 

ultracentrifuged through a 10-50% sucrose density to separate free RNA, free 

ribosomes and poorly translated mRNAs (sub-polysomes) into lighter fractions and 

actively translated mRNAs (polysomes) into heavier sucrose fractions (Figure 5.7A; 

Gingras et al., 2001). The optical density of these fractions was measured at 254nm 

to produce traces as in Figure 5.7B, with an identifiable small peak for sub-

polysomes (80S) and a larger stair-like curve for polysomes. The area under the 

curves were calculated as a percentage of the total area under both sub-polysome 

and polysome curves and are presented in Figure 5.7C.  

254R-B exhibited a slight decrease in the percentage (13.4%) of the total ribosomes 

bound as sub-polysomes than PAR (16.1%). Consequently, polysome percentages 

were marginally increased (86.6% and 83.9% respectively). As these changes in in 

Figure 5.7C, were minimal and statistically insignificant, it was concluded that there 

was no increase in global protein synthesis. 
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Figure 5.7 – Investigation of global protein synthesis in A2780 PAR and 254R-B cell lines 
PAR and 254R-B cell lines were plated at 15x106 cells in T175 flasks and incubated in normal growth 
conditions for 24 hours. Cells were subsequently lysed in polysome profiling non-denaturing 
polysome profiling lysis buffer, and ultra-centrifuged through a 10-50% sucrose gradient in 
polyallomer tubes. The centrifugation separates free RNA and ribosomal subunits, sub-polysomes 
and polysomes by weight as illustrated by (A), adapted from Kapeli and Yeo, (2012) and Godfrey et 
al., (2017). Absorbance of sucrose gradient fractions were analysed at 254nm to produce a trace 
such as example in (B), representative of three independent experiments. Increased absorbance 
correlates with increased levels of the relevant mRNA in the analysed fraction. (C) Bar graph of 
average polysome and sub-polysome percentages. The area under the polysome and sub-polysome 
curves were calculated in Microsoft Excel 2016 and analysed as a percentage of the total area under 
sub-polysome and polysome peaks. Average from three independent experiments. 
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5.2.4. Translation of eIF4E-sensitive mRNA transcripts in A2780 PAR and 

254R-B cells 

The increase in CDPS observed in Error! Reference source not found. may not 

necessarily correlate with increased global protein synthesis. It is well studied that 

increased eIF4F complex assembly increases the translation of eIF4E-sensitive 

mRNAs which contain long, highly structured 5’ UTRs, such as cyclin D1 and c-myc 

(Polunovsky and Bitterman, 2002; Nandagopal and Roux, 2015; Qin et al., 2016). 

These rely on the helicase activity of eIF4A in the eIF4F complex for ribosomal 

scanning and translation of the transcript, and thus the regulation of protein 

synthesis is dependent on the rate-limiting availability of eIF4E (Figure 5.8B; Roux 

and Topisirovic, 2012; Leppek et al., 2018). As CDPS was increased in 254R-B (Error! 

Reference source not found.), it was hypothesized that the expression of eIF4E-

sensitive transcripts would be increased. The expression of eIF4E-sensitive, cyclin 

D1 and c-myc was explored in Figure 5.8. Despite the reduction in 4EBP1 signalling 

and expression in 254R-B, the expression of both cyclin D1 and c-myc proteins was 

decreased in 254R-B compared with PAR. The reduction of cyclin D1 expression was 

pronounced, and the reduction c-myc was slight between PAR and 254R-B. 

 

Figure 5.8 – Investigation of eIF4E sensitive protein expression in PAR and 254R-B cell lines 
(A) Western blot analysis of baseline expression of cyclin D1, c-myc and 4EBP1 in A2780 PAR and 
254R-B cell lines. Cells were plated at 5x105 in 10cm tissue culture dishes and incubated at normal 
growth conditions for 72 hours. 254R-B was released from CCT129254 at least one week prior to 
plating cells for lysis. Lysis and western blotting performed as Figure 5.4. In the case of 4EBP1 and 
GAPDH, blots were stripped and reprobed with appropriate antibodies. GAPDH was used as a 
loading control. Representative of three independent biological repeats. (B) The translational activity 
of eIF4E-sensitive mRNAs (top row) are strongly influenced by the changes in eIF4E availability, 
whereas eIF4E-insensitive mRNAs (bottom row) in contrast are marginally influenced by eIF4E 
availability. Illustrations based and adapted from Roux and Topisirovic, (2012) and Leppek et al., 
(2018). 
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5.3. Discussion 

In previous chapters, alterations of 4EBP1 and S6RP were highlighted as candidate 

resistance mechanisms to capivasertib in A2780 254R-B cells. As both candidates 

converge on CDPS, the aim of this chapter was to determine whether the changes 

observed correlated with altered CDPS in 254R-B and investigate the implications of 

such a phenotype. 

5.3.1. Dynamics of 4EBP1-eIF4E and eIF4G-eIF4E in A2780 PAR and 254R-B. 

4EBP1 can play a part in both cap-dependent (via eIF4E interactions) and IRES-

mediated protein synthesis (Qin et al., 2016). As CDPS is the predominant method 

of protein synthesis (Qin et al., 2016), the interactions between 4EBP1 and eIF4E 

were explored using an m7GTP cap-mimetic pull down assay.  

In Figure 5.4, at a baseline level, the binding of 4EBP1 to eIF4E is reduced between 

PAR and 254R-B cells, which may indicate that more eIF4E is available in 254R-B to 

bind with eIF4G. This is interesting as the ratio of p4EBP1:4EBP1 and 4EBP1:eIF4E at 

baseline level as determined by densitometry in Figure 4.7 and 4.10 suggested that 

4EBP1 binding to eIF4E would be increased in 254R-B compared to PAR. The 

addition of PAM inhibitors, intended to reduce 4EBP1 phosphorylation, and thus 

increasing 4EBP1 activity prompted an increase in 4EBP1 binding to eIF4E in both 

cell lines. Interestingly, the degree of this binding was reduced in 254R-B for all 

drugs, which a 4-fold induction average across all drugs compared to 9-fold 

induction in 4EBP1 binding in PAR. This implies that the activity of 4EBP1 was less 

responsive to its hypophosphorylative state in 254R-B. As there was no alteration in 

expression of eIF4E or eIF4G in 254R-B (Figure 4.7), this result may suggest that 

there was less functionally available 4EBP1 to bind with eIF4E. One explanation for 

this is that there was less 4EBP1 to be able to bind with eIF4E (Figure 4.10), which 

may have contributed towards a reduced baseline 4EBP1-eIF4E binding in 254R-B 

(Figure 5.4). Using 5’ mRNA cap-mimetics as a pull down for eIF4E isolation has a 

main limitation in that the affinity for eIF4E is increased upon its binding to eIF4G. 
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Therefore, the degree of 4EBP1:eIF4E cannot be compared directly to eIF4G:eIF4E 

interactions. 

Another explanation for reduced 4EBP1 activity may lie in alternative 4EBP isoforms 

to 4EBP1 predominating in activity (Tsukumo et al., 2016), as the 4EBP1 antibody 

used in the pulldown does not cross-react with other 4EBP isoforms. This can be 

further investigated with pan-4EBP and 4EBP2 and 4EBP3 specific antibodies. 

However, as eIF4G did not reduce with drug to the same level as in PAR, this is 

unlikely.  

The functional activity of 4EBP1 may also depend on alterations that directly affect 

its affinity for eIF4E. A mutation may exist in 4EBP1 that reduces the  capacity for 

4EBP1 to bind with eIF4E, for example within the canonical or non-canonical eIF4E-

binding motifs (Igreja et al., 2014; Peter et al., 2015). This could be explored by 

sequencing 4EBP1 in both cell lines.  

Alternatively, reduced functional 4EBP1 may be regulated independently of 

mTORC1. The mTORC1-dependent 4EBP1 phosphorylation sites investigated in this 

thesis, T37/46 do not directly affect eIF4E binding, although they are priming sites 

for S65 and T70 phosphorylation which impact on 4EBP1-eIF4E binding. Alterations 

of mTORC1-independent 4EBP1 kinase or phosphatase activity in 254R-B may also 

reduce 4EBP1 interaction with eIF4E. 

Previous studies have shown that a reduction in 4EBP1 functionality (by reduced 

4EBP1 relative to eIF4E), can lead to resistance to mTORC inhibitors (Dilling et al., 

2002; Alain et al., 2012; Cope et al., 2014). As reduced 4EBP1 increases the 

assembly of the eIF4F complex, these studies also highlight that CDPS is increased 

as a consequence.  

5.3.2. Investigation of cap-dependent and global protein synthesis in A2780 

PAR and 254R-B cells. 

Relative CDPS was investigated in PAR and 254R-B cells using the dual luciferase 

reporter assay. Interestingly, there was a nine-fold increase in relative CDPS in 
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254R-B compared with the PAR (Error! Reference source not found.B). This was the 

result of a two-fold increase in Renilla luciferase (representing direct CDPS) and a 

83% reduction in firefly luciferase (representing IRES-mediated PS; Error! Reference 

source not found.A). However, this increase in CDPS did not correlate with an 

increase in overall global protein synthesis (Figure 5.7). Interestingly, such a large 

reduction in CIPS in 254R-B may be in part due to a reduction in transfection 

efficiency compared to PAR (Figures 2.5-8), however it may also indicate a real 

reduction in CIPS in these cells, and requires further investigation. 

The dual luciferase reporter assay is a useful means to quantify CDPS with reporter 

luciferases. However, in the construct used for this assay, the Renilla luciferase 

(representing CDPS) is under the control of one 5’ UTR structure. As mRNAs exist 

with a variety of 5’UTR secondary structures, which vary in translation efficiency, 

the overall relative CDPS may be better represented using multiple constructs 

containing varied 5’UTR structures. The accuracy of the experiment is also highly 

dependent on the transfection efficiency of the construct, which was poor; 

therefore, the construct could be introduced into the cells by a more efficient 

means such as transduction. 

Polysome profiling is a commonly used technique for investigating global protein 

synthesis activity as the fraction of ribosomes engaged in polysomes is directly 

proportional to the translation initiation rate (Warner et al., 1963). However, this is 

not a method to directly measure polypeptide synthesis, which is highlighted by 

ribosomal stalling. Polysome profiling is unable to distinguish between ribosome 

dense mRNA (polysomes) resulted from increased translational activity or a backlog 

of ribosomes built up after a stalled ribosome (Chassé et al., 2016). Polypeptide 

synthesis can be directly investigated using 35S methionine labelling or via 

incorporation of puromycin or L-azidohomoalanine (Chen and Casadevall, 1999; 

Mallya et al., 2014; Ge et al., 2016) 
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5.3.3. Translation of eIF4E-sensitive mRNA transcripts in A2780 PAR and 

254R-B cells. 

Increased CDPS may not necessarily correlate with an increase in global protein 

synthesis, but instead reflect an increase in the translational activity of eIF4E-

sensitive mRNAs (Polunovsky and Bitterman, 2002; Nandagopal and Roux, 2015; 

Qin et al., 2016). As relative CDPS was increased in 254R-B, the expression of known 

eIF4E-sensitive mRNAs, cyclin D1 and c-myc were investigated in Figure 5.8. 

However, the baseline expression of both proteins was decreased in 254R-B 

compared with PAR, which may suggest that the expression of these proteins is 

unaffected by increased CDPS. This could be confirmed by quantifying the 

proportion of the mRNA for these proteins in polysomal and subpolysomal fractions 

from polysome profiling by quantitative PCR. Additionally, it is important to note 

that both CCND1 (cyclin D1) and MYC genes also contain IRES, which can be 

enhanced by mTORC1 inhibition (rapamycin; Shi et al., 2005). Capivasertib and 

CCT129254 also indirectly inhibit mTORC1 activity (Davies et al., 2012; Addie et al., 

2013; Figure 6.12), however further investigation would be required to determine 

whether release of 254R-B from CCT129254 for one week prior to plating for the 

western blot (Section 2.2.3) was insufficient for the cellular drug concentration to 

influence CIPS. Alternatively, the PAR cell line could be equally treated and released 

from drug as 254R-B. 

Regardless of reduced baseline expression, the synthesis of both proteins may be 

resistant to capivasertib. This can be further investigated by a capivasertib-treated 

western blot of both cell lines.  

The sensitivity of protein synthesis to eIF4E availability may be context dependent 

for some highly complex 5’UTR transcripts (Roux and Topisirovic, 2018). Therefore, 

cyclin D1 and c-myc may not be eIF4E-sensitive in A2780 cells. Consequently, 

translation of other mRNAs known to be eIF4E-sensitive in A2780 cells such as BCL-2 

and MCL-1 should be investigated (Lam et al., 2014). However, it is worth noting 

that BCL-2 translation can also be mediated by IRES-dependent translation (Sherrill 

et al., 2004). 
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In summary, the data presented in this chapter suggests that CDPS was significantly 

increased in A2780 254R-B versus PAR. This did not increase global protein 

synthesis, nor translation of 4E-sensitive mRNAs, although transcripts other than 

cyclin D1 and c-myc may be affected. Chapter 6 will further investigate the role of 

reduced 4EBP1 function and everolimus-resistant S6RP as candidate resistance 

mechanisms to capivasertib in 254R-B cells. 
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6. Investigating 4EBP1 and S6RP alterations as candidate 

capivasertib resistance mechanisms  

6.1. Introduction 

Cap-dependent protein synthesis (CDPS) is a convergence point of several signalling 

pathways including the mitogen-activated protein kinase (MAPK) and the 

PI3K/AKT/mTOR (PAM) pathways (Boussemart et al., 2014). Alterations in the 

components of CDPS commonly appear as resistance mechanisms to inhibitors of 

both signalling pathways, especially PI3K, AKT, mTOR and B-Raf inhibitors (Dilling et 

al., 2002; N. Ilic et al., 2011; Mallya et al., 2014; Nogami et al., 2015).  Many of 

these alterations commonly affect the efficiency of the eIF4F complex assembly by 

shifting the 4EBP1/eIF4E stoichiometry and enhancing CDPS (Alain et al., 2012). This 

shift can occur through increased eIF4E expression (N. Ilic et al., 2011; Hoang et al., 

2012; Cope et al., 2014), reduced 4EBP1 expression (Dilling et al., 2002; Mallya et 

al., 2014; Martineau et al., 2014), or increased hyperphosphorylated 4EBP1 (Mi et 

al., 2015; Nogami et al., 2015). 

Previous studies have shown that resistance mechanisms at eIF4E or 4EBP1, may 

affect the proteins directly such as amplification of eIF4E (N. Ilic et al., 2011), or 

complete loss of 4EBP1 (Mallya et al., 2014). However, these proteins can also be 

indirectly targeted as well. For example, the activity of eIF4E can be increased 

through greater phosphorylation of serine 209 (S209) by ERK (extracellular signal-

regulated kinase; Hoang et al., 2012); EIF4EBP1 transcription has been reported to 

be down-regulated by SNAIL (J. Wang et al., 2017) and phosphorylation of 4EBP1 

may be increased by mTORC1-dependent or independent mechanisms (Mi et al., 

2015; Nogami et al., 2015). 

Another component of CDPS, S6RP (S6 ribosomal protein) is a less common driver 

of drug resistance. Studies by Grasso et al., (2014) and Theodosakis et al., (2017) 

have shown that increased phosphorylation of serine 235 and 236 (S235/6) on S6RP 

is associated with resistance to MAPK pathway inhibitors. As S235/6 on S6RP can be 

phosphorylated by p90RSK (p90 ribosomal S6 kinase), resistance to selumetinib and 
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vemurafenib could be reversed using several p90RSK inhibitors, including BI-D1870 

(Theodosakis et al., 2017). Although neither of these studies investigated whether 

resistance to MAPK inhibition also correlated with cross resistance to PAM 

inhibitors, increased p90RSK3 and 4 expression (Serra et al., 2013) as well as 

increased MAPK pathway activity have been previously associated with PI3K and 

mTORC inhibitor resistance (Carracedo et al., 2008; Yu et al., 2008; Hoang et al., 

2012; Muranen et al., 2016).  

The MAPK pathway has several nodes of crosstalk to the PAM pathway. Many of 

these crosstalk events positively regulate the activity of the PAM pathway (Figure 

6.1). Due to their promiscuity, ERK and its substrate, p90RSK are the main nodes of 

crosstalk feeding from the MAPK pathway. ERK and p90RSK can directly 

phosphorylate TSC2 (tuberin; Mendoza et al., 2011; Aksamitiene et al., 2012) and 

also S8, S696 and S863 of RAPTOR (Carrière et al., 2008; Carriere et al., 2011). These 

all act to increase mTORC1 activity. ERK also phosphorylates MNK1 (MAPK-

interacting kinases) which in turn targets S209 on eIF4E to increase its activity in 

CDPS (Siddiqui and Sonenberg, 2015; Brown and Gromeier, 2017). Additionally, the 

high kinase domain homology between p90RSK and p70S6K results in the sharing of 

several substrates including S235/6 of S6RP, eIF4B and eEF2K (Pearce et al., 2010). 

In previous chapters, alterations in 4EBP1 and S6RP were associated with resistance 

to capivasertib (AZD5363) and increased CDPS in 254R-B cells. The aim of this 

chapter was to validate the reduction of 4EBP1 expression observed in 254R-B as a 

candidate resistance mechanism to capivasertib and to further investigate the cause 

of S6RP S235/6 phosphorylation and its relevance in driving resistance. 
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Figure 6.1 – Stimulatory crosstalk from MAPK pathway into the PAM pathway. 
A simplified schematic of the PAM pathway illustrating the relationship of the components of MAPK 
pathway (dark red; ERK and p90RSK) with the PAM pathway (blue and orange). Proteins in green are 
CDPS components commonly altered in PAM inhibitor drug resistance. Phosphorylated residues are 
represented as dark red (P)s, with amino residue defined. Black arrows and block-headed arrows 
indicate phosphorylation of target induces activation or inhibition respectively. Black dotted arrows 
indicate phenotypic output. Periods (.) indicate protein interaction and binding. Illustration based 
upon information from Mendoza, et al., (2012) and Akasamitiene, et al., (2012). 
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6.2. Results 

6.2.1. Validation of reduced 4EBP1 expression as a driver of resistance to 

capivasertib in 254R-B. 

In previous chapters, 4EBP1 had been identified as a candidate for resistance to 

capivasertib due to a reduction in baseline phosphorylation and expression (Figure 

4.7) and reduced interaction with eIF4E (Figure 5.4), which correlated with 

increased CDPS (Figure 5.6D). The dependence of the resistance mechanism on 

4EBP1 was investigated by altering its functional activity in three ways: 1) reducing 

4EBP1 activity in PAR via siRNA knockdown to induce resistance; or increasing 

4EBP1 activity in 254R-B to reduce resistance by 2) small molecule inhibition of 

eIF4E-eIF4G interaction or 3) exogenous overexpression of 4EBP1. 

6.2.1.1. Reduction of 4EBP1 activity in A2780 PAR by siRNA knockdown 

Assays which can induce resistance in sensitive cell lines are typically more 

biologically insightful than increasing sensitivity of resistant cell lines, as the latter 

can be due to reduced cell fitness (Kaelin, 2017). If the alteration of the candidate 

alone can induce resistance in PAR cells, such is unlikely a result of off-target 

effects. In the case of capivasertib resistance, it was hypothesized that as 4EBP1 

activity was reduced in 254R-B, reducing 4EBP1 activity in PAR cells via the 

knockdown of 4EBP1 expression by siRNA, may induce resistance to capivasertib. 

To determine if loss of 4EBP1 expression could induce resistance to CCT129254 

(analogue to capivasertib; Figure 1.10), 4EBP1 knockdown was performed on PAR 

cells. These were treated with CCT129254, 24 hours after plating, and incubated for 

an additional 72 hours, where the remaining cells were fixed and stained as the SRB 

growth assay. Cells were simultaneously plated into 6-well plates without drug 

treatment to observe knockdown at several time points throughout the assay 

(Figure 6.2A). 254Rp was used to represent CCT129254 resistance, as 4EBP1 

expression was lower than 254R-B (Figure 4.4). 
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Figure 6.2 shows the effect of 4EBP1 knockdown on PAR cells exposed to 

CCT129254 for 72 hours. In Figure 6.2A, at 24 hours, when cells were drug treated, 

there was no knockdown of 4EBP1 with either Flexitube 2 or 5 oligonucleotides 

compared to the mock or NT controls. At 48 hours, 4EBP1 levels were lower with 

both oligonucleotides compared to the PAR NT or either mock-transfected PAR and 

254Rp controls. 4EBP1 levels were lower in cells transfected with Flexitube 5 than 2 

oligonucleotides. After 96 hours, 4EBP1 was still knocked down compared with the 

PAR mock and NT controls. Therefore, 4EBP1 expression was reduced for at least 48 

of the 72-hour drug incubation period. Figure 6.2B shows that 4EBP1 knockdown 

with both oligonucleotides caused a significant reduction (up to 50%) in the viability 

of PAR cells under CCT129254 treatment. However, when the CCT129254 dose 

response curve for each transfection condition was normalised to its respective 

untreated control (Figure 6.2C), no change in the sensitivity to CCT129254 was 

observed with 4EBP1 knockdown when compared to the PAR mock and NT controls. 

Therefore, 4EBP1 knockdown reduced viability of PAR cells but did not increase 

resistance to CCT129254. Taken together, this would suggest that 4EBP1 

knockdown was not sufficient to induce a CCT129254 resistance phenotype in the 

PAR cell line. 
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Figure 6.2 – 4EBP1 knockdown in PAR cells by siRNA on the sensitivity to CCT129254.  
A2780 PAR cells were reverse-transfected in 96 well plates with RNAse free water (mock; M), 10nM 
non-targeting Allstar negative control siRNA oligonucleotide (NT) or 4EBP1-targeting Flexitube 2 (F2) 
or 5 (F5) oligonucleotides, using 0.1% Lipofectamine. 24 hours after transfection, cells were treated 
with a serial dilution of CCT129254 for 48 hours and surviving cells were determined by SRB growth 
assay. (A) PAR cells were reverse-transfected and 254Rp cells were mock-transfected only as above 
in 6-well dishes simultaneously with 96-well plate transfection as knockdown efficiency controls. 
Plates were incubated for 24, 48 or 96 hours as indicated. Cells were subsequently lysed and 
analysed by western blotting. GAPDH was used as a loading control. (B and C) Dose response curves 
generated and half-maximal growth inhibition concentrations (GI50) were calculated using GraphPad 
Prism 6. Growth curves for CCT129254 treatment were normalised to the untreated mock control (% 
mock; B) or to the untreated control (% mock) for each respective transfection condition (C). Data 
points present mean ± SD of three technical replicates. The broken line on the Y-axis indicates the 
points on the curves where growth was inhibited by 50% (GI50). Data representative of ≥three 
independent experiments. (D) Summary of GI50 values for CCT129254 of transfected PAR cells and 
mock transfected 254Rp. Mean ± S.D. Welch’s t test, *p<0.05, **p<0.01, N.S = non-significant, RF = 
resistance factor.  

  

A 

B 
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6.2.1.2. Increase of 4EBP1 activity in A2780 254R-B by chemical action to 
recapitulate sensitivity to capivasertib 

The dependence of the resistance mechanism on 4EBP1 was also investigated by 

increasing its activity in 254R-B. One method to do this is by mimicking 4EBP1 

inhibitory activity using the compound, 4EGI-1. This drug simultaneously disrupts 

the interaction of eIF4G-eIF4E (Moerke et al., 2007) and enhances 4EBP1 binding to 

eIF4E (Sekiyama et al., 2015). Cells were treated with the drug for 24 hours prior to 

lysis and the effect of 4EGI-1 on the sensitivity of 254R-B to capivasertib was 

measured using the apoptotic marker, cleaved PARP. 

For this experiment, the concentrations of capivasertib and 4EGI-1 were optimised. 

The ideal concentration of capivasertib was that induced cleaved PARP in PAR cells 

but not 254R-B. As observed in Figure 6.3A, there was no detectable PARP cleavage 

in either PAR or 254R-B at baseline, however with increasing concentrations, PARP 

cleavage is increased in PAR. There was no clear PARP cleavage observed in any 

concentration of 254R-B. Based on this, any concentration at 1μM or above of 

capivasertib was ideal, however 1μM capivasertib was selected as this was the 

lowest concentration of capivasertib where PARP was notably cleaved in PAR. This 

concentration is also similar to the plasma concentration detected in patients 

during the Phase I clinical trial of capivasertib (Banerji et al., 2018). 

The ideal concentration of 4EGI-1 was one that can disrupt eIF4G-eIF4E binding in 

254R-B cells. This was examined using the m7GTP eIF4E pull down assay. Figure 6.3B 

shows that at 50μM and 100μM 4EGI-1, eIF4E binding with eIF4G was reduced and 

eIF4E binding to 4EBP1 was increased with increasing concentrations. Interestingly, 

the levels of eIF4E isolated with the m7GTP beads was also reduced at 50μM and 

100μM 4EGI-1 compared to the untreated control, although total eIF4E in the lysate 

remained unchanged. This phenomenon was expected as the affinity of eIF4E for 

the mRNA cap increases with binding to eIF4G (von der Haar et al., 2000). These 

concentrations reduced the levels of phosphorylated 4EBP1 in the input lysate, 

observed by the band shift at 50μM, similar to the 2μM MK-2205 pull down positive 

control (P+). However, neither of these concentrations induced PARP cleavage in 

254R-B to a detectable level as observed with 1μM capivasertib in PAR (C+). 50μM 
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4EGI-1 was selected as it was the lowest concentration tested that reduced eIF4G 

binding with eIF4E. 

 

Figure 6.3 - Analysis of cleaved PARP with treatment of capivasertib (A) or 4EGI-1 (B) 
Cells were plated at 5x105 in 10cm tissue culture dishes and incubated at normal growth conditions 
for 72 hours. Cells were treated with capivasertib or 4EGI-1 at concentrations indicated, 24 hours 
prior to lysis. (A) Lysate proteins were analysed by western blotting. Membranes were probed with 
cleaved PARP or GAPDH as a loading control. (B) 250µg protein in non-denaturing lysis buffer was 
incubated with m7GTP-bound agarose beads for 24 hours to isolate eIF4E and eIF4E-bound proteins. 
Beads were washed and proteins denatured in sample buffer at 60oC to minimise melting of beads. 
Bead-bound (left) and lysate only (right) proteins were analysed by western blotting. P+ = Pull down 
positive control (2µM MK-2206 treated 254R-B as Figure 5.4); C+ = cleaved PARP positive control 
(1µM capivasertib treated PAR from (A)). Representative of two independent experiments. 

Figure 6.4 shows the effect of combined capivasertib and 4EGI-1 treatment in PAR 

and 254R-B cells. In Figure 6.4A, cleaved PARP increased in PAR cells with 

capivasertib or 4EGI-1 alone, but cleavage was much greater with the drug 

combination. In contrast, 254R-B cells have increased baseline PARP cleavage 

compared with PAR, but neither drug alone or combined increased PARP cleavage. 

As observed in the pull down in Figure 6.4B, 4EBP1 binding with eIF4E did not 

increase to the same level as PAR treated with the combination. In summary, 

A 

B 
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mimicking an increase of 4EBP1 activity using 4EGI-1 did not increase sensitivity of 

254R-B to capivasertib when measured by apoptotic markers. 

 

Figure 6.4 – Analysis of cleaved PARP with combined treatment of capivasertib and 4EGI-1. 
Cells were plated as Figure 4.7 and treated with capivasertib (1μM), 4EGI-1 (50μM) or both, 24 hours 
prior to lysis. (A) Lysate proteins were analysed by western blotting as Figure 4.7. Membranes were 
probed with cleaved PARP or GAPDH as a loading control. (B) eIF4E and eIF4E-bound proteins were 
isolated by pull down and analysed by western blotting as described in Figure 4.7. Representative of 
two independent experiments. 

6.2.1.3. Increase of 4EBP1 activity in A2780 254R-B through exogenous 
protein expression to recapitulate sensitivity to capivasertib 

Another method to increase 4EBP1 activity in 254R-B was to increase 4EBP1 

expression. 254R-B cells were transfected with pcDNA3-4EBP1WT-HISMYC (human 

wildtype 4EBP1; WT) and pcDNA3-4EBP15A-HISMYC (human 5A-mutant 4EBP1; 5A), 

which were kind gifts from Dr Chris Proud (Australia; Tee and Proud, 2002; Wang et 

al., 2003). The 5A mutant has five phosphorylated residues of 4EBP1 (T36, T47, T70, 

S83 and S65) mutated to alanine, and are thus unable to be phosphorylated, 

rendering exogenous 4EBP1 permanently active (Wang et al., 2003). 

Prior to initiating stable transfection, to confirm the nature of the plasmids, 254R-B 

were transiently transfected, lysed after 48 hours and levels of 4EBP1 expression 

was examined by western blotting (Figure 6.5). 4EBP1 was run as a single band 

rather than multiple bands for easier comparison. Both the phosphorylation and 

total expression of 4EBP1 was increased in 254R-B transfected with WT 4EBP1, 

however only total expression and not T37/46 of 4EBP1 was increased in 5A 4EBP1-

transfected cells, as expected. 4EBP1 in these constructs was tagged with His and 

A B 
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Myc at the N-terminus (Wang et al., 2003). The detection of the His-tag in only the 

WT and 5A lanes confirmed successful exogenous expression of the constructs. 

 

Figure 6.5 – Transient expression of wildtype and 5A-mutant 4EBP1 in 254R-B cells. 
Cells were plated at 3x105 cells per well in a 6-well plate, 24 hours prior to transfection. 2.5µg of 
RNAse free water (mock; M), pcDNA3-4EBP1WT-HISMYC (WT), or pcDNA3-4EBP15A-HISMYC (5A) 
were complexed with Trans-IT LT1 transfection reagent at 3µl:1µg lipid:DNA ratio and added to cells 
as per manufacturer’s instructions. 48 hours post-transfection, cells were lysed and analysed by 
western blotting as Figure 6.4. UT = untransfected 254R-B cells; PAR = untransfected PAR cells; + = 
purified his-tagged protein used as positive control. 

Both 4EBP1 expression plasmids contained resistance genes to geneticin (G418), 

which allowed for selection of transfected cells with plasmid incorporation. The 

optimal concentration of G418 was determined by SRB growth assay and kill curve 

(Figure 6.6). The optimal concentration kills all non-resistant cells by ten days. 

Preliminary optimisation was performed by titrating a range of concentrations of 

G418 into 254R-B cells plated in a 96-well format. Although stable transfection 

occurred in a T25 flask seeded at 5x105, for the purposes of the SRB assay, the 

seeding concentration was scaled down to 8,000 cells per well as the equivalent 

seeding concentration for a 96-well plate. 254R-B cells were treated with G418 over 

a 96-hour period and the percentage of remaining surviving cells was determined 

using the SRB dye. Figure 6.6A shows that after 96 hours, there was 100% death at 

0.25mg/ml of G418. This was therefore used as a starting concentration for the kill 

curve.  

Cells were mock transfected and treated with G418 over a period of 10 days. 

Images were taken of the cells after G418-containing media was replenished (Figure 
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6.6B). After 10 days, there were very few cells attached to the bottom of the plate 

at 0.25 and 0.5mg/ml. No cells could be found attached to the plate after 10 days in 

1.0mg/ml G418 and thus this concentration was taken forward as the dose to select 

for stable 4EBP1 expression clones.  

 

Figure 6.6 – Determination of optimal G418 concentration to select 4EBP1-transfected clones 
(A) Representative dose response curve for G418 in A2780 254R-B cells only. Cells were plated at 
two seeding concentrations indicated and after 48 hours, treated with serially diluted concentrations 
of drug for 96 hours and surviving cells were determined by SRB growth assay. Dose response curve 
generated using GraphPad Prism 6. Data points present mean ± SD of three technical replicates. The 
broken line on the Y-axis indicates the points on the curves where growth was inhibited by 50% 
(GI50). Data representative of three independent experiments. (B) Kill curve performed on 254R-B 
cells. Cells were treated with concentrations of G418 indicated from 48 hours post mock 
transfection. Drug-treated media was replenished every 2-3 days for 10 days. 400x magnification.  

A 
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To generate 254R-B-4EBP1-WT or 5A populations, cells were plated, transfected 

with the appropriate plasmids and after 48 hours, treated with 1mg/ml G418 over a 

period of 10 days. Clonal and polyclonal populations were expanded. 15 WT (ten 

clonal; five polyclonal) and 11 5A colonies (eight clonal; three polyclonal) were 

successfully isolated. The phosphorylation and expression of 4EBP1 in the 

subpopulations is shown in Figure 6.7.  

In 254R-B-4EBP1-WT subpopulations 3, 4, 6, 7, 9, 2P, 6P, and 8P, despite a slight 

increase in phosphorylated 4EBP1 compared with untransfected 254R-B, the total 

4EBP1 expression was not increased, and were thus unsuccessful in expressing 

exogenous 4EBP1. 254R-B-4EBP1-WT subpopulations 7, 12P, 14, and 17-19 all 

exhibited an increase in 4EBP1 total expression, however WT18 and 19 did not 

exhibit an increase in phosphorylated 4EBP1. Therefore, WT subpopulations 7, 14, 

17 and 12P were taken forward. The total expression of 1P was unclear and thus 

also taken forward. 

For the 254R-B-4EBP1-5A subpopulations, there was an increase in 4EBP1 

expression in 5A4, 11, 15P, 26, and 33. In each case phosphorylated 4EBP1 was not 

greater than untransfected 254R-B, as expected. Therefore, 5A subpopulations 4, 

11, 15P, 26 and 33 were all taken forward. 

The expression of selected populations was analysed again in Figure 6.8. As 

exogenous 4EBP1 was expressed as a heavier His-Myc fusion protein, endogenous 

and exogenous 4EBP1 could be separated by SDS-PAGE. Exogenous (Ex) and 

endogenous (En) 4EBP1 were separated, and revealed all selected WT and 5A 

subpopulations were successfully transfected except WT7 and WT1P. The two 

clonal WT subpopulations WT14 and WT17 were taken forward for further 

investigation. 5A4 exhibited less phosphorylated 4EBP1 than untransfected 254R-B 

and was also taken forward with 5A11.  
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Figure 6.7 – Stable expression of wildtype (WT) or 5A-mutant (5A) 4EBP1 in 254R-B cells 
Western blot analysis of 4EBP1 phosphorylation and expression in A2780 PAR, 254R-B and 254R-B 
pcDNA3-4EBP1WT-HISMYC (WT; A), or pcDNA3-4EBP15A-HISMYC (5A; B) transfected 
subpopulations. Cells were plated, lysed and analysed by western blotting as Figure 6.4. GAPDH was 
used as a loading control. 

 

Figure 6.8 – Expression of selected wildtype (WT) or 5A-mutant (5A) 4EBP1 of selected stable 
transfection 254R-B cells 
Western blot analysis of 4EBP1 phosphorylation and expression in 254R-B pcDNA3-4EBP1WT-
HISMYC (WT), or pcDNA3-4EBP15A-HISMYC (5A) transfected subclones from Figure 6.7 with high 
4EBP1. Cells were plated, lysed and analysed by western blotting as Figure 6.4. GAPDH was used as a 
loading control. Ex = exogenous band, En = endogenous band. 

  

B 

A 



6. Investigating 4EBP1 and S6RP alterations as candidate capivasertib resistance mechanisms 

 

 

190 
 

To investigate whether overexpression of 4EBP1 in the selected subpopulations 

increased 4EBP1 functional activity, the dynamics with eIF4E and eIF4G were 

examined using the m7GTP eIF4E pull down assay. Figure 6.9 shows that in the 

presence of capivasertib, greater levels of 4EBP1 and lower levels of eIF4G were 

associated with eIF4E in PAR cells. The levels of 4EBP1 or eIF4G binding does not 

change with exposure to drug in 254R-B cells. With all four 254R-B-4EBP1 selected 

subpopulations, there was greater overall binding of 4EBP1 to eIF4E at baseline 

level than either PAR or 254R-B, and consequently eIF4G binding was lower than 

the baseline binding in PAR. For WT14 and 17, exogenous 4EBP1 binding to eIF4E 

increased with capivasertib exposure. This increase was not observed with 5A4 and 

11, although a reduction in eIF4G binding was observed with drug treatment. The 

presence of exogenous 4EBP1 in all 254R-B-4EBP1 subpopulations reverted 

endogenous 4EBP1-eIF4E binding sensitive to capivasertib. In summary, 4EBP1 

functional activity was increased in all 254R-B-4EBP1 subpopulations, compared to 

untransfected 254R-B cells. 

 

Figure 6.9 – Dynamics of 4EBP1 and eIF4G binding to eIF4E in A2780 PAR, 254R-B and 254R-B-
4EBP1 cells 
Cells were plated, treated with 254R-B GI50 concentration of capivasertib (4μM), eIF4E pull down 
assay and western blotting performed as Figure 6.4. Representative of two independent 
experiments. 

The GI50 and RF values for capivasertib were determined in the 254R-B-4EBP1 

subpopulations to observe whether increased 4EBP1 expression reduced 254R-B 

resistance to capivasertib. As shown in Figure 6.10, the RF values to capivasertib for 

all subpopulations were significantly reduced (8-14 RF) compared with 

untransfected 254R-B (84 RF), except 5A11 (99 RF). Apart from 5A11, increased 

4EBP1 binding to eIF4E is associated with reduced capivasertib resistance (Figure 
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6.11). Taken together, the exogenous expression of WT or 5A-mutant 4EBP1 in 

254R-B reduced resistance to capivasertib. 

 

Figure 6.10 – 4EBP1 overexpression in 254R-B cells on the resistance to capivasertib 
(A) Bar chart representing mean and error bars as SD of RF values for capivasertib in A2780 254R-B 
and 254R-B-4EBP1 subpopulations. Mean RF values and SD calculated as average of RF values and SD 
from ≥three individual experiments. Individual RF values calculated as ratio of 254R GI50 to PAR GI50. 
(B and C) Representative dose response curves for capivasertib, for 254R-B-4EBP1-WT (B) and 5A (C) 
subpopulations. PAR, 254R-B and 254R-B-4EBP1 subpopulations were plated and after 48 hours 
treated with serially diluted concentrations of drug for 96 hours and surviving cells were determined 
by SRB growth assay. Data analysis as Figure 4.2. Data representative of ≥three independent 
experiments. (D) Summary of GI50 concentrations and resistance factors (RF) to capivasertib in A2780 
PAR, 254R-B and 254R-B-4EBP1 subclones. Statistics as Figure 4.2. 
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Figure 6.11 – 4EBP1 expression on capivasertib resistance  
Capivasertib resistance factor (data from Figure 6.10) against the relative density of 4EBP1 
expression with capivasertib treatment (+) from Figure 6.9. Band intensities were determined using 
Image J, adjusted relative to eIF4E and analysed in Microsoft Excel. The ratio of p4EBP1:4EBP1 for 
each cell line within brackets, calculated by densitometric analysis as described above (relative to 
GAPDH) for bands from Figure 6.8.  

In summary, siRNA knockdown of 4EBP1 could not induce resistance to capivasertib 

in PAR and inhibition of eIF4E-eIF4G interactions using the compound 4EGI-1 in 

254R-B cells did not increase drug sensitivity. Despite these, increasing exogenous 

expression of WT or 5A 4EBP1 in 254R-B, significantly reduced capivasertib 

resistance. 

6.2.2. Investigation of MAPK pathway crosstalk in resistance to capivasertib 

Alongside 4EBP1, S6RP was also considered as a candidate mechanism for 

resistance to capivasertib. In Chapter 4 (Figure 4.9), 254R-B exhibited strong 

resistant phosphorylation at serine 235 and 236 (S235/6) on S6RP to everolimus. To 

observe if this phenomenon was cross-resistant to capivasertib, PAM pathway 

signalling downstream of mTORC1 was examined in PAR and 254R-B cells treated 

with the drug. PAR and 254R-B cells were exposed for 24 hours to a range of 

concentrations of drug and signalling was analysed by western blotting.  

The response of 254R-B to capivasertib is shown in Figure 6.12. The 

phosphorylation of serine 473 (S473) on AKT increased in both cell lines with 

increased concentrations of capivasertib. This was also observed in the 
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phosphorylation of threonine 389 (T389) of p70S6K. This was not observed in the 

phosphorylation of other proteins examined, and as both AKT and p70S6K are 

targets of capivasertib (Davies et al., 2012; Addie et al., 2013), this may be 

attributable to a conformational change induced by the ATP-competitive inhibitor 

which blocks phosphatase access to both proteins (Pearce et al., 2010; Lin et al., 

2012). Total AKT was reduced in proportion to increased phosphorylated AKT, as 

observed in Figure 4.8. This was likely because it was raised against the 

unphosphorylated carboxyl-terminal residues of AKT, which may overlap with S473 

(cellsignal.co.uk) and thus have a greater affinity for non-phosphorylated AKT. 

Despite an increase in baseline phosphorylation of T389 on p70S6K in 254R-B versus 

PAR in the presence of capivasertib, there was no equivalent increase in the 

baseline phosphorylation of either S235/6 or serine 240 and 244 (S240/4) on S6RP. 

Both S6RP signals decreased in a dose-dependent manner in PAR and 254R-B. 

S235/6 was undetectable by 1μM in PAR and 30μM in 254R-B, suggesting these 

residues were more resistant to capivasertib than in PAR. Also, S240/4 exhibited 

slight resistance in which phosphorylation was undetectable by 5μM in PAR and 

10μM in 254R-B. 

Phosphorylation of 4EBP1 at threonine 37 and 46 (T37/46) clearly bandshifts from 

high molecular weight (HMW) hyperphosphorylated isoforms to low molecular 

weight (LMW) hypophosphorylated isoforms at 1μM in PAR, however 254R-B does 

not bandshift by 30μM. This resistant bandshifting was not observed with total 

4EBP1. Taken together, phosphorylation at serine 235 and 236 (S235/6) on S6RP 

was cross-resistant to both everolimus and capivasertib in 254R-B cells. 
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Figure 6.12 – PAM pathway signalling in A2780 PAR and 254R-B cells in response to capivasertib 
A2780 PAR and 254R-B cells were plated, treated with a range of concentrations of capivasertib and 
lysed as Figure 6.4. 254R-B cells were released from CCT129254 at least one week prior to plating. 
Western blot procedure used as described in Figure 6.4. Superscript (e.g. AKT S473) indicates signalling 
at phosphorylation site in superscript. GAPDH was used as a loading control. S = short exposure; L = 
long exposure. Data are representative of two independent experiments. 

S6RP phosphorylation of S235/6 can be directly regulated by a number of kinases 

including p70S6K, p90RSK, PKA and CK1 and the phosphatase PP1 (Meyuhas, 2015). 

S240/4 is only directly regulated by p70S6K and PP1, however the MAPK pathway 

may feed into S240/4 phosphorylation indirectly through crosstalk at TSC2 and 

mTORC1 (Figure 6.1; Mendoza et al., 2011; Aksamitiene et al., 2012). This combined 

with previous studies describing p90RSK signalling and S6RP phosphorylation 

driving drug resistance (Theodosakis et al., 2017), the role of the MAPK pathway 

was investigated. 
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The baseline signalling of the MAPK pathway in PAR and 254R-B cells is shown in 

Figure 6.13A. Phosphorylation of serine 217 and 221 (S217/221) on MEK was 

decreased in 254R-B compared with PAR. Phosphorylation of threonine 202 and 

tyrosine 204 (T202/Y204) of ERK and its direct substrate, threonine 359 (T359) of 

p90RSK, and the total expression of p90RSK were all increased in 254R-B versus 

PAR. However, serine 383 (S383) of ELK (ETS domain-containing protein Elk-1), 

another direct substrate of ERK exhibited no change between PAR and 254R-B cells. 

Cross-resistance profiling of PAR and 254R-B to MAPK pathway inhibitors (Figure 

6.13C) was also investigated. Selumetinib (AZD6244) is an ATP-independent 

allosteric inhibitor of MEK, which upon binding induces a conformational change, 

allowing binding of ATP and substrate but inhibiting catalysis through inaccessibility 

to the activation loop of its substrate, ERK (Yeh et al., 2007). Ravoxertinib is an ATP-

competitive kinase inhibitor of ERK (Blake et al., 2016; Roskoski, 2016, 2019). In 

Figure 6.13C, 254R-B on average exhibited cross-resistance to selumetinib (7.2 RF) 

compared with PAR, however due to a large standard deviation, this value was not 

statistically significant. Interestingly, the RF value was lower for ravoxertinib (1.8 RF) 

but statistically significant. According to McDermott et al., (2014), clinically relevant 

resistance is defined as at least two-fold increase from the parental GI50. Therefore, 

although statistically significant, the 1.8 RF value for ravoxertinib in 254R-B cells was 

not clinically relevant. Taken together, 254R-B cells exhibited alterations in baseline 

signalling in the MAPK pathway, particularly at ERK and p90RSK. 254R-B exhibited 

clinically relevant cross-resistance to MEK inhibition, although not statistically 

significant, and resistance to ERK inhibition was not clinically relevant. 
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Figure 6.13 – Baseline signalling and resistance profiling of MAPK inhibitors in PAR and 254R-B. 
A) A2780 PAR and 254R- B cells were released, plated and western blot performed on lysates as 
described in Figure 6.5. GAPDH was used as a loading control. Superscript (e.g. MEK S217/221) indicates 
signalling at phosphorylation site(s) in superscript. Data are representative of three independent 
biological repeats. (B) A simplified schematic of the PAM pathway illustrating the relationship of the 
components investigated in (A) where blue are PAM and red are MAPK pathway components. 
Phosphorylated residues are represented as dark red (P)s, with amino residue defined. Black arrows 
and block-headed arrows indicate phosphorylation of target induces activation or inhibition 
respectively. Black dotted arrows indicate phenotypic output. Fat red arrows illustrate increase or 
decrease of phosphorylated residue or protein in 254R-B, as per western blot in (A). Absence of red 
arrow indicates no change. Red block-headed arrows indicate inhibition by drugs in (C). (C) Summary 
of GI50 concentrations and resistance factors (RF) values to selumetinib and ravoxertinib in A2780 
PAR and 254R-B cells. GI50 values presented as mean ± SD of GI50 values from three independent 
experiments. RF values presented as mean RF of three independent experiments. Individual 
independent RF values calculated as the ratio of 254R-B GI50 to PAR GI50. N = number of independent 
experiments. Statistics: Unpaired t test with Welch’s correction of 254R-B to PAR GI50 values, 
*p<0.05, N.S = non-significant. 

The increase in baseline phosphorylation of ERK and p90RSK, coupled with potential 

cross-resistance to MEK inhibitors but not ERK inhibitors may suggest that 

A B 

C 
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capivasertib-resistant S235/6 S6RP phosphorylation may be dependent on ERK 

signalling. To investigate this hypothesis, the signalling of the MAPK pathway, and 

the components of which it feeds into the PAM pathway in PAR and 254R-B cell 

lines were investigated with treatment of the ERK inhibitor, ravoxertinib.  

The results in Figure 6.14 show that with increasing concentrations of ravoxertinib, 

the phosphorylation of T202/Y204 of ERK increased in both cell lines. This may be 

the result of  negative feedback, as nearly all components of the MAPK pathway 

upstream of ERK are regulated by negative feedback phosphorylation from ERK 

(Lake et al., 2016). Alternatively, as ravoxertinib is an ATP-competitive kinase 

inhibitor (Blake et al., 2016), this may be the result of a similar phenomenon 

observed with capivasertib and AKT/p70S6K (Figure 6.12), whereby a 

conformational change induced by the inhibitor blocks phosphatase access to the 

kinases (Pearce et al., 2010; Lin et al., 2012). Interestingly, the degree of increase of 

drug-induced ERK phosphorylation was greater in 254R-B than in PAR. The total 

expression of ERK conversely exhibited a drug-induced reduction in both cell lines. 

Similarly to AKT (as observed in Figure 6.12), this may be due to the epitope of the 

total antibody. As it was raised against the unphosphorylated carboxyl-terminal 

residues of ERK, this area may overlap with T202/Y204 (cellsignal.co.uk) and thus 

have a greater affinity for non-phosphorylated ERK, rather than both 

phosphorylated and non-phosphorylated protein. 

In both cell lines, T359 of p90RSK was reduced in a dose-dependent manner, as 

observed in the long exposure of PAR and short exposure of 254R-B. The baseline 

phosphorylation of p90RSK was much greater in 254R-B than PAR, so that at 2μM of 

ravoxertinib, phosphorylation was undetectable in PAR, but detectable in 254R-B. 

As p90RSK expression was also increased in 254R-B, this may correspond with the 

increase in T359 phosphorylation. 

In contrast to p90RSK phosphorylation, S383 phosphorylation on ELK was more 

sensitive to ravoxertinib in 254R-B compared with PAR. Conversely to p90RSK, this 

was likely due to a reduction in baseline S383 phosphorylation in 254R-B. 
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Interestingly, examination of signalling downstream of mTORC1 in the PAM 

pathway showed that p70S6K, S6RP and 4EBP1 did not observe a decrease in 

phosphorylation in a dose-dependent manner, but all observed a drop in signal 

between 5 and 10μM ravoxertinib in PAR cells. In 254R-B, the phosphorylation of 

p70S6K, S235/6 and S240/4 of S6RP but not T37/46 of 4EBP1 exhibited stronger 

bands at 5 and 10μM than PAR. Resistant S240/4 S6RP phosphorylation may be due 

to an increase in baseline phosphorylation at these residues. In total 4EBP1, there 

appeared less of a bandshift from HMW to LMW isoforms in 254R-B at 5 and 10μM, 

which may suggest other phosphorylation sites of 4EBP1 may be resistant to 

ravoxertinib, independently of phosphorylation of mTORC1-dependent priming 

residues T37/46. 

In summary, S235/6 S6RP signalling was resistant to ERK inhibition by ravoxertinib. 

Although p90RSK phosphorylation was reduced in a dose-dependent manner to the 

drug in 254R-B, the increase in total expression resulted in resistant 

phosphorylation at concentrations of drug where the signal was undetectable in 

PAR cells (i.e. 2-10μM). 

In Figure 6.13B, 254R-B cells exhibited a low RF value for ravoxertinib, however 

resistant S235/6 S6RP phosphorylation correlated with an increase in p90RSK 

expression and phosphorylation at T359. This site is phosphorylated by ERK as the 

first of a two-step process to activate the AGC kinase domain (Pearce et al., 2010), 

and which decreased with ERK inhibition by ravoxertinib in a dose-dependent 

manner in both cell lines (Figure 6.14). To rule out the dependence of ERK signalling 

for p90RSK phosphorylation in 254R-B, it was investigated whether treatment with 

ravoxertinib increased sensitivity of 254R-B to capivasertib. Cells were treated with 

capivasertib and/or ravoxertinib for 24 hours prior to lysis and the sensitivity to 

drugs was measured using the apoptotic marker, cleaved PARP. 

As the concentration of capivasertib was already optimised in Figure 6.3A, 1μM 

capivasertib was taken forward. The ideal concentration of ravoxertinib was such 

that significantly reduced p90RSK T389 phosphorylation in 254R-B, shown in Figure 

6.14 to be 5 and 10μM. The degree of PARP cleavage at these concentrations in 
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both cell lines is shown in Figure 6.15A. PAR cells exhibited PARP cleaved in a dose-

dependent manner. Interestingly, some PARP cleavage was exhibited at 5μM of 

ravoxertinib, but not at 10μM; therefore, 5μM ravoxertinib was taken forward. 

 

Figure 6.14 – PAM pathway signalling in A2780 PAR and 254R-B cells in response to ravoxertinib 
A2780 PAR and 254R-B cells were released, plated and treated with a range of concentrations of 
ravoxertinib as described in Figure 6.7. Western blot procedure used as described in Figure 6.5. 
MAPK pathway components at top, PAM pathway components on bottom (separated by a gap). 
GAPDH was used as a loading control. Superscript (e.g. ERKT202/Y204) indicates signalling at 
phosphorylation site in superscript. Data are representative of two independent experiments. S = 
short exposure; L = long exposure. 



6. Investigating 4EBP1 and S6RP alterations as candidate capivasertib resistance mechanisms 

 

 

200 
 

Figure 6.15B shows the effect of combined capivasertib and ravoxertinib treatment 

in PAR and 254R-B cells. Cleaved PARP increased in PAR cells with capivasertib or 

ravoxertinib alone and was greatest with combination of both drugs. In contrast, 

254R-B cells observed a slight increase in cleaved PARP in ravoxertinib alone, but 

neither drugs alone nor combined increases cleavage to a level equal or greater 

than that observed in PAR. Taken together, treatment with ravoxertinib did not 

sensitise 254R-B cells to capivasertib. 

In summary, S235/6 S6RP phosphorylation was resistant to capivasertib, which was 

fed by crosstalk from the MAPK pathway through p90RSK. The activity of p90RSK 

was not dependent on ERK signalling, despite 254R-B exhibiting a low RF value to 

the ERK inhibitor ravoxertinib. 

 

Figure 6.15 – Analysis of cleaved PARP with treatment of capivasertib and ravoxertinib 
Cells were released, plated and drug treated with ravoxertinib concentrations indicated (A) or with 
capivasertib (1μM), ravoxertinib (5μM) or both (B) as Figure 6.7. Lysate proteins were analysed by 
western blotting as Figure 6.5. Membranes were probed with cleaved PARP or GAPDH as a loading 
control. Representative of ≥one independent experiment. 

 

  

A 

B 
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6.3. Discussion 

The primary aim of this chapter was to validate the reduction of 4EBP1 function as a 

candidate resistance mechanism to capivasertib, and to further investigate the 

cause of S235/6 phosphorylation of S6RP as a candidate for driving resistance. 

6.3.1. Validation of reduced 4EBP1 expression as a driver of resistance to 

capivasertib in 254R-B. 

4EBP1 activity was found to be reduced in 254R-B compared with PAR in Chapters 4 

and 5, which correlated with increased CDPS. To validate the importance of this in 

relation to the resistance mechanism, the functional activity of 4EBP1 was altered in 

three ways: 1) reducing 4EBP1 activity in PAR via siRNA knockdown to induce 

resistance; or increasing 4EBP1 activity in 254R-B to reduce resistance by 2) small 

molecule inhibition of the eIF4E-eIF4G interaction or 3) exogenous overexpression 

of 4EBP1.  

Knockdown of 4EBP1 in PAR cells did not induce resistance to capivasertib (Figure 

6.2). This may suggest that 4EBP1 knockdown alone was not sufficient enough to 

induce resistance to capivasertib and may require additional resistance drivers such 

as S6RP. Previous studies have shown that a double knockout of 4EBP1 in mouse 

embryonic fibroblasts can induce resistance to the mTORK inhibitor, torkinib (Alain 

et al., 2012) and in pancreatic cell lines reduced 4EBP1 correlated with increased 

resistance to torkinib and everolimus (Martineau et al., 2014). These highlight that 

reduced 4EBP1 expression alone is capable to induce resistance. These may be 

context-dependent, although alternatively, there were also several limitations of 

this experiment which may have influenced the result. 

Use of siRNA inherently does not produce a long-term knockdown of a target 

protein and is largely dependent on the turnover of the protein. This may affect the 

duration and efficiency of the knockdown and thus a more stable knockdown with 

shRNA or complete knockout with CRISPR-cas9 may be more suitable for this 

experiment. As siRNA transfection requires a far greater seeding concentration to 

limit toxicity of the cell, the duration of the SRB growth assay was shortened to 
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prevent over confluent growth by the end of the assay. However, neither of these 

conditions dramatically affected the GI50 values for PAR and 254Rp. It is also worth 

noting that in Figure 6.6A, the knockdown was not as marked at 24 hours when 

capivasertib was added to the cells, compared to later timepoints (48 and 96 hours). 

A greater response may be observed if conditions were changed that drug was 

added to the cells at a timepoint in the assay when 4EBP1 was markedly reduced. 

Additionally, siRNA knockdown in cells was determined by western blot of 

transfected cells scaled up into a 6-well plate in order to yield sufficient detectable 

protein. This introduces an issue of cross-comparison, as knockdown may not 

necessarily the same in both plates. This could be overcome through the 

optimisation of a 4EBP1-specific cell-based ELISA to confirm knockdown in a 96-well 

plate format. 

Whether an increase in 4EBP1 functional activity in 254R-B cells could reduce 

resistance to capivasertib was also investigated. 4EGI-1 was used to mimic the 

activity of 4EBP1 by disrupting eIF4G-eIF4E interactions. 4EGI-1 did not increase 

PARP cleavage in 254R-B in combination with capivasertib. This could be confirmed 

with a 4EGI-1 and capivasertib combination SRB growth assay, however Dr Denis 

Akan showed 4EGI-1 did not reduce capivasertib resistance to 254Rp (data 

unpublished). As observed in the eIF4E pull down, this was likely because the action 

of 4EGI-1 was not sufficient to increase 4EBP1 binding to eIF4E to the level observed 

in PAR (Figure 6.4).  

In contrast, the 4EBP1-eIF4E binding in 254R-B with expression of exogenous WT or 

5A-mutant 4EBP1 exceeded the levels observed in PAR (Figure 6.9). Introduction of 

the exogenous 4EBP1 was able to reduce resistance of 254R-B cells six-fold (254R-B-

4EBP1-WT14 and 17) and 11-fold (254R-B-4EBP1-5A4; Figure 6.10). The fact that 

resistance to capivasertib was not abolished completely in these 254R-B-4EBP1 cell 

lines may suggest that there is only a partial target of the effect of the resistance 

mechanism, or that there is an additional mechanism that 254R-B are reliant upon 

for resistance, which may involve hyperactivation of the MAPK pathway, discussed 

in the next section. 
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The dynamics of endogenous and exogenous 4EBP1 binding in 254R-B-4EBP1 

subpopulations with eIF4E (Figure 6.9), may give insight into the nature of the 

resistance mechanism as illustrated in Figure 6.16. As 254R-B exhibited no increase 

in 4EBP1 binding with eIF4E in the presence of capivasertib (Figure 6.16B), unlike 

PAR (Figure 6.16A), therefore hypophosphorylation of 4EBP1 did not increase its 

affinity for eIF4E. This highlights that there is an impairment in the activity of 4EBP1 

as opposed to solely reliant on reduced 4EBP1 expression. This may be due to a 

mutation impairing 4EBP1 binding with eIF4E, alterations in other eIF4F complex or 

its binding proteins (e.g. LARP1; Stavraka and Blagden, 2015), a reduction in 

phosphatase activity or increased activity of a kinase that compensates for mTORC1 

phosphorylation of 4EBP1 in 254R-B cells. However, an unexpected discovery in 

Figure 6.9 revealed that with the introduction of exogenous wildtype or 5A-mutant 

4EBP1 into 254R-B, the phosphorylation of endogenous 4EBP1 reverted its 

sensitivity to capivasertib. This suggested that exogenous 4EBP1 is outcompeting 

endogenous 4EBP1 for an interaction that influences the affinity of 4EBP1 with 

eIF4E. This therefore suggests that reduced 4EBP1 phosphatase activity is unlikely. 

It may alternatively suggest the presence of a 4EBP1-targeting kinase (Kinase X; 

Figure 6.16C), which was unable to sufficiently phosphorylate all endogenous or 

exogenous wildtype 4EBP1, during capivasertib treatment as both exhibit increased 

binding with eIF4E. Furthermore, the 5A-mutants 5A4 and 5A11 did not increase 

exogenous 4EBP1 binding with eIF4E with capivasertib treatment, as these were 

unable to be phosphorylated and were permanently active. 5A4 exhibited greater 

binding of 4EBP1 than either WT14 or 17, indicating greater 4EBP1 activity, and may 

be the cause of a greater reduction in resistance to capivasertib (Figure 6.10).  

Interestingly, 254R-B-4EBP1-5A11 appeared to observe the greatest exogenous 

4EBP1 binding to eIF4E, and inducing endogenous binding with drug treatment 

(Figure 6.9/11), but surprisingly capivasertib resistance was greater than 

untransfected 254R-B (Figure 6.10). This may suggest that increased 4EBP1 binding 

was not the effect of exogenous 4EBP1 on the reduction of capivasertib resistance 

in the WT14, WT17 and 5A4 subpopulations. Alternatively, reduced resistance may 

correlate with both increased 4EBP1:eIF4E binding and reduced overall 
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p4EBP1:4EBP1 ratio, as 5A11 observed a greater ratio than 5A4 (Figure 6.11). This 

may indicate a feedback mechanism in 5A11 only, in which p4EBP1 is increased to 

counteract the rise in 4EBP1 expression and regulate 4EBP1:eIF4E stoichiometry. 

This feedback mechanism could in principle be triggered by 4EBP1:eIF4E binding, as 

5A11 exhibited the greatest 4EBP1:eIF4E interaction of all 254R-B-4EBP1 selected 

subpopulations (Figure 6.9). Furthermore, as 5A11 still exhibits the greatest 

4EBP1:eIF4E binding of all the cell lines, regardless of any feedback, the mechanism  

maintaining the capivasertib resistance is impacts an effector that is independent of 

4EBP1:eIF4E stoichiometry. 

However, it is also important to note that the introduction of exogenous 4EBP1 into 

254R-B cells may cause a reduction in resistance due to off-target effects on overall 

cellular fitness rather than direct target of the resistance mechanism (Kaelin, 2017). 

The reduced resistance in WT14, WT17 and 5A, but not in 5A11 despite high 4EBP1 

expression in 5A11 cells suggests the reduction in the former cell lines were likely to 

be a result of target of the resistance mechanism rather than off-target effects on 

overall cellular fitness (Kaelin, 2017). Further investigation of CDPS components in 

254R-B and 254R-B-4EBP1 subpopulations is warranted to improve understanding 

of this mechanism.  

In summary, validation of 4EBP1 as a candidate resistance mechanism outlined that 

4EBP1 knockdown in PAR was insufficient to induce resistance to capivasertib, 

however introduction of exogenous 4EBP1 in 254R-B was sufficient to recapitulate 

sensitivity. Taken together, this may suggest that alterations in 4EBP1 alone were 

not sufficient to drive resistance to capivasertib, despite previous studies identifying 

that 4EBP1 alone is sufficient to drive resistance to other PAM inhibitors (Dilling et 

al., 2002; Alain et al., 2012; Mallya et al., 2014; Martineau et al., 2014).  

6.3.2. Investigation of MAPK pathway crosstalk in resistance to capivasertib 

Alongside 4EBP1, S6RP was also considered as a candidate mechanism for 

resistance to capivasertib. In Chapter 4 (Figure 4.9), 254R-B exhibited strong 
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resistant phosphorylation at serine 235 and 236 (S235/6) on S6RP to everolimus, 

which was also cross-resistant to capivasertib (Figure 6.12). 

S6RP phosphorylation of S235/6 can be directly regulated by a number of kinases 

including p70S6K, p90RSK, PKA and CK1 and the phosphatase PP1 (Meyuhas, 2015). 

Of these, p90RSK phosphorylation of S6RP has been previously associated with drug 

resistance (Theodosakis et al., 2017), and thus the MAPK pathway was investigated. 

Observation of baseline signalling of the MAPK pathway revealed in 254R-B, an 

increase in p90RSK phosphorylation at T359, indicating its activation by ERK. 

Baseline phosphorylation at T202/Y204 of ERK was also increased, but 

phosphorylation of another substrate, ELK (S383) was not increased in 254R-B 

(Figure 6.13). The high T359 p90RSK phosphorylation correlated with increased 

total protein in 254R-B. The phosphorylation of p90RSK reduced in a dose-

dependent manner with ERK inhibition but was still detectable with 10μM of the 

ERK inhibitor, ravoxertinib in 254R-B cells, unlike PAR (Figure 6.14). This dose-

dependent reduction may continue with prolonged drug exposure and could 

explain why 254R-B exhibited a low RF value against ravoxertinib after drug 

incubation for 96 hours (Figure 6.14). The increase in p90RSK correlated with an 

increase in T389 p70S6K, S235/6 and S240/4 S6RP phosphorylation (Figure 6.14), of 

which both signals of S6RP phosphorylation were slightly resistant to capivasertib 

(Figure 6.12). As well as phosphorylation of S235/6 S6RP by p90RSK, the MAPK 

pathway may feed into S240/4 S6RP and T389 p70S6K phosphorylation indirectly 

through crosstalk at TSC2 and mTORC1 from ERK and p90RSK (Figure 6.1; Mendoza 

et al., 2011; Romeo et al., 2013). However, ELK phosphorylation was not resistant to 

ravoxertinib, nor did the drug sensitize 254R-B cells to capivasertib (Figure 6.15), 

therefore these were not dependent on ERK activity.  

Taken together, this suggests that overexpression of p90RSK may drive resistant 

S235/6 S6RP phosphorylation. Treatment with a p90RSK inhibitor (such as LJH685, 

LJI308 or BI-D1870) alone in 254R-B cells would be expected to abolish resistant 

S235/6 S6RP phosphorylation, if this is the case. Inhibition of p90RSK may also 

increase 254R-B sensitivity to capivasertib, which can be explored by a drug 
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combination assay with apoptotic markers or SRB growth assay. Exploration of S6RP 

and other p90RSK outputs may highlight the function in drug resistance. 

The mechanism of action of S6RP is currently not well understood. It is known to be 

involved in protein synthesis initiation through its binding with the 40S ribosomal 

subunit, and its phosphorylation increases CDPS (Williams et al., 2003; Roux et al., 

2007). Additionally, S6RP may also have a role in cell size regulation, proliferation 

and in tissue-specific functions (Meyuhas, 2015). ERK has been previously identified 

as a kinase of 4EBP1, however there is currently little evidence that p90RSK directly 

or indirectly regulates the phosphorylation of 4EBP1 (Herbert et al., 2002; Qin et al., 

2016). This may suggest that alterations in 4EBP1 and p90RSK may have arisen 

independently of one another, or further research is required to understand the link 

between them. 

If increased p90RSK activity is validated as a driver of resistance to capivasertib, 

overexpression of the protein in 254R-B can be explored. Protein overexpression 

may be caused by multiple ways: the copy number of the gene may be amplified, 

transcription or translation may be overregulated, or degradation may be reduced 

(Fan et al., 2009). Exploration of these levels may pinpoint the cause of p90RSK 

overexpression. 



6. Investigating 4EBP1 and S6RP alterations as candidate capivasertib resistance mechanisms 

 

 

207 
 

 

Figure 6.16 – Hypothesized model for role of unknown kinase X 
Simplified model of the dynamics of 4EBP1 and eIF4G binding to eIF4E in A2780 PAR, 254R-B and 
254R-B-4EBP1 cells in absence and presence of capivasertib (Figure 6.9). Kinase X may compensate 
for reduced mTORC1 activity in capivasertib-treated 254R-B cells. Endogenous 4EBP1 (yellow); 
exogenous 4EBP1 (blue); inactive 4EBP1 (grey); eIF4E (4E); eIF4G (4G); eIF4A (4A); P = 
phosphorylated residues; Black line with black and grey circle represents mRNA transcript with m7G 
cap. 
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In summary, the data presented in this chapter suggest that resistance to 

capivasertib in the A2780 254R-B cell line model is modulated by a mechanism 

proximal to 4EBP1. Knockdown of 4EBP1 in PAR did not induce the resistance 

phenotype, nor did disruption of eIF4G-eIF4E by 4EGI-1 action in 254R-B increase 

sensitivity to capivasertib. However, increased expression of wildtype or 5A-mutant 

4EBP1 in 254R-B did recapitulate sensitivity. Additionally, 254R-B exhibited 

increased MAPK signalling through p90RSK, increasing the phosphorylation of 

S235/6 of S6RP. Whether this phenomenon is associated with reduced 4EBP1 

activity in 254R-B needs to be investigated further. As both candidates converge at 

cap-dependent protein synthesis (CDPS), this highlights that components of CDPS 

may provide a potential point of therapeutic intervention if resistance to 

capivasertib emerges in the clinic. 
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7. Final Discussion 

7.1. Introduction 

The PI3K/AKT/mTOR (PAM) pathway is a signalling pathway important for 

regulating cell growth, proliferation, metabolism, survival and other cell 

phenotypes.  As many of these phenotypes are important for oncogenesis, it is 

unsurprising that deregulation of the PAM pathway is commonly observed in many 

cancers and is therefore a target for therapeutic intervention (Fruman et al., 2017).  

AKT is an important node of the pathway, which phosphorylates over 100 different 

substrates required for many oncogenic processes (Fruman et al., 2017; Cole et al., 

2019). For this reason, AKT inhibitors are undergoing development as a novel form 

of targeted cancer treatment. Acquired resistance is a major barrier to the clinical 

success of many cancer therapies, and the progression of these novel inhibitors will 

likely also be affected. Understanding potential resistance mechanisms can support 

the clinical utility of these drugs through screening patients for intrinsic or acquired 

resistance and determining effective therapeutic strategies to prevent or counteract 

resistance.  

Capivasertib (AZD5363) and its derivative CCT129254 are both ATP-competitive 

pyrrolopyrimidine-derived AKT inhibitors (McHardy et al., 2010; Davies et al., 2012). 

Capivasertib has recently entered Phase III clinical trials as a combination with 

paclitaxel for the treatment of triple negative breast cancer, although the drug is in 

other Phase I/II trials for other cancers including breast, prostate and gynaecological 

cancers (clinicaltrials.gov). Although intrinsic resistance mechanisms have been 

previously reported to capivasertib and other AKT inhibitors (Davies, Greenwood et 

al. 2012; Sommer et al, 2013; Wehrenberg-Klee et al, 2015; Qi et al 2015), there are 

no publications identifying mechanisms of acquired resistance to this type of 

inhibitor. 

Previous studies have successfully shown that cell line models can be used to 

identify clinically relevant drug resistance mechanisms (Nazarian et al., 2010). The 

A2780 ovarian carcinoma cell line (PAR) was used to generate a subpopulation with 
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acquired resistance to the AKT inhibitor, CCT129254 (A2780 254Rp) by Dr Denis 

Akan (Akan, 2015).  The aim of this project was to investigate the A2780 PAR and 

254Rp cell lines to identify and validate candidate resistance mechanisms to 

capivasertib and associated oncogenic phenotypes. However, over the course of the 

project, it was identified that 254Rp populations were polyclonal and thus clonal 

subpopulations, 254R-B and 254R-D were also investigated. 

7.2. Summary of main findings 

7.2.1. A2780 254Rp exhibited polyclonal drug resistance 

Characterisation of A2780 PAR and 254Rp cells was carried out in Chapter 3. Both 

cell lines exhibited an epithelial-like morphology and no stark changes were 

observed between PAR and 254Rp, indicating that a resistance mechanism is 

unlikely to involve an invasive, migratory phenotype for CCT129254-resistant 

oncogenesis. 

Cross-resistance profiling revealed that 254Rp was 23-fold resistant to CCT129254, 

and 100-fold resistant to capivasertib, compared with PAR (Figure 3.2). 254Rp cells 

were also significantly resistant to the AKT kinase inhibitor ipatasertib (50 RF) and 

the allosteric AKT inhibitor MK-2206 (27 RF; Figure 3.3). Alongside cross-resistance 

to AKT inhibition, 254Rp cells also demonstrated statistically significant cross-

resistance to PI3K (9.8 RF) and mTORC (2.8 and 4.6 RF; Figure 3.4) inhibition, 

although the level of resistance was not as great as observed with AKT inhibitors. 

The A2780 254Rp cell line may therefore be a useful model for investigation of 

general AKT, mTORC and PI3K inhibitor resistance. There was no cross-resistance to 

inhibitors of cap-dependent protein synthesis (CDPS), that target proteins 

downstream of mTORC1 (MNK, MRT00206081 and eIF4G-eIF4E binding, 4EGI-1; 

Figure 3.5). Taken together, these data suggest that the resistance mechanism may 

be proximal to mTORC1. 

Observation of baseline PAM signalling revealed several alterations within the 

pathway between PAR versus 254Rp cells (Figure 3.7). Serine 473 (S473) AKT 



7. Final Discussion 

 

 

212 
 

phosphorylation was reduced in 254Rp, indicative of reduced AKT activity. The most 

marked changes observed were downstream of mTORC1 with a significant increase 

in phosphorylation of serine 235 and 236 (S235/6) on S6RP and a reduction in 

threonine 37 and 46 (T37/46) phosphorylation and total 4EBP1.  

The response of these components to AKT inhibition was also investigated (Figure 

3.8). Resistance of threonine 389 (T389) of p70S6K to MK-2206 in 254Rp highlighted 

that p70S6K is likely to contribute towards the increased baseline S6RP 

phosphorylation in Figure 3.7. Additionally, 4EBP1 phosphorylation was also 

resistant to MK-2206. When 254Rp cells were treated with the mTORC1 inhibitor 

everolimus, the resistant p70S6K and 4EBP1 phosphorylation was abolished (Figure 

3.9). Since both T389 of p70S6K and T37/46 of 4EBP1 are phosphorylated by 

mTORC1 (Pearce et al., 2010; Showkat et al., 2014), increased mTORC1 activity was 

hypothesized as an output of the resistance mechanism in 254Rp.  

SGK1 was hypothesized to increase mTORC1 activity in 254Rp, as previous studies 

have shown increased SGK1 can be associated with associated with PAM inhibitor 

resistance through increased mTORC1 signalling by SGK1 inhibition of TSC2 at AKT-

targeted residues (Sommer et al., 2013; Castel et al., 2016). Microarray data (Table 

3.1) showed a near eight-fold increase in SGK1 mRNA expression in 254Rp versus 

PAR cells. However, AKT-targeted residues on TSC2 were not resistant to MK-2206 

in 254Rp cells, suggesting that SGK1 did not compensate for AKT inhibition (Figure 

3.10). Therefore, overexpression of SGK1 was not taken forward as a candidate 

resistance mechanism. 

In summary, 254Rp cells displayed conflicting results, as they were cross-resistant to 

both mTORC inhibitors, but AKT inhibitor-resistant mTORC1 signalling was sensitive 

to mTORC1 inhibition, which was not a product of SGK1 overexpression. This 

phenomenon may occur if 254Rp is a polyclonal drug resistant population. 

Therefore, in Chapter 4, 254Rp cells were subcloned by limited dilution to generate 

eight clonal 254R cell lines: 254R-A, B, D, E, F, H, J and K. The subclones were 

screened for morphological differences, cross-resistance to CCT129254, 

capivasertib, everolimus and vistusertib and differences in baseline mTORC1 
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signalling (Figure 4.4). The subclones revealed diversity in cross-resistance profiling 

and mTORC1 signalling but could be broadly categorised into three groups (Figure 

4.4): 1) High everolimus resistance, 2) Reduced 4EBP1 phosphorylation and 

expression, and 3) Fibroblast-like morphology. Such variation in phenotype 

confirmed the polyclonal nature of 254Rp. 

7.2.2. Resistance to capivasertib is associated with increased cap-dependent 

protein synthesis 

Two 254Rp subclones, 254R-B (group 1) and 254R-D (group 2) were taken forward 

for further investigation in Chapter 4. 254R-B cells exhibited cross-resistance to all 

AKT inhibitors tested (10-40 RF; Figure 4.5) and even greater fold resistance to 

everolimus (96 RF). Western blotting of PAR and 254R-B lysates revealed a baseline 

reduction in 4EBP1 phosphorylation and expression (Figure 4.7 and 4.10) in 254R-B 

versus PAR. Additionally, S235/6 phosphorylation of S6RP was resistant to 

capivasertib and everolimus in 254R-B cells, compared with PAR (Figures 6.12 and 

4.8). Both proteins have direct involvement in CDPS (Averous and Proud, 2006; 

Hutchinson et al., 2011) and increase in this cellular process has been previously 

associated with resistance to PAM inhibitors (Dilling et al., 2002; Alain et al., 2012; Y 

Martineau et al., 2014). Therefore, increased CDPS was hypothesized to drive 

resistance in 254R-B and was further investigated in Chapter 5. 

The eIF4E pull down assay showed that reduced 4EBP1 phosphorylation by AKT and 

mTORC inhibitors prompted an increase in binding to eIF4E in both PAR and 254R-B 

cells, but the degree of binding was less in 254R-B for all drugs (Figure 5.4). This 

implied that the activity of 4EBP1 in 254R-B was less responsive to the maintenance 

of hypophosphorylated 4EBP1 action of the drugs and suggested that the functional 

activity of 4EBP1 was reduced. A minimal reduction in eIF4G-eIF4E binding despite 

drug treatment (Figure 5.4), combined with a nine-fold increase in relative CDPS 

determined by dual luciferase reporter assay (Figure 5.6), confirmed that increased 

CDPS was associated with reduced 4EBP1 functionality in 254R-B. Increased 

baseline CDPS did not increase baseline global protein synthesis (Figure 5.7), and 
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did not increase the expression of the two eIF4E-sensitive transcripts investigated, 

cyclin D1 and c-myc (Figure 5.8). 

To validate loss of 4EBP1 function as a candidate resistance mechanism, the 

functional activity of this target was altered in three ways. Knockdown of 4EBP1 in 

PAR did not induce the resistance phenotype (Figure 6.2), nor did disruption of 

eIF4G-eIF4E binding by 4EGI-1 in 254R-B recapitulate sensitivity to capivasertib 

(Figure 6.4). However, increased expression of wildtype or 5A-mutant 4EBP1 did 

reduce capivasertib resistance in 254R-B by 10-fold (Figure 6.10). 

The source of capivasertib-resistant S235/6 S6RP phosphorylation (Figure 6.12) was 

also investigated in 254R-B. This residue can be phosphorylated by p90RSK, which 

has been associated with resistance to PAM and MAPK pathway inhibitors (Serra et 

al., 2013; Theodosakis et al., 2017). Therefore, the role of the MAPK pathway was 

investigated. 

Investigation of baseline MAPK pathway signalling revealed a clear increase in the 

pathway activity (Figure 6.13), observed by upregulated p90RSK T359 

phosphorylation and expression. Phosphorylation at this residue was reduced in a 

dose-dependent manner with ERK inhibition by ravoxertinib, but the increase in 

baseline expression in 254R-B cells rendered the phosphorylation resistant (Figure 

6.14). Ravoxertinib was unable to abolish S235/6 S6RP phosphorylation, nor induce 

PARP cleavage with capivasertib treatment in 254R-B cells (Figure 6.15); therefore, 

crosstalk from the MAPK pathway was not dependent on ERK activity. Taken 

together, loss of 4EBP1 function and enhanced p90RSK function were identified as 

candidate resistance mechanisms to capivasertib in A2780 254R-B cells. 

7.2.3. Additional mechanisms of capivasertib resistance 

Cross-resistance profiling highlighted that 254R-D cells were resistant to both ATP-

competitive AKT inhibitors, CCT129254 and capivasertib (11-40 RF; Figure 4.6). 

Interestingly, the RF value for the allosteric AKT inhibitor, MK-2206, although 

statistically significant, was far lower (2.2 RF). This was also lower than either of the 

mTORC inhibitors tested (3.3-12.4 RF). Baseline phosphorylation of S473 on AKT 



7. Final Discussion 

 

 

215 
 

was reduced in 254R-D, compared with the PAR cell line. 4EBP1 phosphorylation 

and expression was also reduced (Figure 4.7). Consistent with low MK-2206 cross-

resistance, 254R-D cells did not exhibit MK-2206-resistant mTORC1 signalling 

(Figure 4.11) or everolimus-resistant mTORC1 signalling (Figure 4.12). As 254R-D 

was resistant to ATP-competitive inhibitors but less resistant to other direct (MK-

2206) or indirect forms of AKT inhibition (mTORC2; vistusertib), this suggested that 

the resistance mechanism may be specific to ATP-competitive AKT inhibitors. 

Sensitivity to MK-2206 implies that the drug can overcome and inhibit the 

resistance mechanism of capivasertib. As MK-2206 is a selective AKT inhibitor (Hirai 

et al., 2010), it does not inhibit additional targets to those also targeted by 

capivasertib (i.e. AKT), which might overcome any resistance mechanism, therefore 

the resistance mechanism may affect the shared drug target, AKT.  

Alternatively, resistance may be the result of a bypass mechanism from alterations 

of other AGC kinases targeted by capivasertib and CCT129254 and drive the same 

oncogenic output, such as p70S6K or PKA (Davies et al., 2009; Addie et al., 2013; 

Law et al., 2017; Konieczkowski et al., 2018).  

7.3. Future work 

7.3.1. Cap-dependent protein synthesis as a candidate capivasertib 

resistance output 

The 254Rp cell line and nearly all of the 254Rp subclones exhibited a reduction in 

4EBP1 phosphorylation and expression (Figure 4.4B). This may have arisen from the 

same mechanism occurring separately in multiple 254Rp clonal populations or may 

come about from an alteration that occurred early in resistance generation. 

Therefore, it may be useful to observe 4EBP1 expression over the course of 

CCT129254-resistance generation. A main shortcoming of this methodology is a lack 

of sequencing or microarray data to observe whether the changes in 4EBP1 

phosphorylation and expression were due to alterations in the gene itself, or in 

mRNA turnover. Interestingly, exome sequencing and microarray analysis of PAR 
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and 254Rp by Dr Denis Akan did not reveal any clear alterations in 4EBP1 (Akan, 

2015), although this does not necessarily mean that it may not be found in a 254Rp 

subclonal population which was of a too small proportion of 254Rp to be detected 

by these methods. 

Introduction of 4EBP1 into 254R-B (254R-B-4EBP1-WT/5A cell lines) significantly 

reduced capivasertib resistance (Figure 6.10), however the rescue did not 

completely revert the sensitivity to the level of PAR cells. The fact that resistance to 

capivasertib was not abolished completely in these 254R-B-4EBP1 cell lines may 

suggest that there is only a partial target of the effect of the resistance mechanism, 

or that there exists additional signalling that 254R-B are reliant upon for resistance 

(Konieczkowski et al., 2018). This may involve hyperactivation of the MAPK pathway 

as elaborated later in this section, as is commonly observed in PAM inhibitor 

resistance (Carracedo et al., 2008; Yu et al., 2008; Hoang et al., 2012; Serra et al., 

2013; Muranen et al., 2016). Additionally, the resistance mechanism may involve 

alternative bypass mechanisms (Konieczkowski et al., 2018), as many additional 

signalling cascades feed into the PAM pathway such as Wnt pathway, AMPK 

signalling, HIF1α signalling or input from amino acid availability as illustrated in 

Figure 1.4 (Kwiatkowski and Manning., 2005; Laplante and Sabatini., 2012; Kim and 

Guan., 2019). Alternatively, the resistance mechanism may be indifferent to the 

PAM pathway altogether (Konieczkowski et al., 2018). 

Both reduced 4EBP1 expression and increased 4EBP1 phosphorylation have been 

separately associated with resistance to PAM inhibitors, but only one study had 

identified both occurring simultaneously in the same cell line (Dilling et al., 2002; 

Alain et al., 2012; Mallya et al., 2014; Martineau et al., 2014). This may be because 

resistant 4EBP1 phosphorylation can be masked by reduced 4EBP1 expression. 

There are several studies that suggest 4EBP1 phosphorylation is intimately linked 

with its degradation, however, studies contrast on whether phosphorylation 

positively or negatively regulates 4EBP1 degradation (Elia et al., 2008; Yanagiya et 

al., 2012). The regulation of 4EBP1 is an area that remains to be fully researched.  
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The reduced eIF4E-affinity of 4EBP1 in 254R-B may be due to a multiple of reasons, 

including a mutation in the binding domain of 4EBP1 and therefore sequencing 

4EBP1 in 254R-B may indicate the presence of a mutation. The discovery that 

exogenous 4EBP1 (254R-B-4EBP1 populations) reverted endogenous 4EBP1-eIF4E 

binding sensitive to capivasertib such as observed in PAR (Figure 6.9) may highlight 

that the reduced eIF4E affinity of 4EBP1 in 254R-B may due to its being 

phosphorylated by an mTORC1-independent kinase (kinase X). Kinase X may be 

saturated by exogenous 4EBP1 in 254R-B 4EBP1 transfected populations (254R-B-

4EBP1) and therefore unable to compensate for a lack of mTORC1 dependent 

signalling with capivasertib treatment. 

Currently, the known 4EBP1 phosphorylated residues are: T37, T46, S65, T70, S83, 

S101 and S112 (Gingras et al., 2001; Martineau et al., 2013; Musa et al., 2016; Qin 

et al., 2016). Investigating the phosphorylation of all residues in response to 

capivasertib may identify which residues are the most resistant to the drug, and 

likely to be targets of kinase X. These can be confirmed through exogenous 

expression of alanine mutants of candidate resistant residues individually in 254R-B, 

or CRISPR-cas9 engineered phospho-mimetic mutants in PAR cells. Using these 

mutants, the dynamics of 4EBP1 with eIF4E, and resistance to capivasertib at a 

cellular level could be explored. Resistance of these residues to mTORC inhibitors, 

determined by immunoblotting with phospho-specific antibodies can be used to 

determine whether such sites are truly or partially mTORC1-independent. Co-

immunoprecipitation of 4EBP1; examination of 4EBP1 phosphorylation with 

inhibitor treatments or phosphoproteomics algorithms (such as KSR-LIVE) can be 

used to determine the identify of kinase X (Domanova et al., 2016). Exploration of 

the half-life of 4EBP1 in PAR, 254R-B and 254R-B-4EBP1 cell lines, through 

cycloheximide treatment time-lapse western blot can determine whether 

expression and phosphorylation of 4EBP1 are linked. As phosphorylation of T37/46 

4EBP1 is reduced between PAR and 254R-B (Figure 4.10), this residue is likely to not 

be targeted by kinase X. Exploration of 4EBP1 expression with mutants of different 

residues may explain whether the degradation of the protein is dependent on the 

phosphorylation status of different residues. 
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Figure 7.1 – 4EBP1 kinases and phosphorylated residues. 
Protein structure and currently known phosphorylation sites of 4E-BP1. 4E-BP1 (yellow) contains 
three functional domains: an N-terminal RAIP mTORC1 binding motif (R), the eIF4E- binding domain 
(4E) and a C-terminal TOS mTORC1 binding motif (T). Phosphorylated residues are represented as 
dark red (P)s, with amino residue defined – threonine = T, serine = S. Black arrows indicate 
phosphorylation of residue by kinases indicated. Brackets indicate phosphorylation of multiple sites. 
(?) = Possible kinase. Model based upon information from Gingras et al., (2001), Martineau et al., 
(2013), Musa et al., (2016) and  Qin et al., (2016). 

Interestingly, increased p90RSK functionality was also identified as a candidate 

resistance mechanism, due to increased protein expression driving capivasertib-

resistant S235/6 S6RP phosphorylation. This is yet to be validated as a driver of 

resistance and can be done by inducing p90RSK activity in PAR (overexpression), or 

inhibiting its activity (p90RSK inhibitor, siRNA, shRNA or CRISPR knockout) in 254R-B 

and monitoring the change in resistance to capivasertib. Although exogenous 

expression of 4EBP1 in 254R-B reduced the GI50 for capivasertib by 10-fold, it was 

not reduced to the level of PAR. 254R-B may be reliant on both reduced 4EBP1 

functionality and increased p90RSK expression for complete abolition of 

capivasertib resistance, as illustrated in the model in Figure 7.2. 

If p90RSK is validated to contribute towards capivasertib resistance, the phenotypic 

output may be explored. Phosphorylation by p90RSK on S235/6 S6RP is associated 

with formation of the cap-dependent pre-initiation complex (PIC) and increased 

CDPS. p90RSK can phosphorylate and regulate eIF4B (involved in potentiating eIF4A 

activity), TSC2 and RAPTOR, to increase CDPS. Other phenotypic roles of p90RSK 

include regulating transcription, the cell cycle and survival signalling (Anjum and 

Blenis, 2008). 
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The cause of the altered expression of p90RSK (and possibly 4EBP1) can be further 

explored through observation at a genetic level using quantitative PCR, for increase 

in copy number. Upregulated transcription can also be explored with reverse 

transcription of the mRNA transcripts. Alternatively, regulation at the protein level 

can be explored through cycloheximide or proteasome treated time-lapse western 

blotting. Identification of 4EBP1 kinase X, or how the expression of 4EBP1 and 

p90RSK is regulated may further identify whether these candidate resistance 

mechanisms are linked or independent. 

Both 4EBP1 and p90RSK activity are known to converge at CDPS. Increased relative 

CDPS has been reported to drive resistance to mTORC and PI3K inhibitors, but none 

of these studies have reported whether cross-resistance to AKT inhibitors also 

occurred (Dilling et al., 2002; Alain et al., 2012; Y Martineau et al., 2014). Relative 

CDPS was observed to be increased in 254R-B cells, but whether this is also 

refractory to capivasertib treatment can be  investigated. Exploring relative CDPS 

levels in the 254R-B-4EBP1-WT/5A cell lines can further support the hypothesis that 

4EBP1 alterations can drive resistance to capivasertib by increasing CDPS. In 

Chapter 5, the output of increased relative CDPS in 254R-B was not  identified. 

Although global protein synthesis was not increased in 254R-B, whether global 

protein synthesis in 254R-B is resistant to capivasertib treatment is yet to be 

explored. Limitations of polysome profiling may be overcome by using 35S 

methionine labelling or via incorporation of puromycin or L-azidohomoalanine to 

investigate direct polypeptide synthesis (Chen and Casadevall, 1999; Mallya et al., 

2014; Ge et al., 2016). Alternatively, increased relative CDPS may result in increased 

translation of eIF4E-sensitive transcripts that were not investigated in Figure 5.8, 

such as BCL-2 and MCL-1, which are known eIF4E-sensitive transcripts in A2780 cells 

(Lam et al., 2014). 
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Figure 7.2 – Model of capivasertib resistance in 254R-B. 
PAM pathway with treatment of capivasertib in PAR, 254R-B and 254R-B exogenous wildtype or 5A-mutant 4EBP1 transfected subpopulations (254R-B-4EBP1-WT/5A).  
Phosphorylated residues are represented as dark red (P)s, with amino residue defined. Black arrows and block-headed arrows indicate phosphorylation of target induces 

activation or inhibition respectively. Black dotted arrows indicate phenotypic output. p90RSKi = p90RSK inhibitor. 
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In conclusion, the work presented here provides strong evidence implicating that in 

A2780 254R-B cells, reduced 4EBP1 functional activity, increased p90RSK signalling 

and increased relative CDPS act as mediators of resistance to capivasertib. Future 

studies will therefore focus on determining the mechanism behind the reduced 

functional activity of 4EBP1 and further validating alterations of 4EBP1 and p90RSK 

together as drivers of resistance. These potential candidates are associated with 

increased CDPS, and the process by which this drives resistance is yet to be 

confirmed.  

7.3.2. Additional mechanisms of capivasertib resistance 

A2780 254R-D resistance may be associated with alterations at AKT or alternative 

AGC kinases. 254R-D was resistant to ATP-competitive inhibitors but less resistant 

to other forms of AKT inhibition, namely directly by MK-2206, or indirectly by 

vistusertib (mTORC2 inhibition). This suggested that the resistance mechanism may 

be specific to ATP-competitive AKT inhibitors (Figure 4.6). This can be confirmed 

through cross-resistance profiling with alternative ATP-dependent (e.g. ipatasertib) 

and independent AKT inhibitors (e.g. miltefosine, triciribine; Mundi et al., 2016; 

Revathidevi and Munirajan, 2019). 

254R-D cells exhibited reduced AKT activity, as observed by reduced 

phosphorylation of AKT substrates and S473 on the protein itself, which is 

phosphorylated by mTORC2 and is indicative of its maximal activity (Figure 4.7; 

Pearce et al., 2010). Despite sensitivity to MK-2206, it would be useful to investigate 

whether these residues are resistant to capivasertib in 254R-D. This may also be 

supplemented with an in vitro kinase assay in the presence of capivasertib. Previous 

studies have shown that mutations in AKT can lead to AKT inhibitor resistance 

(Carpten et al., 2007), therefore sequencing of all three isoforms in PAR and 254R-D 

may identify a mutation driving capivasertib resistance.  

Involvement of alternative AGC kinases in the resistance mechanism can be further 

explored by determining cross-resistance to inhibitors specific to AGC kinase 

inhibitors, such as p70S6K (e.g. LY2584702) and PKA (e.g. H 89 2HCl), or sensitivity 
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to multi-AGC kinase inhibitor (i.e. AT13148). Limited alterations in baseline S6RP 

phosphorylation suggest alterations of p70S6K function may be less likely, however 

it has yet to be investigated whether S6RP phosphorylation  is resistant to 

capivasertib. 

As noted above, 4EBP1 expression was also reduced in 254R-D. This may be a 

passenger alteration in 254R-D but can be further investigated through expression 

of 4EBP1 WT or 5A constructs in the resistant cell line. 

In conclusion, these studies show that capivasertib resistance in the A2780 254R-D 

cell line is associated with sensitivity to allosteric AKT inhibitors. Exploring the 

response of 254R-D to other methods of AKT inhibition and investigating alterations 

in CCT129254-targeted AGC kinases will be the focus of future work. 

7.3.3. Clinical relevance of candidate resistance mechanisms 

The data presented in this study have identified several potential resistance 

mechanisms to capivasertib, however the relevance of these findings to other cell 

lines and types requires investigation. Ultimately, the generation of only one 

polyclonal and 8 subclones populations of capivasertib resistant cells, provides a 

limited scope towards the potential diversity of polyclonal mechanisms of 

capivasertib resistance. Additionally, the similarity of subclones to allow their 

categorisation into three distinct groups, may highlight a more restricted variety of 

mechanisms. The main cause of this may be the limited dilution technique used to 

generate capivasertib-resistant clonal populations. For this technique, the cells are 

required to be able to grow independently of one another, which may not 

necessarily be possible for every cell in a polyclonal resistant population. Therefore, 

not all resistance mechanisms can be isolated in this way. This is particularly true for 

resistance mechanisms that may have co-evolved together and form co-

dependence (Burrell and Swanton, 2014). Furthermore, the use of resistant isogenic 

cell lines as models of drug resistance carry their own limitations altogether as they 

are less capable of properly representing a tumour environment in terms of the 

influences from intratumoural, microenvironment and immune interactions on 
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resistance generation (McDermott et al., 2014; Goodspeed et al., 2016; Namekawa 

et al., 2019). 

Clinical trials have shown that capivasertib has been particularly effective in 

tumours with mutations eliciting PAM pathway addiction, in breast and 

gynaecological tumours (Banerji, et al., 2018). Therefore, acquired capivasertib 

resistance could be  generated in cell lines with similar mutations to validate 

alterations of 4EBP1, p90RSK and AGC kinases as capivasertib resistance drivers, as 

patients with these mutations in their tumours are more likely to be selected for 

treatment with capivasertib. A panel of such cell lines, besides A2780 cells could be 

also screened for intrinsic resistance mechanisms similar to those identified in this 

study. Alternatively, these mechanisms can be engineered into capivasertib-

sensitive cell lines to observe if resistance is generated. These may therefore be 

used as biomarkers for intrinsic resistance to capivasertib to be screened in tumours 

to inform decisions for patient therapeutic strategies.  

Ultimately, resistance mechanisms identified in these studies were determined in 

one artificially-induced capivasertib resistant cell line, and will only be truly 

validated as clinically relevant when acquired resistance to capivasertib and AKT 

inhibition emerges in the clinic. 

7.4. Clinical implications of these findings 

From the cross-resistance of 254Rp and subclones to capivasertib, it can be implied 

that generation of resistance in the clinic is probable. Although several intrinsic 

resistance mechanisms have been previously reported in AKT inhibitors (Davies, 

Greenwood et al. 2012; Sommer et al, 2013; Wehrenberg-Klee et al, 2015; Qi et al, 

2015; Stottrup et al, 2016), as of August 2019, to my knowledge, there were no 

publications identifying acquired resistance mechanisms to AKT inhibitors. The 

candidate mechanisms identified in this study may have several clinical implications: 

1) Determining biomarkers of resistance and 2) altering patient treatment 

strategies. 
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The candidate resistance mechanisms identified in this study (loss of 4EBP1 function 

and p90RSK overexpression) can be served as biomarkers for intrinsic resistance in 

capivasertib-naïve patients. Several papers have shown that reduced 4EBP1 

expression is correlated with intrinsic resistance to PAM inhibitors (Dilling et al., 

2002; Mallya et al., 2014; Martineau et al., 2014). Levels of 4EBP1 expression can be 

identified in patient tumour samples using immunohistochemistry (Martineau et al., 

2014). In an ideal situation, tumour samples would be examined prior to treatment 

and after relapse to detect acquired resistance biomarkers, however obtaining 

biopsies are not clinically feasible, therefore relapse in ovarian patients is commonly 

determined by levels of CA125 in the blood. 

In the occurrence of capivasertib-resistant tumour relapse, these findings may 

provide an insight into effective and ineffective secondary treatment strategies. For 

example, cross-resistance of these candidate resistance mechanisms to mTOR and 

PI3K inhibitors determine that the use of these will likely be ineffective. On the 

other hand, alterations of 4EBP1 may suggest that CDPS inhibitors may provide an 

effective strategy. Currently, there are no FDA-approved inhibitors of the eIF4F 

complex available for oncotherapy. However, the eIF4E-targeting antisense 

oligonucleotide, LY2275796, is currently in Phase I clinical trials (clinicaltrials.gov; Lu 

et al., 2016). 

In addition to replacement therapies, combination therapies may also provide 

another strategy for overcoming drug resistance (Al-Lazikani et al., 2012; Holohan et 

al., 2013). The A2780 254Rp cell line can be used as a model to test effective novel 

drug combinations for overcoming capivasertib resistance, as observed with other 

drug-resistant isogenic cell lines (Katayama et al., 2011). As this cell line has been 

identified to possess polyclonal drug resistance, the response to novel treatment 

strategies may reflect the polyclonal nature of tumours in the clinic. Testing these 

strategies in vitro may provide an insight into the most effective means to combat 

drug resistance to capivasertib and other AKT inhibitors.  
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7.5. Concluding remarks 

The PAM pathway is one of the most commonly activated pathways in cancer and 

as such provides an attractive target for novel molecularly targeted cancer 

therapeutics. One such inhibitor is capivasertib, which has recently entered Phase III 

clinical trials. Unfortunately, despite the increase in development of molecularly 

targeted therapies, drug resistance is a major issue in the clinical success of such 

inhibitors, and the findings in this thesis outline that drug resistance is likely to also 

afflict capivasertib if progressed to drug approval. 

Alterations in the function and expression of 4EBP1, p90RSK and potentially AGC 

kinases were identified as potential acquired resistance candidates to capivasertib, 

with associated increase in CDPS driving the phenotypic output of resistance. 

Further validation of resistance mechanisms is required to determine their clinical 

relevance and to devise suitable methods for overcoming capivasertib resistance. 

In conclusion, if capivasertib progresses through clinical trials to drug approval, it is 

very likely that resistance will emerge in patients. This thesis provides an insight into 

candidate resistance mechanisms to capivasertib and other AKT inhibitors, as well 

as providing novel strategies for overcoming such drug resistance. 
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